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Abstract

In this study, an E. coli biosensor based on modular green fluorescent protein and luxl/IuxR cycle amplification circuit was
constructed for sensitive detection of bioavailable lysine. The results indicated that the luxI/IuxR positive feedback circuit
based on quorum sensing can be used as a signal amplifier to improve the sensitivity to lysine detection with the detection
limit of 256 nM. The presented method was more sensitive than the previously reported whole-cell fluorescent microbial
biosensors. In addition, the developed E. coli biosensor was specific for lysine detection, and other amino acids and proteins
did not cause any interference. The constructed genetic engineered biosensor was accurate for lysine detection, the lysine
content of 6.87 + 0.36% in tryptone was successfully measured, and after adding 10, 30, and 50 uM lysine in tryptone, the
recoveries of 109.98 + 10.44%, 103.88 + 7.66%, and 105.89 + 6.34% were obtained, respectively. Furthermore, as the design
of the genetic engineered biosensor is modular, it can conceivably be utilized as a component in the design of more complex

synthetic gene circuits without any changes to the amplifier and reporter system.
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Introduction

L-Lysine (C¢H4,N,0,), as one of the essential amino acids,
has an important physiological function in the body. It is an
indispensable factor in the synthesis of body proteins, and
plays an essential role in the formation of enzymes, germ
cells, skeletal muscle, hemoglobin, etc. [1, 2]. L-Lysine is
also a component of some peptide hormones, and can be
broken down into glucose or ketone to supply energy when
the body lacks carbohydrates for energy metabolism. In
addition, lysine can promote human development, enhance
immune function, and improve the function of central nerv-
ous tissue [3]. The addition of L-lysine to animal feeds can
significantly improve the balance of amino acid absorption
in feeds and promote the healthy and rapid growth of live-
stock [4].

However, L-lysine cannot be synthesized by the human
body and mammals, but can only be obtained through the
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diet [5]. For humans, insufficient lysine may lead to loss
of appetite, poor growth, anemia, or reproductive disorders
[6], while excessive lysine intake may manifest as epilepsy,
psychomotor impairment, spasticity, etc. [7, 8]. For ani-
mals, insufficient lysine supplementation can reduce feed
efficiency, while too much lysine can increase the amount
of nitrogen in animal excretion, thus causing environmental
pollution [9, 10]. Thus, the accurate and sensitive determi-
nation of lysine has great significance in the field of food,
clinical diagnosis, and feed industry.

To date, various methods have been developed for the
quantification of lysine, including the titrimetric method [11],
fluorometric method [12], chromatographic method [13], vol-
tammetric method [14], nuclear magnetic resonance (NMR)
imaging [15], enzymic spectrophotometric method [16], and
biosensors such as electrochemical, enzyme nanoparticles,
microbial, etc. [17]. However, it must be noted that some of
these methods have inherent disadvantages. For example,
the titrimetric method is non-specific and can be interfered
by other amino acids. The chromatographic method requires
expensive equipment and professional operators; moreover,
the sample is prone to be hydrolyzed leading to amino acid
decomposition. The enzymic colorimetric method is less
sensitive and requires a long time to prepare the sample.
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The fluorometric method shows the problems of toxicity and
suffers from less lifetime of the fluorescent compound [18].
Among the detecting methods, biosensors are becoming the
mainstream analytical method for detecting lysine in biologi-
cal samples due to their high sensitivity, simple procedure,
and high reproducibility [5]. For example, Nohwal developed
a modified amperometric L-lysine biosensor by immobilizing
lysine oxidase nanoparticles on a gold electrode and was used
to detect lysine in serum and milk. A linear correlation ranging
from 10 to 100 pM and the limit of detection (LOD) of 10 pM
were obtained [19]. Endo et al. developed an optical enzyme
biosensor system for L-lysine detection in foods such as scal-
lop hepatopancreas [20] with the linear range from 0.1 to 3.0
mM. In addition, microbial biosensors developed by using
lysine as a specific substrate metabolizing various compounds
can also realize the detection of lysine, such as the microbial
biosensor based on lysine decarboxylase [21, 22] and lysine
oxidase/Saccharomyces cerevisiae [6].

Moreover, compared with other biosensors, the microbial
biosensor based on the response of the microbial growth to
determine lysine can better determine the bioavailability of
lysine, thus successfully simulate the biological response in
animal models [23]. Payne et al. proposed a method for the
determination of available lysine in protein foods using the
E. coli Lys auxotroph [23]. However, the sensitivity of the
current microbial biosensor for lysine detection needs to be
further improved [4, 24].

Quorum sensing (QS) is a cellular communication mech-
anism that relies on the recognition of signal molecular den-
sity to regulate gene expression [25]. The luxIl/luxR system
is a typical QS system of Gram-negative bacteria, which is
a common positive feedback mechanism used in the regula-
tion of many gene circuits [26]. Wang et al. spliced luxl/luxR
and suicide gene ccdB using the standard assembly method
to construct a quorum sensing circuit, realizing the subtle
control of population density in bacteria [27]. Many studies
have described the mechanism of lux//luxR and conducted
in-depth exploration [28]. To our knowledge, no study has
been conducted to develop microbial biosensors based on
the luxI/luxR cyclic amplification circuit for the sensitive
detection of lysine. In this study, the E. coli lysine auxotroph
based on modular green fluorescence protein fused with
the luxl/luxR system was constructed to realize the sensi-
tive detection of bioavailable lysine, and the specificity and
accuracy of the method were verified as well.

Materials and methods
Bacterial strain and plasmid

The lysA gene in the genome of E. coli K12 MG1655 (ATCC
700926) was knocked out by gene homologous recombination
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to obtain nutritional deficient E. coli AlysA. The E. coli Trans
5a competent cells were purchased from Sangon company
(Shanghai, China). The components that construct the gene
circuit and the plasmid pSB1C3, pSB1A2 were obtained from
the plasmid plate provided by International Genetically Engi-
neered Machine competition (iGEM), and the gene sequence
can be found on the iGEM website by number (http://parts.
igem.org/Main_Page). All the standardized gene element
sequences used contain EcoRI, Xbal restriction sites at the
5" end and Spel, Pstl restriction sites at the 3’ end for gene
splicing.

Construction of the luxl/luxR signal cyclic
amplification gene circuit

The gene elements used to construct luxl/luxR signal cyclic
amplification circuit strains are shown in Table S1, which
were obtained from the plasmid plate of iGEM accord-
ing to the number and transformed into Trans 5a compe-
tent cells for extended culture. The plasmid was obtained
by plasmid extraction kit, and the gene elements were con-
nected by enzyme digestion and enzyme ligation to obtain
the plasmid containing signal cyclic amplification circuit,
P 1231007 Py~ luxI-luxR-GFP-T-T. Furthermore, in order to verify
the effect of signal amplification, the Pj53,0)-GFP-T-T gene
circuit was constructed as a control. The restriction enzyme
EcoRI, Xbal, Spel, Pstl, and T, DNA ligase were all purchased
from NEW ENGLAND BioLabs (NEB, England).

Culture and assay conditions

E. coli AlysA was prepared as competent cells. The plasmids
of the gene line with and without signal amplification ele-
ments were transformed into competent cells and were named
as E. coli AlysA gfp and E. coli AlysA luxI-luxR-gfp; the posi-
tive clones were screened and cultured in Luria-Bertani (LB)
medium. Then, the E. coli AlysA, E. coli AlysA gfp, and E. coli
AlysA luxI-luxR-gfp were transferred to M9 minimal medium
with chloramphenicol (34 pg/mL) for starvation treatment for
10 h to deplete lysine, respectively. One hundred microliters
of each strain was added to M9 medium containing different
concentrations of lysine (10, 20, 30, 40, and 50 pM). Two
hundred microliters of each subculture was transferred to a
96-well microplate (Corning, USA), and the optical density at
600 nm (ODyg,) and the fluorescence intensity with the excita-
tion/emission wavelength at 488 nm/520 nm were measured by
the fluorescence microplate reader (BioTek, USA) every 2 h.

Specificity of the E. coli AlysA luxI-luxR-gfp biosensor
for lysine detection

One hundred microliters of the E. coli AlysA luxI-luxR-gfp
strain was added to M9 medium containing 50 pM lysine,
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50 uM glycine, 50 pM arginine, 50 pM tryptophan, 50 pM
phenylalanine, non-essential amino acids (NEAA, 1%), and
bovine serum albumin (BSA, 5 mg/mL), respectively, and
was cultured for 10 h. And then 200 pL of each subculture
was transferred to a 96-well microplate, and the optical
density at 600 nm (ODy,) and the fluorescence intensity
with the excitation/emission wavelength at 488 nm/520 nm
were measured.

Accuracy of the E. coli AlysA luxI-luxR-gfp biosensor
for lysine detection

Casein hydrolysate (tryptone, filter-sterilized) was used
for lysine recovery experiments to verify the accuracy of
the E. coli AlysA luxI-luxR-gfp biosensor. Tryptone with a
final concentration of 30 pg/mL and lysine with different
concentrations of 0, 10, 30, and 50 pM were added to the
M9 medium, respectively. One hundred microliters of E.
coli AlysA luxI-luxR-gfp was added and cultured for 10 h.
The optical density at 600 nm (ODy,) and the fluorescence
intensity with the excitation/emission wavelength at 488
nm/520 nm were measured. Lysine concentration in each
sample was calculated according to the calibrated curve.

Data analysis

The three-dimensional coordinate plots of time, lysine
concentration, and ODgg/fluorescence intensity of the
engineered bacteria were established, respectively. Lysine
recovery (%) in each artificial sample was calculated as a
ratio of the experimentally obtained lysine content minus
the obtained lysine content in tryptone and the added theo-
retical lysine content (10/30/50 pM). The data shown were
the mean values (+ standard deviation) of five independent
experiments (n = 5).

Results and discussion

Construction and characterization of engineering
bacteria with and without the Jlux//luxR signal cyclic
amplification gene circuit

The detection of lysine is of great significance in the fields
of the feed industry, production metabolism, clinical, etc.,
and many detection methods have been developed [5]. With
the development of synthetic biology, the low-cost, modular,
and highly sensitive microbial biosensor has become one of
the new methods for lysine detection [6, 22]. In this study,
the luxl/luxR positive feedback line based on quorum sens-
ing with green fluorescent protein was constructed for the
detection of lysine in nutrient-deficient bacteria.

The gene line for the fluorescence signal amplification
circuit based on the /uxR and [uxI system was constructed
(Fig. Sla), and the gene line without signal amplification
was chosen as a control (Fig. S1b) to evaluate the effect of
signal amplification. The length of the two lines was char-
acterized by agarose gel electrophoresis, and the results are
shown in Fig. S1c and Fig. S1d, respectively. The electro-
phoresis results were consistent with the sequence length of
the target fragment, and the correctness of the sequence was
validated by sequencing.

For the signal amplification circuit, a strong constitutive
promoter, Pj»3,4), was used to enhance the expression effi-
ciency of downstream genes. The expression of downstream
luxR, luxI, and GFP genes was regulated by the P, promoter
[26]. The LuxI enzyme catalyzes the synthesis of acyl-serine
lactone (AHL) molecules. The combination of AHL and its
receptor protein LuxR leads to the efficient expression of the
promoter P;,,, which can activate the transcription of bacte-
rial quorum sensing, thereby forming a feedforward loop.
When the bacterial population density and the expression
level of LuxR are low, the synthetic AHL molecules will not
accumulate in the cell, but quickly spread out of the cell. As
the density of bacteria increases, the concentration gradient
of extracellular AHL leads to the accumulation of AHL in
the bacteria. Once the concentration of intracellular AHL
reaches a certain threshold, AHL molecules bind to LuxR
protein to form the AHL-/uxR complex. Positive feedback
regulates the activity of upstream promoters, promotes the
expression of downstream luxIl/luxR proteins, further pro-
motes the synthesis of self-inducers, and forms a positive
feedback regulatory mechanism to continuously activate the
expression of the downstream GFP gene.

Response of E. coli AlysA strains to lysine

The ODg of E. coli AlysA strains after adding different
concentrations of lysine and culturing for different times
is shown in Fig. 1. It can be found that the ODgj, of the
E. coli AlysA strains was enhanced continuously with the
increase of culture time from O to 10 h and lysine concen-
tration from 10 to 50 pM (Fig. 1a). The result indicated the
successful knockout of the /ysA gene in the genome of E.
coli K12 MG1655. It can be also found that the correla-
tion between lysine concentration and the ODg, values was
not good within 4 h, but a good linear relationship can be
obtained after 6 h of culture. Taking the results of 8 h as an
example, the fitting curve of y = 0.00189x + 0.0653 (R* =
0.989) was obtained between lysine concentration and the
ODyy, values (Fig. 1b). Using the principle of the 3¢ rule,
the LOD was calculated to be 0.984 pM. The obtained result
was consistent with that reported in the literature for the
quantification of lysine using microbial growth [4, 23]. Of
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Fig. 1 Response of E. coli AlysA strains to gradient concentration of lysine at different culture time. a 3D graph of the relationship between cul-
ture time, lysine concentration, and ODg,. b Fitting curve of lysine concentration and ODy, after culture of E. coli AlysA strains for 8 h

course, the chosen strain and the integrity of the knockout
gene sequence might affect the LOD to some extent.

Response of E. coli AlysA gfp strains to lysine

E. coli AlysA gfp strains were constructed by introducing
plasmid containing P;,3,9,-GFP gene circuit into E. coli
AlysA; ODg, values and the fluorescence intensity of E. coli
AlysA gfp strains to gradient concentrations of lysine at dif-
ferent culture times are shown in Fig. 2. Figure 2a shows the
three-dimensional relationship between lysine concentra-
tion, culture time, and ODg,. Similar to the responses of E.
coli AlysA strains to lysine, E. coli AlysA gfp strains showed
time- and dose-response; that is, with the increase of cul-
ture time and lysine concentration, the ODg, of the E. coli
AlysA gfp strains was enhanced. The fitted curves between
lysine concentration and ODyg, are shown in Fig. 2b. A
good linear relationship can be obtained (y = 0.00218x +
0.0673, R*> = 0.999) taking the results of 8 h as an example.
The LOD of 1.979 pM can be obtained according to the
30 rule, which was comparable with that of E. coli AlysA
strains (0.984 uM).

Similar to the results of ODg, the fluorescence intensity
of E. coli AlysA gfp strains increased with the increase of
culture time and lysine concentration (Fig. 2c). The fitted
curve between lysine concentration and fluorescence inten-
sity is shown in Fig. 2d. It can be found that after culture for
8 h, a good linear correlation between lysine concentration
and fluorescence intensity can be obtained (y = 26.97x +
778.920, R* = 0.995). The LOD of lysine was calculated
to be 0.935 puM according to the principle of the 3¢ rule,
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similar to that of ODg, (1.979 pM), which was not signifi-
cantly changed compared to E. coli AlysA strains.

Response of E. coli AlysA luxi-luxR-gfp strains
to lysine

Py -luxI-luxR was cloned between the P,;,,, promoter and
the gfp gene to construct the signal amplification circuit.
In this gene line, lux/-luxR functions in a positive feedback
loop as it can bind to the P, promoter and activate its own
transcription. The responses of E. coli AlysA luxI-luxR-
gfp strains to different concentrations of lysine for differ-
ent culture times are shown in Fig. 3. It can be found that
the ODg, of E. coli AlysA luxI-luxR-gfp strains showed an
increasing tendency with the increase of lysine concentration
and culture time (Fig. 3a), which was similar to that of E.
coli AlysA strains and E. coli AlysA gfp strains. At the same
time, a good linear relationship between lysine concentration
and ODy, was be obtained (y = 0.00214x + 0.0611, R* =
0.999) (Fig. 3b), and the LOD of 1.266 pM can be calculated
according to the 3o rule.

Compared with the results of E. coli AlysA gfp strains,
the fluorescence intensity of E. coli AlysA luxI-luxR-gfp
strains was significantly amplified with the presence of
the same concentration of lysine at the same culture time
point (Fig. 3c). After adding lysine and culture for 8 h, a
good linear relationship can be obtained between lysine
concentration and fluorescence intensity (y = 265.34x
+2296.050, R? = 0.998) (Fig. 3d). The LOD of 256 nM
was obtained according to the 3o rule, which was reduced
by 2.65 times compared with the results of E. coli AlysA

gfp strains.
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Fig.2 Response of E. coli AlysA gfp strains to gradient concentra-
tions of lysine at different culture times. 3D graph of the relationship
between lysine concentration and ODy, (a), and fluorescence inten-

From the fitting curves between AODg, and gradient
concentrations of lysine of three engineering bacterial
strains (E. coli AlysA, E. coli AlysA gfp, and E. coli AlysA
luxI-luxR-gfp) after culture for 8 h, it was found that with
the increase of lysine concentration, all ODg, values of
three engineering bacteria increased, and all showed a
good linear relationship. It can be also found that even the
strain was genetically modified with the luxI/luxR cyclic
amplification circuit; the detection sensitivity for lysine
cannot be significantly improved by monitoring bacterial
growth (ODg).

The fitting curves of lysine concentration versus fluo-
rescence intensity of the engineered bacteria with and
without signal-amplified circuits were obtained and are
shown in Fig. 4; sensitivity was described as the ability
of the circuit to respond to the external stimulus, lysine,
herein. It can be found that the signal amplification circuit
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sity (c) of strains at different culture time points. The fitting curve

between lysine concentration and ODg, (b) and fluorescence inten-
sity (d) after culture for 8 h

amplified the fluorescence intensity by roughly one order
of magnitude. In other words, at the same concentration
of lysine, the fluorescence intensity of the circuit involv-
ing positive feedback was roughly ten times higher than
that in the circuit lacking positive feedback. Compared
with the detection of lysine through bacterial growth
(ODgy), the positive feedback circuit combined with the
luxI/luxR system can significantly improve the sensitivity
of lysine detection.

Table 1 shows the comparison of the strain constructed in
this study with other biosensors for lysine detection. It can
be found that the obtained sensitivity herein was comparable
to or higher than that of optical, fluorescent, electrochemi-
cal, and other microbial biosensors based on lysine oxidase,
lysine decarboxylase, etc. Moreover, the detection time of

the present study was also comparable to or shorter than that
of similar microbial biosensors.
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Fig.3 Response of E. coli AlysA luxR-luxI-gfp strains to gradient
concentrations of lysine at different culture times. 3D graph of the
relationship between lysine concentration and ODg, (a), and fluo-

Specificity of E. coli AlysA luxI-luxR-gfp biosensor
for lysine detection

In order to evaluate the specificity of the engineered bacteria E.
coli AlysA luxI-luxR-gfp for lysine detection, several essential
amino acids such as arginine, phenylalanine, and tryptophan,
as well as NEAA and BSA, were used to induce the engineered
bacteria. After adding different additives to the M9 medium,
the bacterial growth (ODg,) and the expressed fluorescence
intensity of E. coli AlysA luxR-luxI-gfp strains are shown in
Fig. 5. It can be found from Fig. 5a that with the presence of
glycine, arginine, tryptophan, phenylalanine, NEAA, and BSA,
the engineered bacteria cannot grow and express normally, and
only with the presence of lysine can the engineered bacteria
grow normally. Accordingly, only when lysine was added did
the engineering bacteria express fluorescence (Fig. 5b). After
8 h of culture, the expressed fluorescence of the lysine-added
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Table 1 Comparison of the constructed strain with other biosensors for lysine detection

No. Methods Principle LOD (pM) Linear range (uM) Detection time References
1 Optical Chemiluminometric L-lysine determination 5 10-1000 30-50 s [29]
2 Fluorescence (R)-1,1"-b-2-Naphthylamine probe 0.453 0-500 / [30]
3 Electrochemical Dissolved oxygen (DO) electrode 6.7 6.7-670 / [31]
4 Electrochemical GC electrode 0.39 0.5-5.5 / [32]
5 Electrochemical Lysine decarboxylase 25 25-400 1-3 min [21]
6 Microbial E. coli AlysA gfp / 0-20.52 6h [33]
7 Microbial E. coli AlysA gfp 0.342 / / [34]
8 Microbial E. coli AlysA gfp / / 8h [24]
9 Microbial E. coli AlysA luxI-luxR-gfp 0.256 10-50 6h This study

The sensitivity of the constructed strain was comparable to or higher than that of some biosensors, and the detection time of the constructed
strain was comparable to or shorter than that of similar microbial biosensors

group was significantly higher than that of the other groups,
which only expressed the background fluorescence and did

not increase (Fig. 5¢).

Accuracy of E. coli AlysA luxI-luxR-gfp biosensor

for lysine detection

Tryptone was used as the matrix to determine the accuracy
and robustness of the E. coli AlysA luxR-luxI-gfp biosen-
sor. The results of the recovery experiments are shown

in Table 2. A standard curve was established according
to the lysine concentration versus fluorescence intensity.
As for the M9 medium containing 30 pg/mL tryptone,
the lysine concentration was calculated to be 14.12 +
0.73 pM. The lysine content in 30 pg/mL tryptone was
calculated to be 6.87 + 0.36%, and was consistent with
the total amount of lysine (7.13 + 0.34%) determined by
Chalova et al. [33]. After additionally adding 10, 30, and
50 pM lysine, the lysine concentration was calculated to
be 25.21 + 1.51 pM, 45.37 + 2.64 pM, and 67.15 + 3.54
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Table 2 Lysine recovery from

C Group Additions to culture medium Estimated lysine (uM) Recovery (%) CV (%)
the artificial samples
Tryptone L-Lysine (uM)
(ng/mL)
1 30 0 14.21 +0.73 / /
2 30 10 2521 £ 1.51 109.98 + 10.44 9.49
3 30 30 4537 +2.64 103.88 + 7.66 7.37
4 30 50 67.15 +3.54 105.89 + 6.34 5.99

High recovery and low coefficient of variation can be obtained by the developed biosensor for lysine detec-

tion in artificial samples

pM, respectively. Thus, the recoveries were calculated
to be 109.98 + 10.44%, 103.88 + 7.66%, and 105.89 +
6.34%, respectively. Accordingly, the coefficient of vari-
ation (CV) was 9.49%, 7.37%, 5.99%, respectively. The
obtained high recovery and low coefficient of variation
indicated the developed biosensor based on the fluores-
cence of auxotrophic engineered bacteria was specific,
stable, and accurate for lysine detection.

Conclusion

Three engineering bacterial strains (E. coli AlysA, E. coli
AlysA gfp, and E. coli AlysA luxI-luxR-gfp) were successfully
constructed and used for lysine detection based on bacterial
growth (ODg) and fluorescent protein expression. Quanti-
fying lysine by fluorescent protein expression was more sen-
sitive than that by bacterial growth (ODg,). By embedding
the luxIl/luxR cyclic amplification gene sequence into the flu-
orescent protein expression gene circuit, the LOD of lysine
can be reduced to 256 nM, which was lower than those of
previously reported whole-cell fluorescent microbial biosen-
sors. The quantification of lysine based on nutrient-deficient
engineered bacteria E. coli AlysA luxI-luxR-gfp was specific,
stable, and accurate. The introduced positive feedback lines
of luxl/luxR can amplify any transcriptional signal, which
only depend on a single gene and do not require other modu-
lation. As the design is modular, it can conceivably be uti-
lized as a component to design more complex synthetic gene
circuits without any changes to the amplifier and reporter
system.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04364-1.

Acknowledgements This work was financially supported by the Space
Medical Experiment Project of the China Manned Space Program
(HYZHXMO04001) and Science and Technology Innovation Program
of the Beijing Institute of Technology (1870011162001).

Author contribution W. W. and Z. J. conceived and designed the

research. Z. J., T. H., and W. W. conducted the experiments and ana-
lyzed the data. W. W. wrote the manuscript. L. X. and L. X made

@ Springer

important revisions to the paper. D. Y. approved the final paper. All of
the authors read and approved the manuscript.

Data availability The data used to support the findings of this study
are included within the article. The original data values of the charts
generated during the current study are available from the corresponding
author on reasonable request.

Declarations

Ethics approval This article does not contain any study with human
participants or animals performed by any of the authors.

Conflict of interest The authors declare no competing interests.

References

1. Jiang XD, Yue S, Jia L, Li S, Li CL, Li Q, Xiao LJ. NIR fluo-
rescent AzaBODIPY-based probe for the specific detection of
L-lysine. Chemistryselect. 2018;3(26):7581-5.

2. Hao J, Wang M, Wang S, Huang Y, Cao D. Dissolution-
enhanced emission of 1,3,6,8-tetrakis(p-benzoic acid)pyrene
for detecting arginine and lysine amino acids. Dyes Pigm.
2020;175:108131.

3. Xue ZH, Xiong LL, Rao HH, Liu XH, Lu XQ. A naked-eye lig-
uid-phase colorimetric assay of simultaneous detect cysteine and
lysine. Dyes Pigm. 2019;160:151-8.

4. Zabala Diaz IB, Ricke SC. Quantitative detection of crystal-
line lysine supplementation in poultry feeds using a rapid bac-
terial bioluminescence assay. Appl. Microbiol. Biotechnol.
2003;62(2-3):268-73.

5. Pundir CS, Nohwal B, Chaudhary R. A comprehensive review of
methods for determination of I-lysine with detailed description of
biosensors. Int J Biol Macromol. 2021;186:445-61.

6. Akyilmaz E, Erdogan A, Oztiirk R, Yasa I. Sensitive determina-
tion of L-lysine with a new amperometric microbial biosensor
based on Saccharomyces cerevisiae yeast cells. Biosens. Bioel-
ectron. 2007;22(6):1055-60.

7. Sinha S, Lopes DH, Bitan G. A key role for lysine residues in
amyloid B-protein folding, assembly, and toxicity. ACS Chem.
Neurosci. 2012;3(6):473-81.

8. Adhikari S, Ghosh A, Mandal S, Guria S, Banerjee PP, Chatterjee
A, Das D. Colorimetric and fluorescence probe for the detection
of nano-molar lysine in aqueous medium. Org. Biomol. Chem.
2016;14(45):10688-94.

9. Taiganides EP, Richard KW. The menace of noxious gases in ani-
mal units. Trans. ASAE. 1969;12(3):359-62.


https://doi.org/10.1007/s00216-022-04364-1

E. coli biosensor based on modular GFP and luxl/luxR cyclic amplification circuit for sensitive. ..

10.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

Kircher M, Pfefferle W. The fermentative production of L-lysine
as an animal feed additive. Chemosphere. 2001;43(1):27-31.

. Barbosa J, Bosch E, Cortina JL, Rosés M. Improvement of the

titrimetric method for the determination of total basicity and avail-
able lysine residues in proteinaceous samples in anhydrous acetic
acid. Anal. Chim. Acta. 1992;256(1):177-81.

Ferrer E, Alegria A, Farré R, Abellan P, Romero F. Fluoromet-
ric determination of chemically available lysine: adaptation,
validation and application to different milk products. Nahrung.
2003;47(6):403-7.

Dousa M, Bfichac¢ J, Gibala P, Lehnert P. Rapid hydrophilic
interaction chromatography determination of lysine in pharma-
ceutical preparations with fluorescence detection after postcolumn
derivatization with o-phtaldialdehyde. J. Pharm. Biomed. Anal.
2011;54(5):972-8.

Wang L, Ma C, Zhang X, Xu Z. Determination of lysine
in nutrition sample by adsorption voltammetry. Anal. Lett.
1994;27(3):613-23.

Andre I, Linse S, Mulder FAA. Residue-specific pK(a) determina-
tion of lysine and arginine side chains by indirect N-15 and C-13
NMR spectroscopy: application to apo calmodulin. J. Am. Chem.
Soc. 2007;129(51):15805-13.

. Hashimoto H, Misono H, Nagata S, Nagasaki S. Selective deter-

mination of L-lysine with L-lysine epsilon-dehydrogenase. Agric
Biol Chem. 1990;54(2):291-4.

Saurina J, Herndndez-Cassou S, Alegret S, Fabregas E. Ampero-
metric determination of lysine using a lysine oxidase biosensor
based on rigid-conducting composites. Biosens. Bioelectron.
1999;14(2):211-20.

Hikuma M, Kawarai M, Tonooka Y, Hashimoto K. Determination
of L-lysine in feeds by fluorometric method based on L-lysine
oxidase. Anal. Lett. 1991;24(12):2225-36.

Nohwal B, Chaudhary R, Kumar P, Pundir CS. Fabrication and
application of an amperometric lysine biosensor based on cova-
lently immobilized lysine oxidase nanoparticles onto Au elec-
trode. Int J Biol Macromol. 2020;146:907-15.

Endo H, Hayashi Y, Kitani Y, Ren H, Hayashi T, Nagashima Y.
Optical enzyme sensor for determining L-lysine content using
L-lysine oxidase from the rockfish Sebastes schlegeli. Anal. Bio-
anal. Chem. 2008;391(4):1255-61.

Suzuki H, Tamiya E, Karube I. Development of a disposable min-
iature I-lysine sensor. Anal. Chim. Acta. 1990;229(2):197-203.
Suzuki H, Tamiya E, Karube I. Integrated amino acid sensors for
detection of L-glutamate, L-lysine, L-arginine, and L-histidine.
Electroanalysis. 1994;6(4):299-304.

Payne JW, Bell G, Higgins CF. The use of an Escherichia coli
Lys- auxotroph to assay nutritionally available lysine in biological
materials. J Appl Bacteriol. 1977;42(2):165-77.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chalova VI, Kim WK, Woodward CL, Ricke SC. Quantification
of total and bioavailable lysine in feed protein sources by a whole-
cell green fluorescent protein growth-based Escherichia coli bio-
sensor. Appl. Microbiol. Biotechnol. 2007;76(1):91-9.

Waters CM, Bassler BL. Quorum sensing: cell-to-cell communi-
cation in bacteria. Annu Rev Cell Dev Biol. 2005;21:319-46.
Egland KA, Greenberg EP. Quorum sensing in Vibrio fischeri: ele-
ments of the /ux/ promoter. Mol. Microbiol. 1999;31(4):1197-204.
Wang Z, Wu X, Peng J, Hu Y, Fang B, Huang S. Artificially
constructed quorum-sensing circuits are used for subtle control
of bacterial population density. PLoS One. 2014;9(8):e104578.
Rajput A, Kumar M. In silico analyses of conservational, func-
tional and phylogenetic distribution of the LuxI and LuxR
homologs in Gram-positive bacteria. Sci. Rep. 2017;7(1):6969.
Preuschoff F, Spohn U, Weber E, Unverhau K, Mohr KH.
Chemiluminometric L-lysine determination with immobilized
lysine oxidase by flow-injection analysis. Anal. Chim. Acta.
1993;280(2):185-9.

Sharma N, Yun K. Dual sensing of tetracycline and L-Lysine
using green synthesized carbon dots from Nigella sativa seeds.
Dyes and Pigments. 2020;182:108640.

Vrbova E, Marek M, Ralys E. Biosensor for the determination of
I-lysine. Anal. Chim. Acta. 1992;270(1):131-6.

Gholivand MB, Shamsipur M, Amini N. Nonenzymatic L-lysine
amino acid detection using titanium oxide nanoparticles/multi
wall carbon nanotube composite electrodes. Electrochim. Acta.
2014;123:569-75.

Chalova VI, Zabala-Diaz IB, Woodward CL, Ricke SC. Develop-
ment of a whole cell green fluorescent sensor for lysine quantifica-
tion. World J. Microbiol. Biotechnol. 2008;24(3):353-9.
Erickson AM, Diaz IBZ, Kwon YM, Ricke SC. A bioluminescent
Escherichia coli auxotroph for use in an in vitro lysine availability
assay. J. Microbiol. Methods. 2000;40(3):207-12.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.

@ Springer



	E. coli biosensor based on modular GFP and luxIluxR cyclic amplification circuit for sensitive detection of lysine
	Abstract
	Introduction
	Materials and methods
	Bacterial strain and plasmid
	Construction of the luxIluxR signal cyclic amplification gene circuit
	Culture and assay conditions
	Specificity of the E. coli ΔlysA luxI-luxR-gfp biosensor for lysine detection
	Accuracy of the E. coli ΔlysA luxI-luxR-gfp biosensor for lysine detection
	Data analysis

	Results and discussion
	Construction and characterization of engineering bacteria with and without the luxIluxR signal cyclic amplification gene circuit
	Response of E. coli ΔlysA strains to lysine
	Response of E. coli ΔlysA gfp strains to lysine
	Response of E. coli ΔlysA luxI-luxR-gfp strains to lysine
	Specificity of E. coli ΔlysA luxI-luxR-gfp biosensor for lysine detection
	Accuracy of E. coli ΔlysA luxI-luxR-gfp biosensor for lysine detection

	Conclusion
	Acknowledgements 
	References


