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Abstract
[bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK88][bookmark: OLE_LINK89]Aptamer-based regulatory biosensors can dynamically regulate the expression of target genes in response to ligands and could be used in dynamic metabolic engineering for pathway optimization. However, the existing aptamer-ligand biosensors can only function with non-complementary DNA elements that cannot replicate in growing cells. Here, we construct an aptamer-based synthetic regulatory circuit that can dynamically upregulate and downregulate the expression of target genes in response to the ligand thrombin at transcriptional and translational levels, respectively, and further used this system to dynamically engineer the synthesis of 2’-fucosyllactose (2’-FL) in Bacillus subtilis. First, we demonstrated the binding of ligand molecule thrombin with the aptamer can induce the unwinding of fully complementary double-stranded DNA. Based on this finding, we constructed a bifunctional gene expression regulatory circuit using ligand thrombin-bound aptamers. The expression of the reporter gene ranged from 0.084- to 48.1-fold. Finally, by using the bifunctional regulatory circuit, we dynamically upregulated the expression of key genes fkp and futC and downregulated the expression of gene purR, resulting in the significant increase of 2’-FL titer from 24.7 to 674 mg/L. Compared with the other pathway-specific dynamic engineering systems, here the constructed aptamer-based regulatory circuit is independent of pathways, and can be generally used to fine-tune gene expression in other microbes.
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1. Introduction
Dynamic metabolic engineering aims to maintain the balance between cell growth and target product synthesis by reprogramming the metabolism of cells to achieve high titer, yield, and productivity (Liu et al., 2016; Xu et al., 2014). In the recent years many strategies have been developed for this purpose (Neilson et al., 2007; Tan and Prather, 2017), for example, Williams et al. (2015) constructed a two-stage dynamic expression system in Saccharomyces cerevisiae using glucose catabolite repression on sucrose-inducible promoters. In another example, Gupta et al. (2017) used a pathway-independent quorum-sensing circuit in Escherichia coli to control endogenous bacterial gene expression and improve yields of target chemicals.
An increasing amount of synthetic regulatory circuits have been constructed to fine-tune gene expression at transcription or translation levels with E. coli or other organisms as prototype. Most of these circuits have been developed to function in E. coli, both in vivo and in vitro, and are triggered by environmental or inducing factors (Ji et al., 2018; Palazzotto et al., 2019; Pinto et al., 2018). The regulation of pathway genes at transcription and translation levels can balance the synthesis of target products and the growth of the organism by controlling the metabolic flux (Ma et al., 2018; Zhang et al., 2018). Therefore, inducible and fine-tunable regulatory systems are needed for the dynamic regulation of multiple heterologous genes. Furthermore, these components should be capable of cooperating with other strong expression systems and ideally, synergistically strength target pathways.
Synthetic regulatory components include biosensors, riboswitches, ribozymes and small regulatory RNAs (Breaker, 2018; Carpenter et al., 2018; Papenfort and Vanderpool, 2015). These genetic devices can control the expression level of genes based on the intermolecular affinity between nucleic acids, proteins and other metabolites. For instance, Zhang et al. (2012) developed a dynamic sensor-regulator system based on a transcription factor that binds to the -35 and -10 regions to produce fatty acid-based products. Additionally, Zhou and Zeng (2015) controlled the lysine biosynthesis with a riboswitch which can form a special structure near the ribosome binding site (RBS) and thereby inhibit the translation of competing metabolic pathways in the presence of lysine. Both riboswitches and aptamers can control gene expression. Riboswitches are RNA elements co-transcribed with the mRNA that regulates gene expression by interacting with the mRNA, while aptamers can be single-stranded DNA or RNA which function by recognizing and binding ligands, including protein and small molecules (Sherwood and Henkin, 2016). Aptamers can switch their spatial configuration by binding to their specific ligands with high affinity, and these changes in the spatial structure can dynamically regulate the transcription or translation of downstream genes by forming riboswitches with the ligand (Torgerson et al., 2018). To date, applications on ligand-responsive regulation have relied on a limited set of proteins and metabolites, therefore, a larger library of signal molecules and response elements is needed for multi-level, fine-tuning regulation of microbial metabolism.
Nucleic acid aptamers are short nucleic acid sequences that are usually screened and isolated from pools of random-sequence oligonucleotides, and they are widely used in biomedical diagnostics (Hori et al., 2018; Röthlisberger and Hollenstein, 2018). To date, thousands of DNA or RNA aptamers have been identified for various targets including proteins and small molecules. Recently, nucleic acid aptamers have been used in the construction of artificial biosensors to regulate gene expression at transcriptional and translational levels (Aboul-ela et al., 2015; Gong et al., 2017). Dynamic regulation of protein expression by promoting the efficiency of promoter-mediated transcription has been developed in cell-free expression systems, but not yet implemented intracellularly. Wang et al. (2017b) revealed that the aptamer-mediated transcription promotion relied on the repulsive force between two ligand molecules combined with two single-stranded DNA aptamer. This dual-aptamer structure was instable in vivo since two non-complementary aptamer chains will be bound to the complementary strand during semi-reserved replication. According to this, the transcription-promoting devices based on promoter activation are not available in vivo. However, the fine-tuning of the metabolic pathways in vivo is required for most metabolic engineering cases. Therefore, it is important to design and construct an in vivo ligand-aptamer-based circuit for dynamic gene expression regulation. 
As a gram-positive model microorganism, Bacillus subtilis is widely used as a host for the bioproduction of nutraceuticals and recombinant proteins (Liu et al., 2014; Westers et al., 2004). 2’-Fucosyllactose (2’-FL) is one of the most abundant human milk oligosaccharides (HMOs) which can be used by bifidobacteria, one of intestinal probiotics, and prevent infection from pathogenic bacteria by forming analogs of receptors (Gonia et al., 2015; Huang et al., 2017). In this study, using the synthesis of 2’-FL in B. subtilis as a model, we developed an in vivo bifunctional gene expression regulatory circuit based on a ligand thrombin-bound aptamer. Conveniently, the G-quartet of the folded 15 nt thrombin-binding aptamer (TBA) is highly stable, and TBA was one of the shortest available aptamer (Aptagen "Apta-Index" database, http://www.aptagen.com/ aptamer-index/aptamer-list.aspx). 
In this work, we first demonstrated that the binding of aptamers and corresponding ligands can induce the unwinding of complementary double-stranded DNA. Then, we constructed an in vivo bifunctional human thrombin responsive gene expression circuit, which is composed of the thrombin-binding DNA aptamer-based regulation component (TDC) and the thrombin-binding RNA aptamer-based regulation component (TRC) for the upregulation and downregulation of gene expression, respectively. Ultimately, we engineered the 2’-FL synthesis pathway in B. subtilis with TDC and TRC, and the highest 2’-FL titer reached 674 mg/L. Thus, the constructed aptamer-ligand based circuit demonstrated its efficiency in the fine-tuning of gene expression and may be generally used for metabolic engineering in the other microbes. 

2. Material and Methods
[bookmark: _CTVK0011b6b85188b424a2d902afe497d660d62]2.1 Bacterial strains and plasmids
[bookmark: OLE_LINK59][bookmark: OLE_LINK58][bookmark: OLE_LINK60][bookmark: OLE_LINK61]	The strains, plasmids, and primers used in this study are listed in Table 1 and Table S1. E. coli JM109 was used as the host strain for plasmid construction. B. subtilis 168 was used as the expression host and the original strain for metabolic engineering.

2.2 Medium and culture conditions
[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: _Hlk2396225][bookmark: _Hlk2396234]The E. coli JM 109 and B. subtilis 168 were cultured in liquid or solid Luria Bertani (LB) medium (per liter: 10.0 g tryptone, 5.0 g yeast extract, and 10.0 g NaCl), at 37°C, with shaking at 220 rpm, for the liquid cultures. The solid medium was prepared by adding 2.0 g/L agar to the liquid LB medium. To select the plasmid-transformed strains from the wild type or to maintain plasmid replication, 100 μg/mL ampicillin and 50 μg/mL kanamycin were used for E. coli and B. subtilis culture, respectively. For the screening after genome modification, 40 μg/mL zeocin or 100 μg/mL spectinomycin was added to the LB medium. The promoter Pgrac was induced with 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG).
[bookmark: OLE_LINK30][bookmark: OLE_LINK29]To examine the expression of enhanced green fluorescent protein (egfp), which was described by relative fluorescence intensity (fluorescence/OD600), we first pre-cultured the cells in LB medium by inoculating a single colony into 1 mL of medium in 14-mL shake-tubes for 8 h at 37 °C with shaking at 220 rpm. Then, the cell concentration was measured using a spectrophotometer and the final OD600 was adjusted to 0.1 after it was transferred into 5 mL of LB in a 50-mL centrifuge tube (Corning Inc., Corning, NY, USA). The culture was incubated for 48 h, and the fluorescence intensity and biomass (OD600) were measured every 4 h by sampling 250 μL of the fermentation broth. To cultivate 2’-FL-producing strains, we first pre-cultured the cells in LB medium with the same method described above. Then, we measured the concentrations of lactose, 2’-FL and cells every 4 h from 12 to 48 h after it was inoculated into 50 mL Terrific Broth (TB) medium (per liter: 24.0 g tryptone, 12.0 g yeast extract, 12.5 g K2HPO4·3H2O, 2.5 g KH2PO4, 4.0 g glycerol) in 250 mL shake flask with 5.0 g/L fucose and 10.0 g/L lactose.

2.3 Fluorescence recovery experiment of thrombin aptamer-based biosensors 
A total of 15 nM F-DNA (a fluorophore-labeled single-stranded fragment), 30 nM A-DNA (an aptamer-containing single-stranded fragment), and 45 nM Q-DNA (a quencher-labeled fragment) were mixed in the binding buffer (Tris-acetate, pH 7.4, 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM CaCl2) (Zhang et al., 2017), and heated to 85°C, cooled slowly to 25°C at a rate of ∼1°C/min to form the double-stranded complex. Ligand at different concentrations was added into the mixture of nucleic acid strands, and the fluorescence intensity from 0 to 50 min was recorded on a Cytation 3 microplate Multi-Mode Reader (Bio Tek Instruments, Winooski, VT, USA) with excitation at 488 nm and emission at 523 nm at 25°C (Fig. 1D). The standard deviation of the background variation was calculated by adding binding buffer to the mixture of nucleic acid strands. The sequences of single-strand DNA F-DNA, Q-DNA, and A-DNA are shown in Table S1.
2.4 Plasmid construction
[bookmark: _Hlk2396397][bookmark: _Hlk2396197][bookmark: OLE_LINK82]The pGFP, pCFP, and pF2 plasmids were constructed by replacing the mpd gene (encoding the methyl parathion hydrolase) with the egfp gene (encoding the enhanced green fluorescent protein), cfp gene (cyan fluorescent protein), and F2 gene (human thrombin cDNA) in the pP43NMK plasmid (a derivative of the stable pUB110 plasmid) (Zhang et al., 2005), respectively. The backbone of pP43NMK was amplified using primers P1/P2, and the reporter gene egfp with primers P3/P4, cfp with primers P5/P6, and F2 with primers P7/P8. The linear plasmid and coding sequence were assembled using the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China). To modify the distance between TDC and promoter from 0 to 30 every two bases, we amplified pGFP with primer P9 and primers P10~P25, separately. To modify the distance between TRC and promoter from 0 to 15, we amplified pGFP with primer P26 and primers P27~P42, separately. To construct pTDCanGFP and pTDCbiGFP, pGFP was amplified with primer P43/P44 and P43/P45. The linear amplified products were directly transformed into E. coli JM109 for cyclization and replication. The sequence of plasmid pFF assembled by one-step cloning with promoter P43, 2’-FL synthesis pathway genes fkp and futC is shown in supporting materials. All constructed plasmids were verified by sequencing (Talent Biotechnology, Suzhou, China).

2.5 Genome chromosome integration for gene expression
[bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK56][bookmark: OLE_LINK57]For knocking-in gene on B. subtilis genome, a knockout box was designed using the cre/lox non-resistance knockout system (Yan et al., 2008), which consisted of two homologous regions (one 1,000 bp upstream and one 1,000 bp downstream of the insert location), one resistance gene for zeocin with lox71 and lox66 sites at both ends, and target fragment. We inserted F2 into amyE by amplifying the upstream and downstream regions of amyE site, and then, fused them with zeor and promoter Pgrac by the overlap Polymerase Chain Reaction (PCR) method (primer P46~P55 were used in this process). The sequence of amyE::F2 knock-out box is shown in supporting materials. TRC was integrated upstream purR by TRC-purR cassette consisted of a 1,000 bp upstream purR and a 1,000 bp 5’-end of purR and a resistance gene for spectinomycin. The modified gene fragment of purR was transformed into BP1, yielding BPR(s). Then, the resistance of selective marker was excised by recombinase Cre expressed by plasmid pDG148, and the plasmid was then eliminated by incubation at 50 °C for 4 h, resulting BPR. The sequence of TRC-purR cassette is shown in supporting materials.

2.6 Analytical methods
[bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: OLE_LINK70]The relative florescence intensity is defined as the ratio of fluorescence intensity to the biomass, and the relative florescence intensity of both GFP and CFP was analyzed on a Cytation microplate reader (Cytation 3; BioTek, Winooski, VT, USA) using a 96-well black transparent Corning 3603 flat-bottom plate (Corning Inc.). After centrifuging the samples at 8,000 × g for 5 min, we discarded the supernatant and resuspended the cells in phosphate-buffered saline. Then, 200 μL of the suspension was added to a 96-well plate. The GFP fluorescence was measured at an excitation wavelength of 488 nm and an emission wavelength of 523 nm with a gain value 60. The CFP fluorescence was measured at an excitation wavelength of 434 nm and an emission wavelength of 547 nm with a gain value 60. The cell optical density was determined at 600 nm wavelength.
For the determination of intracellular thrombin, a human thrombin enzyme linked immunosorbent assay (ELISA) kit (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) was used for supernatant of cell disruption. The absorbance at 560 nm wavelength was measured using the Cytation microplate reader. 
Concentrations of lactose and 2’-FL in fermentations were measured by high-performance liquid chromatography (HPLC) system (Agilent Technologies 1260 Series) equipped with a Rezex ROA Organic Acid H+ (8%) column (Phenomenex, Torrance, CA, USA). The column and a refractive index (RI) detector temperature were set at 50 °C, and the column was eluted with 0.01 N H2SO4 at a flow rate of 0.6 mL/min. All experiments results were expressed as mean±standard deviation (SD) which were independently carried out at least three times. 

2.7 Quantitative real-time PCR analysis 
After cultivation in LB for 24 h, a 0.5-mL sample of recombinant B. subtilis strain was collected, concentrated, and frozen immediately in liquid nitrogen. Total RNA was extracted and measured using the RNA prep Pure Kit (Tiangen Biotechnology, Beijing, China) and a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, the messenger RNA (mRNA) was reverse transcribed into cDNA, which was then used as template for qRT-PCR with the PrimeScriptTM RT-PCR Kit (Takara, Dalian, China). The egfp mRNA level was measured by qRT-PCR with primers P56/57, and 16S rDNA was used as internal standard using primers P58/59. The analysis of gene expression by qRT-PCR was performed in a 96-well plate with a total reaction volume of 20 μL using SYBRH Premix ExTaqTM (Takara). Reactions were performed on a LightCycler 480 II Real-time PCR instrument (Roche Applied Science, Mannheim, Germany). The PCR conditions were as follows: pre-incubation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s, and annealing and extension at 55°C for 20s.

[bookmark: OLE_LINK32]2.8 Fine-tuning model fitting
The functional equations of nucleic acid aptamer-mediated gene expression fine-tuning were captured by
                            (1)
where x is the distance between the TDC and promoter (DBTP) or the distance between the TRC and RBS (DBTR), y is the relative fluorescence intensity, ymin is the minimum relative fluorescence intensity, and ymax is the maximum relative fluorescence intensity (Meyer et al., 2019). Three replicates were combined and fitted by Origin 2018b, and the fitted parameter values and their uncertainties are listed in Table S2.

 3. Results
3.1 In vitro structure-switching fluorescent biosensor based on aptamer-induced unwinding
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK7][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12]In previous studies, it has been proposed that the DNA aptamer can promote the unwinding of nearby double-stranded DNA as a result of the mutual repulsion between the ligands bound thereto (Wang et al., 2017a; Wang et al., 2017b), but such a double-aptamer structure cannot be replicated by semi-preserve replication. In this study, we hypothesize that aptamers can induce the unwinding of 15-35 bp complementary double-stranded DNA by binding to the 15 nt of the TBA, which could, for example, unwind  promoter regions. In order to verify this hypothesis, we constructed a structure-switching fluorescent biosensor activated by nucleic acid aptamer-bound ligands, including a 15 nt single-stranded DNA thrombin-binding aptamer (DTBA) or a 25 nt single-stranded DNA adenosine triphosphate (ATP)-binding aptamer (DABA). The sequence of the DTBA and DABA was as described in previous studies (Bai et al., 2017; Huizenga and Szostak, 1995). The structure of the fluorescent biosensors, shown in Fig. 1A, consists of three short nucleic acid strands: a single-stranded DNA labeled with a fluorophore (6-Carboxyfluorescein, FAM) at the 5’-end (F-DNA), a DNA single-stranded DNA labeled with a quencher (Black Hole Quencher 1, BHQ1) at the 3’-end (Q-strand), and a single-stranded DNA containing the aptamer (A-DNA) that hybridizes to the above two strands. The exact sequences of the structure-switching biosensor constructed based on the DTBA and TABA are shown in Fig. 1B and 1C. In the absence of a ligand, the three DNA molecules assemble into a double helix structure, bringing FAM and BHQ1 in close proximity; thus, quenching the fluorescence through fluorescence resonance energy transfer. In the presence of a ligand, the aptamer contained in the A-DNA changes its structure to bind to the ligand, leaving very few nucleic acids to hybridize with the fluorophore-labeled strand, which is unstable at room temperature due to a lower melting temperature compared to the hydrogen bond formed in the folded DTBA. As a result, the binding of the ligand releases the fluorophore-labeled fragment and results in enhanced fluorescence. The experimental steps are shown in Figure 1D.
[bookmark: OLE_LINK20][bookmark: OLE_LINK25]After the fluorescence from the mixture of F-DNA and A-DNA was quenched by the Q-DNA in the binding buffer, thrombin or ATP was added into the aptamer-based biosensor with complementary DNA strands. The fluorescence intensity from the mixture of the DTBA-based structure-switching biosensor and thrombin is shown in Fig. 1E. From 0-30 min, a time-dependent fluorescence intensity was observed; after 30 min, the fluorescence intensity of each sample reached a plateau. The fluorescence intensity changes differed in the three gradient concentrations of thrombin: when the concentration of thrombin was 1.0 mg/mL, the fluorescence intensity reached 3,050, which was 124% of that with 0.5 mg/mL thrombin. When ATP was added into the mixture of DABA-based structure-switching biosensor, the fluorescence intensity changed, as shown in Fig. 1F. When the concentration of ATP was 0.5 mM, a time-dependent fluorescence intensity was observed from 0 to 15 min, and then, the fluorescence intensity reached a plateau. When the concentration of ATP was 1.0 mM, a time-dependent fluorescence intensity was observed from 0 to 20 min, and then, the fluorescence intensity reached a plateau at 3,965, which was 127% of that with 0.5 mM ATP. These results indicated that both large ligand molecules, like thrombin and small ligand molecules, like ATP can induce the unwinding of the complementary double-stranded DNA by binding to an adjacent site. 

3.2 Construction of an in vivo thrombin-responsive gene expression regulatory circuit
3.2.1 Co-expression of the DNA thrombin-binding aptamer (DTBA) with the ligand, human thrombin, into B. subtilis
In order to construct an in vivo gene expression circuit based on aptamer-induced unwinding, cDNA of human thrombin H-chain (F2 gene; NCBI Reference Sequence: NC_000011.10) was expressed under the control of the constitutive promoter P43. Recombinant strain BP0-F2 was obtained by transforming the pF2 plasmid (Fig. S1A) into B. subtilis 168 (BP0). The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the cell extracts from stationary phase BP0-F2 revealed that the H-chain of human thrombin was successfully expressed as a soluble protein (Fig. S1B). Additionally, enzyme linked immunosorbent assay (ELISA) was performed to determine whether the human thrombin could form a spatial conformation for aptamer binding. This allows us to confirm that the thrombin synthesized within the recombinant cells presents the proper binding domains to antibodies in the quantitative analysis performed by pre-coated thrombin-specific antibody onto a microplate. In addition, the color reaction for ELISA also supported that the intracellular human thrombin expressed in B. subtilis could form the correct spatial conformation (Fig. 2A). Then, the BP1 strain was constructed by expressing the F2 gene under the control of the inducible promoter Pgrac in the genome of BP0.
3.2.2 Construction of a thrombin-responsive gene up-regulation component TDC
Next, the BP1-TDCGFP strain was constructed by transforming the pTDCGFP plasmid, which was constructed by expressing the egfp with the TDC upstream promoter P43, into BP1 (Fig. 2B). To rule out the effect of ligand expression on reporter gene and the leaky thrombin expression on aptamer-regulated reporter gene expression, BP0-GFP (expressing egfp without TDC in BP0) was used as control strain. As expected, the relative fluorescence intensity of the controls BP0-GFP (expressing egfp without TDC in BP0), BP1-GFP (incorporating the expression of human thrombin gene F2 in BP0-GFP), and BP1-TDCGFP, in which the expression of human thrombin was not induced, was 6,383, 6,209, and 6,339, respectively (Fig. 2C). The fluorescence intensity of BP1-TDCGFP without induction was similar to that of BP0-GFP and BP1-GFP with induction, indicating that the TDC-regulated GFP expression was barely affected by the expression of thrombin, and thus the TDC-mediated gene regulation can be controlled by human thrombin. The relative fluorescence intensity of BP1-TDCGFP with different concentrations of IPTG was measured and optimized to 0.2 mM (Fig. S2). Next, we varied the induction-starting time from 0 h to 36 h. The relative fluorescence intensity of BP1-TDCGFP was 27,940, 27,980, 26,502, 25,978, 14,527 and 6,376 when induction-starting time was 0, 4, 8, 16, 24, and 36 h, respectively (Fig. 2D), ranging from 4.5-fold (4 h) to 1.03-fold (36 h) that of BP1-GFP, and this indicated that the TDC-mediated regulation of egfp could be fine-tuned by controlling the starting time of the induction of thrombin. Considering that the induction starting time may directly affect the accumulation of intracellular thrombin, we further measured the thrombin concentration in BP1-TDCGFP. As shown in Fig. 2E, the relative fluorescence intensity of BP1-TDCGFP to BP1-GFP increased with the increase of the thrombin concentration, suggesting that the strength of the DTBA positively correlated with the intracellular concentration of thrombin. The concentration of intracellularly accumulated thrombin ligands increases with time when BP1-TDCGFP was induced at 4 h (Fig. S3). In addition, the mRNA level of egfp in BP1-TDCGFP was 8.23-fold that of BP1-GFP (Fig. 2F), indicating that the TDC-regulated egfp expression was upregulated at the transcription level. 

3.2.3 Optimizing the structure of TDC by varying the position and number of DTBA
[bookmark: OLE_LINK6]In order to maximize the function of the TDC, we constructed two DNA components (TDCan and TDCbi) based on the TDC. The TDCan contained one DTBA on the anti-coding strand while TDCbi contained two contiguous DTBA aptamers, one of which was placed on the coding-strand and the other was placed on the anti-coding strand (Fig. 3A). By modifying the pGFP plasmid with TDCan and TDCbi, two plasmids, namely pTDCanGFP and pTDCbiGFP, were obtained and transformed into BP1, yielding the strains BP1-TDCanGFP and BP1-TDCbiGFP, respectively. Compared to the BP1-GFP control strain, the relative fluorescence intensity in BP1-TDCGFP, BP1-TDCanGFP, and BP1-TDCbiGFP was increased by 4.50-, 4.40-, and 4.47-fold, respectively (Fig. 3B). Then, the relative fluorescence intensity of the BP1-TDCGFP, BP1-TDCanGFP, and BP1-TDCbiGFP strains was almost the same, suggesting that the location of the DTBA in the anti-coding -strand had no influence on the binding of the RNA polymerase, and the insertion of the DTBA in both the coding-strand and the anti-coding strand cannot further increase the unwinding efficiency. Therefore, we chose the BP1-TDCGFP strain for the subsequent studies. The fitting curve of the TDC is shown in Fig. S4A and each function was obtained by fitting the experimental data to the Eq (1).
[bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: OLE_LINK106]
3.2.4 A fine-tuning gene expression component obtained by arranging the DBTP
[bookmark: OLE_LINK43][bookmark: OLE_LINK44]We also constructed a series of plasmids with different DBTP, ranging from 0 to 30 bp (incremented by 2 bp) based on BP1-TDCGFP to analyze the effect of the distance between TDC and promoter in regulating the gene expression in vivo (Table S1). As shown in Fig. 3C, with different DBTP, the relative fluorescence intensity of these strains ranged from 5,898 to 30,424, which was 0.95-4.9-fold that of the BP1-GFP strain. Among them, the fluorescence intensity was 4.5-4.9-fold when 0 ≤ DBTP ≤ 10 bp, whereas it decreased from 4.5-0.92-fold when 12 ≤ DBTP ≤ 22 bp, and was 0.92-1.09-fold when 24 ≤ DBTP ≤ 30 bp. The TDC with 0 bp DBTP provided one of the strongest upregulations, and thus was selected for further studies.
3.2.5 Improvement of TDC sensitivity by truncated ligand
[bookmark: _Hlk535919784][bookmark: _Hlk2470182]The binding domain of a low-molecular-weight ligand can be more easily exposed to an aptamer compared to high-molecular-weight ligands, which may lead to more efficient identification and binding (Yan et al., 2019). Therefore, six truncated thrombin molecules were designed to improve the sensitivity of the Iigand towards the TDC using BP1-TDCGFP as a backbone. Six strains were generated, namely BP2-TDCGFP, BP3-TDCGFP, BP4-TDCGFP, BP5-TDCGFP, BP6-TDCGFP, and BP7-TDCGFP, which produced thrombin truncated from 623 to 50, 100, 200, 300, 400, and 500 amino acids (AA), respectively. The relative fluorescence intensity of the thrombin-truncated strains is shown in Fig. 3D. As the thrombin was shortened from 623 to 100 AA, the relative fluorescence intensity increased from 28,754 to 35,816, which was 5.7-fold that of BP1-GFP. However, the fluorescence intensity decreased to 27,940 when thrombin was truncated to 50 AA, which was 2.7- and 0.6-fold that of BP1-GFP and BP1-TDCGFP, respectively. In addition, we also analyzed the fluorescence images of two thrombin-truncated mutants (Fig. 3E).The results indicated that smaller size thrombin is more responsive, which may be due to a relatively higher chance of recognition by components in free collision compared to the whole protein while the binding capacity is completely preserved, as the binding site of thrombin on the DTBA is located on the 97 AA at the N-terminus (Padmanabhan et al., 1993).

3.3 Construction of a gene expression inhibitory circuit with a thrombin-bound RNA aptamer
[bookmark: OLE_LINK102][bookmark: OLE_LINK103]3.3.1 Construction of a thrombin-responsive gene down-regulation component TRC
[bookmark: OLE_LINK48]Based on the above results and in order to further expand the application of the in vivo aptamer-based component, we undertook the construction of a TRC based on an RNA thrombin-binding aptamer (RTBA) by introducing the 34 nt RTBA cDNA and a 4 bp gap sequence upstream the RBS of egfp in the recombinant BP1-TRCGFP strain (Fig. 4A). The RTBA sequence was the one previously reported (Li et al., 2007). The relative fluorescence intensity and biomass of BP1-GFP without TRC regulation were used as the control (Fig. 4B). The relative fluorescence intensity of BP1-TRCGFP rapidly decreased between 12 and 36 h from 6,492 to 1,846 and remained flat until it reached 1,981 at 48 h, which is 0.32-fold that of BP1-GFP (Fig. 4C). These findings indicated that the TRC can inhibit the expression of GFP. Such inhibitory effect was weak in the early stage of culture, but it strengthened in the mid-log phase of cell growth. The growth of the BP1-TRCGFP strain was much better than that of the BP1-GFP strain, maybe due to the inhibition of GFP expression and the alleviation of the metabolic burden on cell growth. 

3.3.2 TRC optimization by ligand truncation and DBTR arrangements
[bookmark: _Hlk1984980][bookmark: _Hlk1989676][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK38]In order to optimize the downregulation capacity of the TRC in gene expression, we truncated thrombin to 100 AA at the N-terminus and rearranged the DBTR. First, as the BP3-TDCGFP strain showed a strengthened upregulation of GFP expression compared to the BP1-TDCGFP strain, we used the BP3-TDCGFP strain as a backbone for the TRC-mediated GFP expression to improve the sensitivity of the TRC response, resulting in the BP3-TRCGFP strain. As shown in Fig. 4D, the relative fluorescence intensity of the BP3-TRCGFP strain was 3,601, which was 0.58-fold that of the BP1-GFP strain. Contrary to the upregulation, for the TRC, the inhibition capacity was stronger with the full length protein, suggesting that the inhibition of TRC requires macromolecular ligands. The OD600 of the BP1-TRCGFP and BP3-TRCGFP strains was 1.22- and 1.16-fold, respectively, that of the BP1-GFP strain (Fig. 4E). Second, we examined the effect of the DBTR on the inhibition of the GFP gene expression in the BP1-TRCGFP strain, and changed the DBTR from 0 to 15 bp, by increments of 1 bp. The results indicated that the inhibition intensity was the strongest when the DTBR was 0 and the relative fluorescence intensity of BP1-TRCGFP-0 was only 0.084-fold that of the BP1-GFP strain, while no inhibition was observed when the DTBR was above 9 bp (Fig. 4F), indicating that the binding of human thrombin to RTBA with the DTBR above 9 bp has no effect on the binding of the RBS to the ribosome. The fitting curve of the TRC is shown in Fig. S4B and each function was obtained by fitting the experimental data to the Eq (1). The TRC with 3 bp DTBR offered 87% reduction of gene expression, and was selected for the further studies.

3.3.3 Influence of the aptamer-mediated regulatory circuit on multigene expression profiles
[bookmark: _Hlk1991312][bookmark: _Hlk1991279][bookmark: OLE_LINK3][bookmark: _Hlk1991465][bookmark: _Hlk2003808][bookmark: _Hlk2004665][bookmark: OLE_LINK1][bookmark: OLE_LINK55]In order to investigate the effect of the aptamer-mediated regulatory circuit on multigene expression profiles, we expressed GFP and CFP in BP1 with the pGCFP-1 and pGCFP-2 plasmids and we decided to test if both genes could be upregulated at the same time by the optimized TDC in the previous section 3.2. First, we constructed the pGCFP-1 plasmid by expressing GFP and CFP in a polycistronic transcript with one promoter P43 and the pGCFP-2 plasmid by expressing GFP and CFP with two P43 promoters (Fig. 5A). The relative fluorescence intensity of the GFP and CFP in the BP1-TDCGCFP-1/ BP1-TDCGCFP-2 strains was 0.194-/0.054-fold and 0.221-/2.08-fold that of BP1-GFP and BP1-CFP, respectively (Fig. 5B). We then regulated the GFP-CFP expression circuit by introducing TDC in the BP1-GCFP-1 and BP1-GCFP-2 strains, generating the BP1-TDCGCFP-1 and BP1-TDCGCFP-2 strains, respectively (Fig. 5A). The GFP and CFP levels of BP1-TDCGCFP-1 was 2.57- and 2.55-fold, respectively, those of BP1-GFP and BP1-CFP, and 11.7- and 13.1-fold, respectively, those of BP1-GCFP-1 (Fig. 5C). The BP1-TDCGCFP-2 strain showed improved relative fluorescence intensity by 1.65- and 6.21-fold for GFP and CFP, respectively, which is 3.12- and 3.43-fold that of the unmodified dual promoter system. In addition, the relative expression level of CFP in BP1-TDCGCFP-2 was 48.1-fold compared to that in BP1-GCFP-1. As shown in Fig. 5D, the OD600 of the BP1-GCFP-1 strain started to decrease at 12 h while that of the BP1-TDCGFP strain started to decrease at 36 h. At the end of culture, the OD600 of the BP1-GCFP-1 strain was 0.41- and 0.42-fold that of the BP1-GFP and BP1-CFP strains, respectively, while the OD600 of BP1-TDCGCFP-1 was 0.66- and 0.67-fold that of the BP1-GFP and BP1-CFP strains, respectively, which was 1.60-fold that of the BP1-GCFP-1 strain. All these results indicated that CFP and GFP could be upregulated simultaneously when expressed in both configurations.

3.4 Dynamic fine-tuning of the 2’-FL biosynthesis in B. subtilis by the thrombin-bound aptamer system
2’-FL is a major component of HMOs, and recently been proved to be beneficial to the intestinal health of infants especially during the early months (Donovan and Comstock, 2017; Reverri et al., 2018). The biosynthesis pathway of 2’-FL has been reported in E. coli and Saccharomyces cerevisiae using fucose and lactose as substrates (Chin et al., 2016; Hollands et al., 2018). Here, we aimed to introduce 2’-FL biosynthesis into B. subtilis by first converting internalized fucose to (GDP)-L-fucose and then transforming lactose to 2’-FL with GDP-L-fucose as a donor for fucosylation (Fig. 6A). To date, to the best of our knowledge, there have been no reports about 2’-FL biosynthesis in the industrial organisms B. subtilis.
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK49][bookmark: OLE_LINK52][bookmark: OLE_LINK53]In order to create a 2’-FL-producing B. subtilis, we introduced fucokinase/ GDP-L-fucose pyrophosphorylase (fkp, GenBank: AY849806.1) from Bacteroides fragilis and the α-1,2-fucosyltransferase (futC, GenBank: KY499613.1) from Helicobacter pylori into BP0. First, the plasmid pFF for the expression of futC and fkp was constructed. Then, the pFF plasmid was introduced into BP0, yielding the BP0-FF strain. The 2’-FL titer reached 24.7 mg/L when BP0-FF was grown in shake flask. Such levels could be limited by the low expression level of both heterologous genes and the low lactose utilization efficiency. In addition, the growth curve of BP0-FF showed a rapid decrease after 24 h, which may be caused by a lactose-induced excessive growth of B. subtilis biofilm, resulting in excessive cell morphology and decreased proliferative activity (Duanis-Assaf et al., 2016). In order to enhance the pathway genes’ expression and reduce the negative effects found in growth, the dynamic regulatory components developed in this work were introduced to the 2’-FL producing strain. We first introduced TDC into BP0-FF to enhance the expression level of fkp and futC. The plasmid pTDCFF was constructed and transformed to BP1 by inserting TDC upstream futC and fkp genes (Fig. 6B), resulting in BP1-TDCFF. Next, we aimed to down-regulate the purR gene that was identified via a BLAST search (E-value =1e-41) of Genbank compared to the conserved protein domain family lacI that was contained in the lactose operator and proved to regulate the lactose transport (Chin et al., 2015; Dumon et al., 2001). To achieve this goal, we introduced the TRC to the purR gene in the genome of BP1, yielding the strain BPR (Fig. 6C). This strain was then transformed with the plasmid pTDCFF to generate the BPR-TDCFF strain. In shake flask culture, the strain BP1-TDCFF produced 511 mg/L 2’-FL, which was 22.3-fold that of BP0-FF (Fig. 6D), while the strain BPR-TDCFF produced 2’-FL with a titer of 674 mg/L, which was 27.3- and 1.32- fold that of BP0-FF and BP1-TDCFF, respectively (Fig. 6E). In addition, the yield was 187 mg 2’-FL/g lactose in BPR-TDCFF, which was 0.83-fold that of BP1-TDCFF. The OD600 of BPR-TDCFF was improved during 32 h to 48 h compared to BP1-TDCFF, suggesting that more lactose could be used to support cell growth. Though the lactose permease was not introduced, the lactose can still be consumed in B. subtilis 168, indicating that there is an unknown native lactose permease in B. subtilis 168 and more work needs to be done to identify the potential gene encoding lactose permease in the future. In addition, the lactose was not fully consumed during cultivation for all three 2’-FL producing strains despite the existence of β-galactosidase (yesZ), suggesting that the activity of β-galactosidase in B. subtilis was relatively low (Shaikh et al., 2007). All these observations indicated that the inhibitory effect of the TRC in purR could enhance lactose transport by modulating the lactose operon, which may result in both, a better cell growth from lactose, and a more efficient conversion of lactose to 2’-FL.

[bookmark: OLE_LINK15]4. Discussion
[bookmark: OLE_LINK63][bookmark: OLE_LINK85]Due to the highly-specific recognition and binding of nucleic acid aptamers to ligands, researchers have recently focused on using them to construct synthetic biosensors and riboswitches (Hallberg et al., 2017; Kim et al., 2016). In E. coli cell-free expression system, synthetic regulatory systems have been designed based on the hindering of the ligand-aptamer complex to the transcription and translation (Chizzolini et al., 2014; Iyer and Doktycz, 2014). Wang et al. (2017a) created a real-time regulatory system responding to thrombin and vascular endothelial growth factor. Unfortunately, such process cannot be accomplished to DTBA due to the mechanism of transcriprion promotion based on promoter activation was the mutually exclusive force between two ligand molecules with the same charge by combining with two aptamers. Thus, the regulatory component can only act on non-complementary DNA elements which cannot replicate in living cells, and this restricted the application of aptamer-based regulatory mechanism in the dynamic fine-tuning of gene expression in vivo. In this study, we demonstrated that the unwinding of the complementary DNA strand can be induced by a single DTBA within a structure-switching thrombin sensor. Based on this finding, we hypothesize that the DTBA can be used as the element for in vivo gene expression regulation. In addition, we also developed the regulatory component TDC, which was fine-tuned by adjusting its location relative to the promoter and the size of its ligand, thrombin.
Gene expression is affected by the transcriptional and translational regulations. Transcription is affected by the unwinding efficiency, especially at the beginning of the process, and translation is strongly tuned by the binding of ribosome to mRNA. These two processes involve morphological changes of the nucleic acid strands and thus can be affected by the binding of ligands. This makes the building of a dual control system acting at both transcriptional and translational levels possible. Horbal and Luzhetskyy (2016) constructed a dual control system at transcriptional and translational levels by combining inducible promoters and orthogonal translational riboswitches. However, in that set up, each inducible device required a corresponding signal molecule, which may limit its applicatoin in multi-gene regulation. Westbrook and Lucks (2017) proposed a dual transcription/translation mechanism by coupling RNA-mediated transcriptional regulators with riboswitches. Such system was only able to downregulate the expression of the target gene. In this study, by inserting the TDC upstream of P43, one of the most widely used high strength promoter in B. subtilis, the expression level of egfp was increased by 8.23-fold, implying that the gene expression can be further improved with the help of TDC. Furthermore, the strength of the TDC regulation can be varied by adjusting the distance between the promoter and the TDC, which is particularly useful for the precise control of gene expression in metabolic engineering. 
[bookmark: _Hlk1995381]Besides acting as a tool for gene upregulation, the thrombin-bound aptamer can also be used to downregulate gene expression at the translation level. We found that the strength of downregulation depends on the distance between the RBS and the TRC, and a 0.084-fold down-regulation was achieved when there was no space between the RBS and TRC. This TRC circuit can be used to downregulate the expression of key enzymes that compete with the synthesis of the target product. By upregulating gene expression at the transcription level with the TDC and downregulating gene expression at the translation level with the TRC, the developed bifunctional gene expression regulation circuit using a thrombin-bound aptamer provides a flexible and convenient strategy for multiplex and dynamic gene expression control with a high potential use in metabolic engineering. 
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK5][bookmark: OLE_LINK4]Human thrombin, a multifunctional serine protease, which mediates blood coagulation to maintain and regulate hemostasis, can be detected and inhibited by the DTBA. Because of this, it is widely used for diagnosis and therapy of diseases like cancer (Li et al., 2018; Tsiang et al., 1995). The DTBA can fold into a unimolecular antiparallel chair-like quadruplex structure (Macaya et al., 1993), and Krauss et al. (2011) reported the crystallographic analysis of the complex between thrombin and DTBA. Besides the DTBA, there are other aptamers that can bind to different ligands through a G-quadruplex structure, for example, Lup an 1 allergen β-conglutin and lead (Pb) binding aptamer (Jauset-Rubio et al., 2017; Ye et al., 2012). All these aptamers have great potentials for in vivo gene expression regulation. In addition to proteins, aptamers can also recognize small organic molecules and other substances, like antibiotics, which can be used as markers or inducers in metabolic engineering (Schoukroun-Barnes et al., 2014; Weigand and Suess, 2007). Furthermore, ways to screen for aptamers of intracellular substances have been reported (Yang et al., 2016; Yüce et al., 2015), and thus novel aptamers for specific metabolites can be generated. This will greatly expand the application spectrum of aptamer-ligand regulatory circuits for the dynamic fine-tuning of gene expression. 
In summary, we first demonstrated that the binding of the ligand thrombin to an aptamer can induce the unwinding of fully complementary double-stranded DNA. Additionally, based on this finding, we achieved the in vivo upregulation of gene expression at the transcription level with the TDC and the downregulation of gene expression at the translation level with the TRC. The developed in vivo bifunctional gene expression regulation circuit was successfully used to fine-tune the expression of three key enzymes involved in 2’-FL synthesis, resulting in a significant increase of 2’-FL production. This system has the potential to be generally used for other metabolic engineering approaches and in other microbes.
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Table 1 Strains used in this study
	Strain
	Characteristics

	E. coli JM109
	recA1, endA1, thi, gyrA96, supE44, hsdR17∆ (lac-proAB) /F’[traD36,proAB+, lacІq, lacZ∆ M15]

	BP0
	B. subtilis 168

	BP0-F2
	B. subtilis 168, pF2

	BP0-GFP
	B. subtilis 168, pGFP

	BP1
	B. subtilis 168ΔamyE::F2

	BP1-GFP
	BP1 derivate, pGFP

	BP1-CFP
	BP1 derivate, pCFP

	BP1-TDCGFP
	BP1 derivate, pTDCGFP(DBTP=0)

	BP1-TDCanGFP
	BP1 derivate, pTDCanGFP

	BP1-TDCbiGFP
	BP1 derivate, pTDCbiGFP

	BP1-TDCGFP-1
	BP1 derivate, pTDCGFP(DBTP=2)

	BP1-TDCGFP-2
	BP1 derivate, pTDCGFP(DBTP=4)

	BP1-TDCGFP-3
	BP1 derivate, pTDCGFP(DBTP=6)

	BP1-TDCGFP-4
	BP1 derivate, pTDCGFP(DBTP=8)

	BP1-TDCGFP-5
	BP1 derivate, pTDCGFP(DBTP=10)

	BP1-TDCGFP-6
	BP1 derivate, pTDCGFP(DBTP=12)

	BP1-TDCGFP-7
	BP1 derivate, pTDCGFP(DBTP=14)

	BP1-TDCGFP-8
	BP1 derivate, pTDCGFP(DBTP=16)

	BP1-TDCGFP-9
	BP1 derivate, pTDCGFP(DBTP=18)

	BP1-TDCGFP-10
	BP1 derivate, pTDCGFP(DBTP=20)

	BP1-TDCGFP-11
	BP1 derivate, pTDCGFP(DBTP=22)

	BP1-TDCGFP-12
	BP1 derivate, pTDCGFP(DBTP=24)

	BP1-TDCGFP-13
	BP1 derivate, pTDCGFP(DBTP=26)

	BP1-TDCGFP-14
	BP1 derivate, pTDCGFP(DBTP=28)

	BP1-TDCGFP-15
	BP1 derivate, pTDCGFP(DBTP=30)

	BP1-TRCGFP-0
	BP1 derivate, pTRCGFP(DBTR=0)

	BP1-TRCGFP-1
	BP1 derivate, pTRCGFP(DBTR=1)

	BP1-TRCGFP-2
	BP1 derivate, pTRCGFP(DBTR=2)

	BP1-TRCGFP-3
	BP1 derivate, pTRCGFP(DBTR=3)

	BP1-TRCGFP
	BP1 derivate, pTRCGFP(DBTR=4)

	BP1-TRCGFP-5
	BP1 derivate, pTRCGFP(DBTR=5)

	BP1-TRCGFP-6
	BP1 derivate, pTRCGFP(DBTR=6)

	BP1-TRCGFP-7
	BP1 derivate, pTRCGFP(DBTR=7)

	BP1-TRCGFP-8
	BP1 derivate, pTRCGFP(DBTR=8)

	BP1-TRCGFP-9
	BP1 derivate, pTRCGFP(DBTR=9)

	BP1-TRCGFP-10
	BP1 derivate, pTRCGFP(DBTR=10)

	BP1-TRCGFP-11
	BP1 derivate, pTRCGFP(DBTR=11)

	BP1-TRCGFP-12
	BP1 derivate, pTRCGFP(DBTR=12)

	BP1-TRCGFP-13
	BP1 derivate, pTRCGFP(DBTR=13)

	BP1-TRCGFP-14
	BP1 derivate, pTRCGFP(DBTR=14)

	BP1-TRCGFP-15
	BP1 derivate, pTRCGFP(DBTR=15)

	BP2-TDCGFP
	B. subtilis 168ΔamyE::F2(50AA), pTDCGFP

	BP3-TDCGFP
	B. subtilis 168ΔamyE::F2(100AA), pTDCGFP

	BP4-TDCGFP
	B. subtilis 168ΔamyE::F2(200AA), pTDCGFP

	BP5-TDCGFP
	B. subtilis 168ΔamyE::F2(300AA), pTDCGFP

	BP6-TDCGFP
	B. subtilis 168ΔamyE::F2(400AA), pTDCGFP

	BP7-TDCGFP
	B. subtilis 168ΔamyE::F2(500AA), pTDCGFP

	BP3-TRCGFP
	B. subtilis 168ΔamyE::F2(100AA), pTRCGFP

	BP1-GCFP-1
	BP1 derivate, pGCFP-1

	BP1-GCFP-2
	BP1 derivate, pGCFP-2

	BP1-TDCGCFP-1
	BP1 derivate, pTDCGCFP-1

	BP1-TDCGCFP-2
	BP1 derivate, pTDCGCFP-2

	BP1-TDCFF
	BP1 derivate, pTDCFF

	BPR-TDCFF
	BP1-TDC derivate, insertion of TRC upstream purR



Figure Captions
Fig. 1 Demonstration of single aptamer-induced unwinding by in vitro structure-switching fluorescent biosensor. (A) (B)(C) The structure-switching aptamer-based biosensor to confirm the induced-unwinding of ligands to aptamers, including a 15 nt thrombin-binding aptamer (DTBA) and a 25 nt ATP-binding aptamer (DABA). F-DNA (in green) is a DNA strand with a fluorophore-labeled fragment (FAM) at the 5’-end. Q-DNA (in red) is a single-stranded DNA labelled with a quencher (BHQ-1) at the 3’-end. A-DNA is a single-stranded DNA hybridized with the above two strands, comprising with 15 nt protection sequence (underlined) and 15 nt DTBA or DABA (in blue), a complementary sequence (in black) to the first fifteen nucleotides of the F-DNA and a complementary sequence (in grey) to the Q-DNA. (D) Operation of the activating structure-switching biosensors by thrombin and ATP. (E) Time profile of the fluorescence intensity in thrombin-activated biosensor. The concentration of thrombin was 0 mg/mL (●), 0.5 mg/mL (■), and 1.0 mg/mL (▲). (F) Time profile of the fluorescence intensity in ATP-activated biosensor. The concentration of ATP was 0 mM (●), 0.5 mM (■), and 1.0 mM (▲). All data were the average of three independent studies with standard deviations.
Fig. 2 The working scheme of TDC in B. subtilis and its role in GFP expression regulation. (A) Colorimetric determination of human thrombin by ELISA in supernatant and deposit from BP0-F2 cell disruption. (B) The structure and working scheme of regulatory component TDC in BP1-TDCGFP. TDC was consisted of DTBA and its reverse complementary strand, which can induce unwinding of double-stranded DNA. (C) GFP expression of different strains. BP0-GFP strain produced GFP, BP1-GFP produced GFP and ligand thrombin and BP1-TDCGFP produced ligand thrombin and TDC-modified GFP which was not induced. au, arbitrary units of fluorescence and optical density. (D)The relative fluorescence intensity time profiles of BP1-TDCGFP with induction-starting time from 0 h to 36 h. (E) The linear fitting of intracellular thrombin concentration and fold change of the relative fluorescence intensity in BP1-TDCGFP. (F) Fold change of mRNA transcript from egfp in BP1-TDCGFP with BP1-GFP as the control strain when they were cultivated for 24 h. All data were expressed as mean ± SD. Differences were determined by 2-tailed Student’s t-test between two groups. Statistical significance is indicated as * for p <0.05 and ** for p <0.01.
[bookmark: OLE_LINK41][bookmark: OLE_LINK42]Fig. 3 Optimization of DTBA-based gene expression component. (A) Structure of the TDC, TDC-an and TDC-bi. The TDC-an packed with one DTBA on the anti-coding strand upstream promoter, and the TDC-bi contained two DTBA one of which was placed on the coding-strand and the other was placed on the anti-coding strand. (B) The relative fluorescence intensity in BP1-TDCGFP, BP1-TDCanGFP and BP1-TDCbiGFP. (C) The relative fluorescence intensity of the TDC-regulated BP1 with DBTP ranged from 0 to 30 bp, incremented by 2 bp. (D) The relative fluorescence intensity of the TDC regulated egfp expression activated with six truncations of thrombin using BP1-GFP as the backbone and control strain. The length of modified ligand varies from 50 to 500 AA. (E) Evaluation of the TDC-regulated GFP activated with three truncations of thrombin by fluorescence microscopy. BP3-TDCGFP (expressing 100AA-ligand), BP1-TDCGFP (expressing full length of 623AA-ligand) and BP1-GFP were collected at the corresponding time after incubation at 37 °C, and fluorescence microscopy images were taken under the same exposure condition activities.
Fig. 4 The working scheme of TRC in B. subtilis and its role in GFP expression regulation.  (A) Construction of the TRC based on RNA thrombin-binding aptamer (RTBA) by introducing a cDNA of 34 nt RTBA and a gap sequence upstream RBS of egfp in the recombinant strain BP1-TRCGFP. Ribosomes can be blocked from the binding site on the mRNA when thrombin was combining with RTBA. (B) The relative fluorescence intensity and biomass of the control strain BP1-GFP. (C) TRC-regulated GFP expression and cell growth of BP1-TRCGFP. (D) The relative fluorescence intensity of BP1 and BP3 with TRC regulation. (E) The biomass of BP1 and BP3 with TRC regulation. (F) The relative fluorescence intensity of the TRC-regulated BP1 with DBTP ranged from 0 to 15 bp. All data were the average of three independent studies with standard deviations. The expression level was calculated using interpolation method and the data represent the incremental GFP synthesis.
[bookmark: OLE_LINK45][bookmark: OLE_LINK46]Fig. 5 Aptamer-based gene expression circuit of multi-gene expression. (A) The scheme of GFP and CFP expression in B. subtilis. BP1-TDCGCFP-1 and BP1-TDCGCFP-2 were constructed by expressing GFP and CFP in a polycistronic transcript and dual promoters, respectively. (B) Fold change of relative fluorescence intensity of BP1-GCFP-1 and BP1-GCFP-2 compared to BP1-GFP and BP1-CFP. (C) The relative fluorescence intensity of GFP and CFP in BP1-TDCGCFP-1 and BP1-TDCGCFP-2. (D)The biomass of BP1-GCFP-1 and BP1-TDCGCFP-1 together with BP1-GFP and BP1-CFP as the control strains.
[bookmark: _GoBack][bookmark: OLE_LINK83]Fig. 6 Aptamer-based dynamic fine-tuning of 2’-fucosyllactose (2’-FL) synthesis in B. subtilis. (A) The 2’-fucosyllactose (2’-FL) biosynthetic pathway in engineered B. subtilis with fucokinase/ GDP-L-fucose pyrophosphorylase (fkp) with ATP and GTP as cofactors. (B) The scheme of TDC-mediated fkp and futC expression in BP1-TDCFF. (C) The structure and working scheme of TRC-mediated purR in reconstructed strain BPR-TDCGFP. (D) The cell growth, lactose concentration and 2’-FL titer in BP1-TDCFF during 48 h fermentation were described with lines. The 2’-FL titer in the control strain BP0-FF was shown with bars. (E) The cell growth, lactose concentration and 2’-FL titer in the strain BPR-TDCFF during 48 h fermentation.
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