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Figure S1. SDS-PAGE analysis of purified EcLldR (A), PaLldR (B), PfLldR (C), and STLldR (D). Lane 

M, molecular weight markers; lane 1, crude extract of Escherichia coli BL21(DE3) harboring express-

ing plasmids of different LldRs; lane 2, different purified His6-tagged LldRs using a HisTrap col-

umn. 

 

Figure S2. Amino acid sequences of FILLac0N0C. The sequences of mTFP, STLldR and Venus are 

highlighted in cyan, grey and yellow, respectively. EL and VD are the amino acid sequences of the 

restriction sites SacI and SalI, respectively. 

  



 

 
 

A B

 

Figure S3. Spectral properties of FILLac0N0C. (A) Fluorescence emission spectrum changes of 1 M 

FILLac0N0C with (red) or without (black) 100 M L-lactate were indicated, excitation was measured 

at 430 nm with emission from 445 nm to 600 nm in steps of 2 nm. (B) Fluorescence excitation spec-

trum changes of 1 M FILLac0N0C with (red) or without (black) 100 M L-lactate were indicated, 

emission was measured at 550 nm with excitation from 380 nm to 535 nm in steps of 2 nm. 

 

Figure S4. Heat map of FILLac10N0C variants with different artificial linkers added between STLldR 

and fluorescent proteins to ΔRmax. G4 and KL are the flexible linker Gly-Gly-Gly-Gly-Ser-Gly-Gly 

and the rigid linker Lys-Leu-Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala, respectively. 
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Figure S5. In vitro characterization of FILLac10N0C. (A) Fluorescence excitation spectrum changes of 

1 M FILLac10N0C with (red) or without (black) 100 M L-lactate were indicated, emission was meas-

ured at 550 nm with excitation from 380 nm to 535 nm in 2 nm steps. (B) Dose-response curves of 



 

 
 

FILLac10N0C for L-lactate in the presence (red) or absence (black) of 50 M pyruvate. (C) Dose-re-

sponse curves of FILLac10N0C for L-lactate in the presence (red) or absence (black) of 50 M D-lactate. 

(D) Comparison of the Rmax of FILLac10N0C in the presence of 50 M D-lactate or pyruvate. (E) Com-

parison of the Kd values of FILLac10N0C in the presence of 50 M D-lactate or pyruvate. (F) Kd values 

of FILLac10N0C for L-lactate determined at different temperatures. All data shown are means ± s.d. (n 

= 3 independent experiments). The significance of the data was analyzed by a two-tailed, unpaired 

t-test; ns, no significant difference (p ≥ 0.05). 
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Figure S6. HPLC analysis of the chirality of lactate in different fermentation samples. (A,B) HPLC 

analysis of L-lactate standard (A) and D-lactate standard (B) by using a chiral column. (C–E) HPLC 

analysis of the chirality of lactate in fermentation samples produced by L. bulgaricus ATCC 11842 

(C), L. plantarum ATCC 14917 (D), and L. casei ATCC 334 (E) by using a chiral column. 
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Figure S7. HPLC analysis of the chirality of lactate in Jiaosu and yogurt samples. (A,B) HPLC anal-

ysis of L-lactate standard (A) and D-lactate standard (B) by using a chiral column. (C–E) HPLC anal-

ysis for Jiaosu B (C), Yogurt B (D) and Yogurt C (E) by using a chiral column. 

 

Figure S8. Dose-response curve of FILLac10N0C for increasing concentrations (100 nM to 10 mM) of 

D-lactate. 

 

 



 

 
 

 

Figure S9. Dose-response curve of FILLac10N0C for increasing concentrations (100 nM to 10 mM) of 

L-lactate after stored at –80℃ for six months. 

 

Table S1. Strains and plasmids used in this study. 

Strain and Plasmid Relevant Characteristics a  
Source and Refer-

ence 

Strain   

E. coli BL21(DE3) 
F– ompT hsdSB (rB- mB-) gal (λ c I 857 ind1 Sam7 nin5 lacUV5-T7gene1) 

dcm (DE3) 
Invitrogen 

E. coli BL21(DE3) (pET28a-lldR) E. coli BL21(DE3) harboring the plasmid pET28a-lldR This study 

E. coli BL21(DE3) (pETDuet-mTFP-lldR-

Venus) 
E. coli BL21(DE3) harboring the plasmid pETDuet- mTFP-lldR-Venus This study 

Lactobacillus bulgaricus ATCC 11842 Wild-type D-lactate producing strain ATCC b 

L. plantarum ATCC 14917 Wild-type D, L-lactate producing strain ATCC b 

L. casei ATCC 334 Wild-type L-lactate producing strain ATCC b 

Plasmid   

pET28a Expression vector; Kmr Novagen 

pET28a-EclldR pET28a contained lldR of E. coli MG1655; Kmr This study 

pET28a-PalldR pET28a contained lldR of Pseudomonas aeruginosa PAO1; Kmr (Xiao et al., 2022) 

pET28a-PflldR pET28a contained lldR of P. fluorescens A506; Kmr This study 

pET28a-STlldR 
pET28a contained lldR of Salmonella enterica serovar Typhimurium LT2; 

Kmr 
This study 

pETDuet-1 Expression vector; Ampr Novagen 

pETDuet- mTFP-Venus pETDuet-1 contained the genes of mTFP and Venus; Ampr (Kang et al., 2021) 
a Kmr, kanamycin resistant; Ampr, ampicillin resistant. b ATCC: American Type Culture Collection. 

Table S2. Evaluation of the performance of FILLac10N0C for quantification of L-lactate in various bi-

ological samples. 

Approach Concentration (mM) Accuracy (%) a 
Precision 

(RSD%) b Standard 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 1 Sample 2 Sample 3 Sample 4 

2 4 20 40 2 4 20 40 

HPLC 1.97  0.11 3.98  0.17 20.30  0.75 40.29  1.35 98.67 99.67 101.52 100.72 1.07 

SBA 1.89  0.08 3.70  0.09 19.79  0.94 39.59  0.26 94.50 92.50 98.95 98.98 2.82 

FILLac10N0C 1.90  0.07 3.86  0.19 22.08  1.28 40.42  0.59 95.00 96.50 110.43 101.04 5.97 

a Accuracy% = 
Concentration determined by different methods

Defined concentration
. b Precision% = 

Standard derivation of accuracy

Mean value of accuracy
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Table S3. Evaluation of the accuracy of FILLac10N0C for quantification of L-lactate in biological sam-

ples. 

Sample 
Concentration (mM) Recovery (%) d 

Actual Sample a Added b Spiked Sample c  

Jiaosu 1 0.36 ± 0.03 5.00 5.23 ± 0.24 97.47 

Jiaosu 2 8.83 ± 0.27 5.00 13.11 ± 1.43 93.15 

Jiaosu 3 1.53 ± 0.12 5.00 6.05 ± 0.32 96.80 
a L-Lactate concentrations measured in Jiaosu samples using FILLac10N0C. b Added extra 5 mM L-lac-

tate to Jiaosu samples. c L-Lactate concentrations measured in spiked samples using FILLac10N0C. d 

Recovery% = 
Concentration of L-lactate in spiked sample – Concentration of L-lactate in original actual sample

Concentration of the added L-lactate
×100%. 
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