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A B S T R A C T   

Phenolic acids including hydroxybenzoic and hydroxycinnamic acids are secondary plant and fungal metabolites 
involved in many physiological processes offering health and dietary benefits. They are often utilised as pre
cursors for production of value-added compounds. The limited availability of synthetic biology tools, such as 
whole-cell biosensors suitable for monitoring the dynamics of phenolic acids intracellularly and extracellularly, 
hinders the capabilities to develop high-throughput screens to study their metabolism and forward engineering. 
Here, by applying a multi-genome approach, we have identified phenolic acid-inducible gene expression systems 
composed of transcription factor-inducible promoter pairs responding to eleven different phenolic acids. Sub
sequently, they were used for the development of whole-cell biosensors based on model bacterial hosts, such as 
Escherichia coli, Cupriavidus necator and Pseudomonas putida. The dynamics and range of the biosensors were 
evaluated by establishing their response and sensitivity landscapes. The specificity and previously uncharac
terised interactions between transcription factor and its effector(s) were identified by a screen of twenty major 
phenolic acids. To exemplify applicability, we utilise a protocatechuic acid-biosensor to identify enzymes with 
enhanced activity for conversion of p-hydroxybenzoate to protocatechuate. Transcription factor-based biosensors 
developed in this study will advance the analytics of phenolic acids and expedite research into their metabolism.   

Introduction 

Phenolic acids including hydroxybenzoic and hydroxycinnamic 
acids are important antioxidants and antimicrobial agents utilised in 
various industries, including food, pharmaceutical, cosmetics, and 
chemical [1]. They are mainly extracted from plants, but recently, the 
use of microbial cell factories based on Escherichia coli, Streptomyces sp., 
Corynebacterium glutamicum, Pseudomonas sp., Bacillus sp., Amycolatopsis 
sp., and Klebsiella pneumonia has come into focus as a sustainable 
alternative for their production [2]. In this effort, the forward engi
neering and screening of producing strains often relies on 
chromatography-based techniques such as high-performance liquid 
chromatography (HPLC) coupled with a photodiode array detector or 
some other more rarely utilised physicochemical methods [3]. They 

require complex sample preparation including extraction, filtration, and 
often chemical treatment. Despite such analysis methods being robust 
and delivering highly reproducible data, they are usually 
labour-intensive, expensive and of low throughput. 

Recently, inducible gene expression systems, composed of chemical 
molecule-responsive transcription factor (TF) and cognate inducible 
promoter, have come into the focus as a platform for genetically encoded 
TF-based whole-cell biosensors that can be used as an in vivo analytical 
tool for extracellular and intracellular metabolite analysis. The inter
action of TFs with specific effectors, or so-called ligand molecules, ac
tivates the expression of the reporter protein in a dose dependent 
manner, resulting in quantitatively measurable output [4]. TF-based 
biosensors have been employed in synthetic biology, enabling 
high-throughput strategies for strain screening and development [5]. 

Abbreviations: HPLC, high-performance liquid chromatography; TF, transcription factor; ANF, absolute normalised fluorescence values; RFP, red fluorescent 
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They have played an important role in the development of technologies 
for detection of target molecules at the single-cell level [4], screening of 
producer strains [6] or enzymes [7], monitoring the degradation of 
biopolymers [8] and valorisation of lignocellulose [9]. To expand their 
application range, research has been directed towards altering biosensor 
specificity through TF engineering [9,10], optimisation of 
biosensor-based high-throughput screening [11], and other improve
ments [9,12–15]. 

In this study, the focus is on the development of TF-based biosensors 
for the detection of phenolic acids. Systematically, phenolic acid- 
responsive-inducible gene expression systems and their key genetic el
ements were identified by applying a multi-genome approach. In this 
regard, information on metabolism, gene clusters and TFs involved in 
the catabolism of selected phenolic acids were analysed. Each identified 
inducible system was validated by testing its response to the proposed 
phenolic acid followed by a thorough characterisation. To determine if 
the inducible system can be applied outside its host strain, the system 
response was evaluated in the host and/or non-host microorganisms, 
including well-studied E. coli, C. necator, and P. putida. To enhance the 
knowledge of biosensor kinetics and dynamics, the dose-response and 
dynamic range were determined. The specificity of the phenolic acid- 
biosensors was evaluated against twenty of the most common hydrox
ybenzoic and hydroxycinnamic acids. Ultimately, the biosensor 
responding to protocatechuic acid was applied to screening of 4-hydrox
ybenzoate 3-monooxygenases. 

Materials and methods 

Chemicals 

All chemicals used as inducers in this study are listed in Supple
mentary Table S4. Stock solutions of inducers were prepared at 100 mM 
in DMSO (Eurochemicals, Vilnius, Lithuania) and used for serial di
lutions in DMSO to obtain desired concentrations. 

Bacterial strains and media 

All strains employed in this study are listed in Supplementary 
Table S5. E. coli Top10 was used for molecular cloning and vector 
propagation. Host strains (E. coli Top10, C. necator H16, and P. putida 
KT2440) were used for biosensors characterisation and were propagated 
in Luria-Bertani (LB) medium (Fisher Scientific, Pittsburgh, USA) to 
perform fluorescence and absorbance measurements. Antibiotics were 
added when required at the following concentrations: 25 µg/mL chlor
amphenicol for E. coli, 50 µg/mL chloramphenicol for C. necator, and 
12.5 µg/mL tetracycline for P. putida KT2440. 15 g/L of agar was added 
for solid media preparation. 

Cloning and transformation 

Microbial genomic DNA was obtained using the GenElute Bacterial 
Genomic DNA Extraction Kit (Sigma-Aldrich, St. Louis, USA). Plasmid 
DNA was purified employing the GeneJET Plasmid Miniprep Kit 
(Thermo Fisher Scientific, Vilnius, Lithuania). DNA was amplified by 
PCR in 20 µl reactions using the Phusion High-Fidelity DNA polymerase 
(Thermo Fisher Scientific, Vilnius, Lithuania). The Gel DNA Recovery 
Kit (Zymo Research, Irvine, USA) was used to obtain gel-purified line
arised DNA. NEBuilder HiFi DNA Assembly Master Mix was purchased 
from New England BioLabs (Ipswich, USA), while restriction enzymes, 
T4 DNA Ligase, and DreamTaq DNA polymerase were purchased from 
Thermo Fisher Scientific (Vilnius, Lithuania). Oligonucleotide primers 
were synthesised by Metabion (Planegg, Germany) (Supplementary 
Table S6). The reactions of PCR, restriction digestion, HiFi DNA As
sembly Master Mix followed the manufacturer’s protocols. Chemical 
competent cells of E. coli and electrocompetent C. necator H16 and 
P. putida KT2440 were prepared and transformed as described 

previously. 

Plasmid construction 

Plasmids were constructed using the NEBuilder HiFi DNA Assembly 
method, validated by colony PCR and restriction-based analysis. The 
detailed construction of each plasmid is described in Supplementary 
Methods. 

Fluorescence measurements 

RFP fluorescence was measured using an Infinite M200 PRO (Tecan, 
Männedorf, Switzerland) microplate reader with excitation and emis
sion wavelengths set to 585 and 620 nm, and gain factor of 120%. 
Absorbance was measured at 600 nm wavelength. RFP fluorescence and 
absorbance were quantified over time, freshly grown bacterial cells were 
inoculated into 2 mL of LB medium containing the respective antibiotic 
in 50-mL conical centrifuge tubes and incubated overnight at 30 ◦C 200 
rpm. After incubation, the cultures were diluted to an 0.05–0.1 OD600 
and grown to 0.15–0.2 OD600, obtaining logarithmically growing cells, 
which were transferred to a 96-well plate (Corning Incorporated, New 
York, USA or Thermo Scientific, Waltham, USA) in a 1:50 ratio (adding 
142.5 µl of the cell culture and 7.5 µl of the selected inducer, reaching 
the desired ligand concentration in the well). RFP fluorescence and 
absorbance values were corrected for autofluorescence and autoab
sorbance of the medium, respectively. 

Absolute normalised fluorescence values (ANF) were calculated 
using formula (1). 

ANF =
RFPraw − RFPmedium

ODraw − ODmedium
(1) 

The system parameters were calculated using the Hill function (2) 
[12] employing software GraphPad Prism 9. 

ANF = bmax ×
Ih

∗Kh
m + Ih + bmin (2) 

In formula (2): bmax and bmin – the maximum and minimum levels of 
RFP synthesis, respectively; I – concentration of inducer; h – the Hill 
coefficient; *Km – the inducer concentration, corresponding to the half- 
maximal reporter’s output. 

The dynamic range µ was calculated using formula (3). 

µ =
bmax

ANFuninduced
(3) 

In formula (3): bmax – maximum levels of RFP synthesis; ANFuninduced 
– absolute normalised fluorescence values of the uninduced sample. 

The relative induction values (%) were calculated using the ANF 
values at a specific inducer concentration in formula (4): 

Relative normalised fluorescence(%) = 100 ×

(
ANF − bmin

bmax

)

(4)  

4-Hydroxybenzoate 3-monooxygenase variants screening 

To screen potential 4-hydroxybenzoate 3-monooxygenase variants 
from species C. necator, B. multivorans, P. aeruginosa , P. lactis, A. baylyi, 
C. glutamicum, and Sphingobium sp., corresponding plasmids pEA035- 
pEA041 carrying pobA-like genes (locus tags H16_RS30120, 
NP80_RS03580, PA0247, TX24_18430, ACIAD1719, CGTRNA_RS05390, 
E2598_04620, respectively) placed under control of L-arabinose-induc
ible system AraC/ParaBAD were assembled. In additions, the plasmid 
pEA034 without pobA-like gene was assembled as a negative control. All 
constructs also included the protocatechuate-inducible system AbP
caUAM/P3B5. A detailed assembly description of plasmids is provided in 
the Supplementary Methods. Absolute normalised fluorescence of E. coli 
Top10 cells harbouring plasmids pEA034-pEA041 was determined as 
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described above. Cell cultures were supplemented with either 5 mM p- 
hydroxybenzoate or 5 mM p-hydroxybenzoate and 1 mM L-arabinose. 

HPLC analysis 

HPLC analyses were performed with an Ultimate 3000 HPLC system 
coupled to a photodiode array (UV–VIS) detector (Thermo Fisher Sci
entific, Waltham, USA). Chromatographic separation was achieved with 
a Phenomenex Luna 5 µm C18(2) 100 Å (150 × 4.6 mm) column (Phe
nomenex, Torrance, USA) equipped with a security guard column, 
thermostated at 25 ◦C. The mobile phase A was aqueous 0.1% formic 
acid (v/v); and mobile phase B was HPLC grade acetonitrile. The elution 
gradients used were as follows: from 0 until 15 min from 10% to 50% B, 
from 15 to 17.5 min raised at 70% B; 17.5–20 min decreased to 10% B 
then kept constant for 2 min. A constant flow rate of 1 mL/min was kept 
throughout the analysis with the detection wavelength set at 260 nm. 
The samples were filtered using a 0.22 µm syringe filter. Ten microliters 
of sample were injected, and chromatograms were recorded and ana
lysed using Chromeleon 7 (Thermo Fisher Scientific, Waltham, USA). 

Results 

Identification of phenolic acid-inducible gene expression systems 

Bacteria have adapted to their living environment by developing 
rapid response mechanisms to intracellular and extracellular changes. 
Generally, an inducible gene expression system, composed of an 

inducible promoter and TF, is used to control the expression of catabolic 
genes responsible for the metabolite utilisation. In this context, the TF 
can form a complex with a metabolite, referred as an effector or ligand. 
Depending on the TF type, such complexes can trigger two alternative 
modes of action resulting in the activation of gene expression. An 
activator-type TF in complex with the effector binds specific DNA motif 
(s) usually located upstream to the core promoter and stimulates the 
formation of RNA polymerase-promoter complex resulting in the tran
scriptional initiation  (Fig. 1a). A repressor-type TF binds DNA motif(s) 
located downstream to or within the core promoter sequence and re
presses the transcription in the absence of the effector (Fig. 1b). The 
transcription is activated when the TF forms DNA-binding-inactive 
complex with the effector molecule. Inducible systems involving acti
vator or repressor TF are increasingly applied for the development of 
biosensors [13–15]. 

To build a library of putative inducible systems responding to 
phenolic acids, we, first, examined available information on catabolic 
pathways (KEGG Pathway Database, www.genome.jp/kegg/pathway. 
html [16]) and enzymes (BRENDA, www.brenda-enzymes.org [17] and 
MetaCyc, https://metacyc.org [18]) involved in the bacterial meta
bolism of these compounds. As summarised in Fig. 2, catabolic pathways 
have been identified for at least fifteen major phenolic acids in different 
species of bacteria. Then, we searched for the gene expression systems 
activated by these compounds amongst previously characterised or 
proposed systems in the literature (Supplementary Table S1), and 
identified putative inducible systems in the GenBank database (NCBI, 
www.ncbi.nlm.nih.gov [19]) by searching for gene clusters composed of 

Fig. 1. Schematic representation of (a) activator and (b) repressor TF-based inducible systems. (a) The effector molecule binds to the TF and it allows the active RNA 
polymerase-promoter complex formation in conjunction initiation of the RFP synthesis. (b) TF binds to the promoter region and inhibits the formation of RNA 
polymerase-promoter complex, effector molecule inhibits repression by binding to TF, and then TF dissociates from the DNA, and allow RFP transcription. 
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genes encoding enzymes involved in phenolic acid transformation and 
associated TFs as described previously [20]. Identified putative phenolic 
acid-inducible gene expression systems with relevant gene clusters, 
composed of one or more functional genes that encode enzymes with 
catalytic functions and involved in metabolic pathways along with 
adjacent TF-encoding genes, are presented in Supplementary Fig. S1. 
Twenty seven inducible systems from Alphaproteobacteria (Caulobacter 
crescentus CB15N, Sphingobium sp. Leaf26, Novosphingobium aromatici
vorans DSM12444), Betaproteobacteria (Burkholderia multivorans ATCC 
BAA-247, Cupriavidus necator H16, Comamonas testosteroni ATCC 11996, 
Thauera aromatica DSM 11528), Gammaproteobacteria (Escherichia coli 
MG1655, Acinetobacter baylyi ADP1, Pseudomonas aeruginosa PAO1, 
Pseudomonas putida KT2440), Actinobacteria (C. glutamicum ATCC13032 
and Rhodococcus jostii RHA1) or Bacilli (Bacillus megaterium DSM319 and 
Bacillus pumilus ATCC 7061) were taken forward for further investiga
tion (Table 1 and Supplementary Table S2). 

Five previously characterised and optimised TF-based biosensors 
were selected for further evaluation. These included sensors responding 
to o-hydroxybenzoic acid (1): CnNahR/PH16_RS08125 (LysR family TF, 
from C. necator H16 [20]); vanillic acid (4): CcVanRAM/PvanCC (GntR, 
C. crescentus CB15N [21–23]); protocatechuic acid (7): CnPcaQ/PpcaH 
(LysR, C. necator H16 [20]) and AbPcaUAM/P3B5 (IclR, A. baylyi ADP1 
[22,24]); p-coumaric acid (17) and ferulic acid (18): AbHcaR/PA

CIAD_RS07960 (MarR, A. baylyi ADP1 [25]) (Table 1 and Supplementary 
Table S1). 

Nine TF-inducible promoter pairs were identified from the literature 
search and further examination of available information on catabolic 
pathways and relevant gene clusters. These inducible systems were 
predicted to respond to the following phenolic acids: p-hydroxybenzoic 
acid (3): AbPobR/PpobA (IclR family TF, A. baylyi ADP1 [26]); gentisic 
acid (9): BmGtdR/PgtdA (LysR, B. multivorans DSM 13243), CnGtdR/PgtdA 
(LysR, C. necator H16), and PaGtdR/PgtdA (LysR, P. aeruginosa PAO1), all 
three reviewed in [27]; CtGenRLysR/PCTATCC11996_10848 (MarR and LysR, 
C. testosteroni ATCC 11996 [28]) and CgGenR/PCgl3023 (IclR, 
C. glutamicum ATCC 13032 [29]); α-resorcylic acid (10): TaDbdR/PdbhL 
(LysR, T. aromatica AR-1 [30]); γ-resorcylic acid (12): RjTsdR/PtsdB (IclR, 
R. jostii RHA1[231]); m-coumaric acid (16): EcMhpR/PmhpA (IclR, E. coli 
MG1655 [32]) (Table 1 and Supplementary Table S2). 

Moreover, eleven TF homologous of previously reported inducible 
systems, were identified through multiple genome analysis. These TFs in 
combination with corresponding were proposed to form inducible sys
tems that can potentially respond to m-hydroxybenzoic acid (2): 
CtMobR/PmobA (MarR family TF, C. testosteroni ATCC 11996 homologue 
of C. testosteroni KH122–3 s MobR [33]; p-hydroxybenzoic acid (3): 
CnPobR/PpobA (AraC/XylS, C. necator H16 homologue of A. chroococcum 
ATCC 9043 PobR [34]); vanillic acid (4): PpVanR/PvanA (GntR, P. putida 
KT2440 homologue of C. crescentus CB15N GntR [21]); vanillic acid (4) 
and syringic acid (8): SpSyrR/PdesA (IclR, Sphingobium sp. Leaf26 ho
mologue of Sphingobium sp. SYK-6 DesR [335]); gallic acid (6): 
BmGalR/PNP80_RS00205 (LysR, B. multivorans ATCC BAA-247 homologue 
of P. putida KT2440 GalR [36]); syringic acid (8): NaDesR/PSARO_RS12095 
(IclR, N. aromaticivorans DSM12444 homologue of Sphingobium sp. 
SYK-6 DesR [35]); m-coumaric acid (16): CtMcuR/PmhpA (IclR, 
C. testosteroni ATCC 11996 homologue of C. testosteroni TA441 McuR 
[37]); p-coumaric acid (17) and ferulic acid (18): BmPadR/PBMD_RS01890 
and BpPadR/PBPUM_RS03685 (PadR, B. megaterium DSM319 and B. pumilus 
ATCC 7061 homologues of B. subtilis subsp. subtilis str. 168 PadR [38]), 
and PpHcaR/PPP_RS17495 and SpHcaR/PASE85_21485 (MarR, P. putida 
KT2440 and Sphingobium sp. Leaf26 homologues of A. baylyi ADP1 MarR 
[25] and P. fluorescens BF13 MarR [39], respectively) (Table 1 and 
Supplementary Tables S1 and S2). 

Furthermore, the putative isovanillic acid (5) inducible system CtI
vaRVanR/PvanA (MarR and GntR family TFs, C. testosteroni ATCC 11996) 
was predicted by the protein homology analysis using a previously 
determined gene cluster associated with the metabolism of isovanillic 
acid, vanillic acid, and veratric acid in Comamonas testosteroni strain 
BR6020 (Supplementary Table S2) [40]. Finally, the gallic acid (6) 
inducible system PpGalR/PgalT was designed using the LysR family TF 
GalR [36] and the upstream promoter region of the galT gene of P. putida 
KT2440 (Table 1). 

Validation and evaluation of inducible systems 

To validate systems response to the target phenolic acids, all iden
tified putative inducible systems (Supplementary Table S2) were 
assembled in a fluorescence reporter vector as described in [41] and 
Supplementary Methods (Supplementary Information). First, the plas
mids constructs carrying these systems were introduced into E. coli. The 
resulting strains were grown in rich Luria-Bertani (LB) medium and the 
absolute normalised fluorescence of the logarithmically growing cells 
was quantified 6 h after extracellular supplementation with the corre
sponding phenolic acid to a final concentration of 5 mM (Fig. 3 and 
Supplementary Fig. S2). Of the twenty seven putative phenolic 
acid-inducible systems (Supplementary Table S2), ten showed a signif
icant activation in E. coli (Fig. 3c and Supplementary Fig. S2b) when 
growth medium was supplemented with the corresponding proposed 
phenolic acids. 

However, other putative inducible systems exhibited no significant 
activation in E. coli (Fig. 3c, Supplementary Figs. S2b). We hypothesised 
that either: 1) the efficiency of heterologous expression is limited and TF 
required for inducible system regulation is not produced in E. coli, 2) the 
phenolic acid uptake is restricted in E. coli or 3) systems are activated by 
metabolic intermediate of proposed primary inducer, which is not pro
duced in non-host bacterium. To test these hypotheses and to investigate 
if these limitations can be resolved by using alternative hosts, all puta
tive inducible systems were subjected to evaluation using C. necator H16 
and P. putida KT2440. These bacterial species are known to possess 
relatively well-developed metabolism of phenolic acids, ensuring the 
uptake of phenolic compounds and enabling the generation of in
termediates required for induction. Moreover, they are native hosts for 
some of these inducible systems. 

C. necator strains harboring the putative gentisic acid-inducible 
systems from B. multivorans DSM 13243, P. aeruginosa PAO1 and 
C. necator H16 mediated a significant increase in RFP synthesis after 

Fig. 2. Bacterial catabolism of phenolic acids. Major phenolic acids, interme
diate metabolites towards the TCA cycle, and other compounds are shown in 
green, orange and yellow, respectively. EC enzyme numbers are indicated 
above the arrows and dashed arrows indicate several metabolism reactions. The 
circles and genes names with locus tags under the arrows indicate E. coli 
MG1665 (green), C. necator H16 (blue) and P. putida KT2440 (purple) respec
tive genes . 
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inducer addition (Fig. 3d and Supplementary Fig. S2c). Whereas in 
P. putida (Fig. 3e and Supplementary Fig. S2d), the expression of the 
reporter gene was significantly activated for the gallic acid-inducible 
and p-coumaric acid-inducible systems, both originating from the host. 
Similarly, P. putida harbouring the p-coumaric acid-inducible system 
from A. baylyi ADP1 exhibited increased RFP synthesis. The vanillic 
acid-inducible system from P. putida KT2440 and α–resorcylic acid- 
inducible system from T. aromatica DSM 11528 were activated in both 
C. necator and P. putida. Altogether, eight inducible systems exhibited 
response to target phenolic acids in C. necator, P. putida or both, but not 
in E. coli. 

Eight systems responded to the target phenolic acids in at least two 
different bacterial species, whereas fourteen of eighteen systems were 
induced in at least one species of different genus. This indicates the 
broad-host-range applicability of the studied phenolic acid-inducible 
systems. It should be noted that we report here for the first time an 
inducible system responding to the gentisic acid. However, it is not clear 
why the activation of gene expression by this compound was only 
observed in C. necator (Fig. 3d). Further research will be required to 

elucidate the biological basis of this phenomenon. 
However, eight putative inducible systems exhibited no response to 

target phenolic acids (Supplementary Table S2). Two putative syringic 
acid-inducible systems from GC-rich Sphingobium sp. Leaf26 (SpSyrR/ 
PdesA) and N. aromaticivorans DSM12444 (NaDesR/PSARO_RS12095) 
showed no induction (data not shown), even though their proposed 
inducer is likely to be uptaken by bacterial strains used in this study. 
Likewise, putative inducible system from Sphingobium sp. Leaf26 did not 
respond to p-coumaric acid, despite that the homologous systems from 
Betaproteobacteria were activated by this compound. Among the systems 
that did not respond to the proposed inducer were also two putative 
gentisic acid-inducible systems from C. testosteroni ATCC 11996 and 
C. glutamicum ATCC 13032. Differently from the other three gentisic 
acid-inducible systems controlled by LysR-type regulators, these systems 
were arranged with non-typical TF, LysR-MarR pair, and IclR, 
respectively. 

The only system proposed to respond to γ-resorcylic acid, the 
RjTsdR/PtsdB, exhibited no activation of gene expression in either of the 
three bacterial strains used in this study. However, the promoter only 

Table 1 
Putative phenolic acid-inducible gene expression systems investigated in this work.  

No Phenolic acid Inducible 
system 

Regulator Regulator locus 
tag 

Regulator 
family 

Promoter Source References Constructs 

TR and 
promoter 

Promoter 
only 

1 o-hydroxybenzoic 
acid (1) 

CnNahR/ 
PH16_RS08125 

NahR H16_RS08130 LysR PH16_RS08125 C. necator H16 [20] pEH042 pEH095 

2 m-hydroxybenzoic 
acid (2) 

CtMobR/PmobA MobR CT4_RS21125 MarR PmobA C. testosteroni 
ATCC 11996 

this study, 
homologue 
[33] 

pEV019 pEV020 

3 p-hydroxybenzoic 
acid (3) 

CnPobR/PpobA PobR H16_RS30125 AraC/XylS PpobA C. necator H16 this study, 
homologue 
[34] 

pEV021 pEV022 

4 p-hydroxybenzoic 
acid (3) 

AbPobR/PpobA PobR ACIAD_RS07920 IclR PpobA A. baylyi ADP1 [26] pEV031 pEV032 

5 vanillic acid (4) CcVanRAM 

/PvanCC 

VanRAM CCNA_02475 GntR PvanCC C. crescentus 
(available in 
addgene 
pAJM.773) 

[22] pIJ015 N/A 

6 vanillic acid (4) PpVanR/PvanA VanR PP_RS19460 GntR PvanA P. putida KT2440 this study, 
homologue 
[21] 

pIJ003 pIJ001 

7 gallic acid (6) PpGalR/PgalT GalR PP_RS13155 LysR PgalT P. putida KT2440 this study, 
homologue 
[36] 

pEV005 pEV005A 

8 protocatechuic 
acid (7) 

AbPcaUAM/ 
P3B5 

PcaUAM ACIAD_RS07845 IclR P3B5 A. baylyi ADP1 
(available in 
addgene 
pAJM.690) 

[22] pIJ018 N/A 

9 protocatechuic 
acid (7) 

CnPcaQ/PpcaH PcaQ H16_RS30150 LysR PpcaH C. necator H16 [20] pEH161 pEH171 

10 gentisic acid (9) BmGtdR/PgtdA GtdR NP80_RS07200 LysR PgtdA B. multivorans 
DSM 13243 

[27] pIK016 pIK015 

11 gentisic acid (9) CnGtdR/PgtdA GtdR H16_RS23095 LysR PgtdA C. necator H16 [27] pEV004 pEV004A 
12 gentisic acid (9) PaGtdR/PgtdA GtdR PA2469 LysR PgtdA P. aeruginosa 

PAO1 
[27] pEV003 pEV003A 

13 α-resorcylic acid 
(10) 

TaDbdR/PdbhL DbdR N/A LysR PdbhL T. aromatica DSM 
11528 

[30] pEA054 pEA045 

14 m-coumaric acid 
(16) 

EcMhpR/ 
PmhpA 

MhpR b0346 IclR PmhpA E. coli MG1655 [32] pEV052 pEV053 

15 p-coumaric acid 
(17) and ferulic 
acid (18) 

BmPadR/ 
PBMD_RS01890 

PadR BMD_RS02905 PadR PBMD_RS01890 B. megaterium 
DSM 319 

this study, 
homologue 
[38] 

pIK010 pIK008 

16 p-coumaric acid 
(17) and ferulic 
acid (18) 

BpPadR/ 
PBPUM_RS03685 

PadR BPUM_RS03690 PadR PBPUM_RS03685 B. pumilus ATCC 
7061 

this study, 
homologue 
[38] 

pIK002 pIK001 

17 p-coumaric acid 
(17) and ferulic 
acid (18) 

PpHcaR/ 
PPP_RS17495 

HcaRa PP_RS17500 MarR PPP_RS17495 P. putida KT2440 this study, 
homologue 
[25] 

pEV040 pEV041 

18 p-coumaric acid 
(17) and ferulic 
acid (18) 

AbHcaR/ 
PACIAD_RS07960 

HcaRa ACIAD_RS07970 MarR PACIAD_RS07960 A. baylyi ADP1 [25] pEV035 pEV036 

N/A – not available; a – regulator abbreviation given by the authors 
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version mediated approximately 400-fold higher RFP synthesis in 
P. putida than the system composed of TF and promoter (Supplementary 
Fig. S3). This not only confirmed that TsdR acts as a transcriptional 
repressor [31], but also indicated that the tsdR gene was expressed and 
the regulatory elements of PtsdB were functional in P. putida. Previously, 
the γ-resorcylic acid has been shown to interact with TsdR by inhibiting 
its binding to tsdR-tsdB intergenic region [31]. Consequently, the lack of 
induction in P. putida can potentially be attributed to the limited uptake 
of γ-resorcylic acid by this bacterium. Notably, neither E. coli, C. necator, 
or P. putida exhibited any catabolic activity on γ-resorcylic acid. The 
putative isovanillic acid- and gallic acid-inducible systems CtI
vaRVanR/PvanA and BmGalR/PNP80_RS00205 showed no response to target 
phenolic acids in E. coli, C. necator or P. putida (data not shown). Further 
research is required to elucidate the mechanism underlying the activa
tion of these systems. 

Verification and function of TFs 

A TF can activate or repress the gene expression from the inducible 
promoter. It forms a complex with a characteristic DNA sequence, the 
operator, and facilitates or hinders the RNA-polymerase binding to the 
promoter. The TF-operator complex formation can depend on the 
presence of the inducer that binds to the regulator and by changing its 
conformation enhances or reduces the TF affinity to the operator 
sequence (Fig. 1). To verify the role and function of TFs assigned to 
inducible systems, the reporter gene expression level of constructs car
rying TF with inducible promoter was compared to that of constructs 
with the promoter only (Fig. 3 and Supplementary Fig. S2 versus Sup
plementary Figs. S4 and S5; Supplementary Figs. S6 and S7 versus Sup
plementary Figs. S8 and S9). With exception of BmGtdR/PgtdA and 
CnNahR/PH16_RS08125, the induction level was negligible or significantly 
reduced when the TF gene was excluded in all inducible systems that 
were shown to mediate the activation of gene expression in the presence 
of target phenolic acid (Supplementary Fig. S4). In those cases, where 

Fig. 3. Evaluation of phenolic acid-biosensors. (a) Chemical structures of selected phenolic acids: o-hydroxybenzoic acid (1), m-hydroxybenzoic acid (2), p- 
hydroxybenzoic acid (3), vanillic acid (4), isovanillic acid (5), gallic acid (6), protocatechuic acid (7), syringic acid (8), gentisic acid (9), α-resorcylic acid (10), 
β-resorcylic acid (11), γ-resorcylic acid (12), orsellinic acid (13), 6-methylsalicylic acid (14), o-coumaric acid (15), m-coumaric acid (16), p-coumaric acid (17), ferulic 
acid (18), sinapic acid (19), and caffeic acid (20). (b) Summary of the identified systems activated by phenolic acids. (c-e) Single time-point absolute normalised 
fluorescence measured using E. coli, C. necator and P. putida, respectively, harbouring plasmids with the TF-based inducible gene expression systems as indicated in 
the panel (b). Fluorescence output was determined 6 h after extracellular supplementation with the corresponding phenolic acid to a final concentration of 5 mM (in 
yellow) and in the absence of inducer (in green). Error bars represent standard deviations of three biological replicates. Asterisks indicate statistically significant 
differences between the fluorescence output of the uninduced and induced sample (* p < 0.001; unpaired t-test). 
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the promoter only construct was assayed in the organism it originated 
from, the promoter activity under induced condition remained almost 
unaltered due to availability of the TF copy encoded in the host genome. 
Surprisingly, promoter only construct containing BmPgtdA from 
B. multivorans DSM 13243 and lacking the copy of the TF gene gtdR, 
mediated the activation of gene expression in the presence of gentisic 
acid in C. necator (Supplementary Fig. S4c). This indicates that the 
promoter BmPgtdA can be activated by unknown TF specific to this host. 
As shown previously [20], the inducible promoter CnPH16_RS08125 was 
activated by o-hydroxybenzoic acid in P. putida despite the absence of 
the corresponding TF gene nahR (Supplementary Fig. S4d). For all 
inducible systems (Fig. 3 and Supplementary Fig. S2), the assigned TFs 
responded to the presence of target phenolic acids and they were 
essential to regulate the gene expression from corresponding inducible 
promoters, as predicted in this study or proposed previously (Supple
mentary Table S1). 

A few ‘promoter only’ constructs including CtPmobA, PpPvanA, 
BmPBMD_RS01890, BpPBPUM_RS03685, and AbPACIAD_RS07960 exhibited a 
greater RFP synthesis under uninduced condition than that of inducible 
systems CtMobR/PmobA, (responding to m-hydroxybenzoic acid), 
PpVanR/PvanA (vanillic acid), BmPadR/PBMD_RS01890, BpPadR/ 
PBPUM_RS03685, and AbHcaR/PACIAD_RS07960 (all three to p-coumaric/ 
ferulic acid), respectively. Whereas PpPPP_RS17495 exhibited similar level 
of reporter gene expression to that of PpHcaR/PPP_RS17495 under an 
uninduced condition in P. putida due to the presence of hcaR copy in the 
host genome. Altogether, this shows that TFs from m-hydroxybenzoic, 
vanillic, and p-coumaric/ferulic acid-inducible systems act as tran
scriptional repressors and their assigned function is in an agreement 

with earlier studies on corresponding systems or their homologues [23, 
25,33,42] (Supplementary Table S1). All other regulators from 
o-hydroxybenzoic, p-hydroxybenzoic, gallic, protocatechuic, gentisic, 
α-resorcylic and m-coumaric acid-inducible systems can be assigned to 
activators or dual-function TFs. 

Characterisation of biosensors 

Operational and dynamic range of eighteen biosensors responding to 
different phenolic acids (Fig. 3 and Supplementary Fig. S2) were eval
uated in either E. coli, C. necator, or P. putida strain background. The 
fastest kinetics of induction (Supplementary Figs. S6 and S7) and the 
highest dynamic range were main determinants used to choose optimal 
chassis between these three bacteria (Fig. 3, Supplementary Fig. S2). 
E. coli, C. necator, and P. putida-based biosensors were grown in LB 
medium and reporter gene expression was monitored after supplemen
tation with inducer of concentrations from 0 to 5 mM. The dose- 
response curve was obtained by plotting the relative normalised fluo
rescence values (%) as a function of inducer concentrations 6 or 12 h 
after phenolic acid addition (Fig. 4, Supplementary Fig. S10). Parame
ters including operational and dynamic range, *Km value and Hill co
efficient were determined from the dose-response curve (Table 2, 
Supplementary Table S3). 

The E. coli-based biosensor containing the EcMhpR/PmhpA-inducible 
system exhibited the highest 1769-fold activation in response to m- 
coumaric acid with the gene expression tunable in the concentration 
range from 9.7 μM to 5 mM (Fig. 4, Table 2). Similarly, the E. coli-based 
vanillic acid-sensor with CcVanRAM/PvanCC showed one of the highest 

Fig. 4. Dose–response curves of phenolic acid-biosensors. Relative normalised fluorescence (%) of E. coli, C. necator, and P. putida harbouring phenolic acids 
inducible system–reporter constructs determined in response to different concentrations of respective phenolic acid 6 h or 12 h (indicated-12 h) after inducer addition. 
Level range of phenolic acids varied from 0 to 5 mM. The dose–responses were fit using a Hill function (see Materials and methods). The maximum level of reporter 
output bmax was set to 100%. The inducer concentration that mediates half-maximal reporter output *Km is indicated by a dotted line. Error bars represent standard 
deviations of three biological replicates. 
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dynamic ranges of 1294-fold in agreement with previous study [22]. 
Another vanillic acid-biosensor, which contains a VanR homologue with 
its cognate inducible promoter from P. putida KT2440 (PpVanR/PvanA), 
exhibited comparable dynamics parameters to CcVanRAM/PvanCC-based 
system. A high dynamic range of 137- and 108-fold manifested proto
catechuic acid-biosensors containing AbPcaUAM/P3B5 and 
CnPcaQ/PH16_RS30145 inducible systems, respectively. However, the 
former exhibits a significantly lower *Km value (0.185 mM) than the 
CnPcaQ/PH16_RS30145-based biosensor (1.286 mM). p-Coumaric 
acid-inducible systems AbHcaR/PACIAD_RS07960 and PpHcaR/PPP_RS17495 
mediated the activation of gene expression exclusively in P. putida. 

Notably, E. coli-based biosensor harbouring inducible system 
CnNahR/PH16_RS08125 showed a high sensitivity to o-hydroxybenzoic 
acid with the limit of detection of approximately 2.4 µM and *Km value 
of approximately 10 µM. Even lower *Km value of 2 µM has been 
determined previously when this system has been applied in the native 
C. necator background [20]. CnPobR/PpobA was another system oper
ating in the μM range from 0.6 to 156 µM and *Km value of 12 µM with 
p-hydroxybenzoic acid in E. coli background. An analogous system from 
A. baylyi ADP1 showed a higher *Km value of 0.279 mM and the range of 

operation from 19.5 µM to 5 mM. It should be noted that in the case of 
CtMobR, PpGalR, BmGntR, EcMhpR, BmPadR, PpVanR, CnPcaQ, 
CnGntR, PaGntR, AbHcaR, and BpPadR, it was only possible to 
approximate the maximal operational boundary by fitting data, covering 
effector concentration range up to 5 mM, to Hill function due to a strong 
growth inhibition at higher concentrations (Supplementary Fig. S11). 

Specificity of phenolic acid-biosensors 

Inducible gene expression systems respond to various environmental 
changes, including the availability of nutrient sources. The response is 
often induced by the TF interaction with a specific chemical compound, 
the primary inducer, or its metabolic intermediate. Despite the naturally 
evolved high selectivity, the TFs can interact with compounds that are 
structurally similar. In this study, the specificity of biosensors was 
investigated by screening against twenty structurally similar phenolic 
acids (Fig. 5). 

Based on the results of this screen, biosensors containing phenolic 
acid-inducible systems were divided into three groups. The first group 
comprises the systems specific to their target phenolic acid and includes 

Table 2 
Parameters of the phenolic acid-biosensors.  

Inducible system Application host Inducer Dynamic range, in -folda Operational range, mM *Km, mM Hill coefficient 

CnNahR/PH16_RS08125 E. coli Top10 o-hydroxybenzoic acid 19.31 ± 1.12 0.0024–0.156 0.010 ± 0.002 1.63 ± 0.05 
CtMobR/PmobA P. putida KT2440 m-hydroxybenzoic acid 83.22 ± 44.37 0.3125–5 2.894 ± 0.388 2.04 ± 0.11 
CnPobR/PpobA E. coli Top10 p-hydroxybenzoic acid 8.67 ± 0.34 0.0006–0.156 0.012 ± 0.002 1.17 ± 0.12 
CcVanRAM/PvanCC E. coli Top10 vanillic acid 1293.88 ± 61.02 0.0097–1.25 0.074 ± 0.003 1.83 ± 0.04 
PpGalR/PgalT P. putida KT2440 gallic acid 34.66 ± 8.92 0.039–5 1.716 ± 0.638 1.31 ± 0.39 
AbPcaUAM/P3B5 E. coli Top10 protocatechuic acid 137.26 ± 3.103 0.0195–5 0.185 ± 0.010 2.35 ± 0.10 
BmGtdR/PgtdA C. necator H16 gentisic acid 362.53 ± 47.58 0.0097–2.5 0.487 ± 0.124 1.13 ± 0.10 
TaDbdR/PdbhL C. necator H16 α-resorcylic acid ND ND ND ND 
EcMhpR/PmhpA E. coli Top10 m-coumaric acid 1768.83 ± 34.11 0.0097–5 1.535 ± 0.064 1.53 ± 0.10 
BmPadR/PBMD_RS01890 E. coli Top10 p-coumaric acid 7.66 ± 0.83 0.312–5 2.586 ± 0.344 1.57 ± 0.05 
BmPadR/PBMD_RS01890 E. coli Top10 ferulic acid 4.77 ± 0.48 0.625–5 2.897 ± 0.326 2.74 ± 0.03  

Fig. 5. Evaluation of biosensors’ specificity using structurally similar phenolic acids. The heat map illustrates activation of reporter gene expression in the presence 
of the phenolic acid (in %) relative to the induction mediated by the primary phenolic acid. Measurements were taken 6 h or 12 h (indicated-12 h) after supple
mentation of inducer at a final concentration of 5 mM. Measurements were performed with three biological replicates. 
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CtMobR/PmobA, CnPobR/PpobA, CcVanRAM/PVanCC, PpGalR/PgalT, 
EcMhpR/PmhpA, BmPadR/PBMD_RS01890, AbPobR/PpobA, and CnPcaQ/ 
PH16_RS30145. 

Another group comprises systems that respond to several structurally 
similar compounds. For example, CnNahR/PH16_RS08125 system mediated 
the activation of gene expression in the presence of not only o-hydrox
ybenzoic acid, but also 6-methylsalicylic acid. Whereas the α–resorcylic 
acid-biosensor (TaDbdR/PdbhL) showed induction with isovanillic acid. 
Surprisingly, the protocatechuic acid-inducible system AbPcaUAM/P3B5 
was additionally induced by p-hydroxybenzoic acid and gallic acid. We 
hypothesise that the observed activation by these two compounds is 
likely imposed by the alteration of PcaUAM structure, the modification of 
which is detailed in [22]. 

The systems assigned to the third group respond to metabolically 
related phenolic acids or metabolites. Besides primary effector, C. necator 
H16-based biosensors harbouring gentisic acid-inducible systems 
including BmGtdR/PgtdA, CnGtdR/PgtdA, and PaGtdR/PgtdA exhibited 
activation of gene expression in the presence of o-hydroxybenzoic and m- 
hydroxybenzoic acids. This can be explained by the availability of 3- 
hydroxybenzoate-6-hydroxylase (locus tag H16_RS23115) and 
salicylate-5-hydroxylase (locus tag H16_RS08125) in C. necator H16, 
which enables the conversion of m-hydroxybenzoic acid and o-hydrox
ybenzoic acid to the primary inducer, the gentisic acid (Fig. 2). Vanillic 
acid-biosensor containing inducible system PpVanR/PvanA was signifi
cantly activated by syringic acid. Likely, the vanillate O-demethylase 
encoded by the vanA and vanB genes is able catalyse the demethylation of 
syringic acid as reported in [43] (Fig. 2). The BmPadR/PBMD_RS01890 and 
BpPadR/PBPUM_RS03685 systems were activated by p-coumaric and ferulic 
acids in E. coli. BmPadR/PBMD_RS01890 exhibited a preference for p-cou
maric acid, whereas BpPadR/PBPUM_RS03685 showed the strongest response 
to ferulic acid. The gene encoding phenolic acid decarboxylase (PDC) is 
regulated by PadR TF. PDC can decarboxylate p-coumaric, ferulic, and 
caffeic acids to the corresponding vinyl derivatives (vinylphenol, vinyl
guaiacol, and vinylcatechol, respectively) (Fig. 2). Surprisingly, these 
systems did not show induction with caffeic acid in E. coli. The other 
homologues AbHcaR/PACIAD_RS07960 and PpHcaR/PPP_RS17495 systems 
exhibited activation by hydroxycinnamic acids. The PpHcaR/PPP_RS17495 
did not show induction with ferulic acid, whereas the A. baylyi homologue 
mediated the activation of gene expression in the presence of three 
hydroxycinnamic acids, p-coumaric, ferulic, and caffeic acids. The 
response is related to the interaction of hydroxycinnamoyl-CoA thioesters 
((E)-4-coumaroyl-CoA, feruloyl-CoA, and (E)-caffeoyl-CoA, respectively) 
and the HcaR TF as shown previously in [25]. Hydroxycinnamoyl-CoA 
thioesters are obtained from hydroxycinnamic acids with the participa
tion of the fcs gene located in P. putida KT2440 genome and encoding the 
feruloyl-CoA synthetase enzyme (Fig. 2). We accordingly hypothesize that 
the actual inducers of the AbHcaR/PACIAD_RS07960 and PpHcaR/PPP_RS17495 
systems are not hydroxycinnamic acids, but their hydroxycinnamoyl-CoA 
thioesters. 

Application of protocatechuic acid-biosensor for screening of 4-hydroxy
benzoate 3-monooxygenase variants 

A 4-hydroxybenzoate 3-monooxygenase (PobA; EC 1.14.13.2) catal
yses the conversion of p-hydroxybenzoic acid to protocatechuic acid 
(Fig. 2). Previously, homologues of this enzyme have been characterised 
in Pseudomonas sp., Rhodococcus sp., Acinetobacter sp, Cupriavidus necator, 
and other bacteria [44,45]. In this study, protocatechuic acid-responsive 
biosensor was employed for screening of PobA-like variants for their ac
tivity to convert p-hydroxybenzoic acid into protocatechuic acid. Two 
inducible systems AbPcaUAM/P3B5 and CnPcaQ/PH16_RS30145 were shown 
to respond to protocatechuic acid. The CnPcaQ/PH16_RS30145-based 
biosensor exhibited high specificity to protocatechuic acid, whereas 
A. baylyi counterpart showed less stringent selectivity, responding to 
structurally similar hydroxybenzoic acids in the following order: proto
catechuate>gallate> p-hydroxybenzoate> α-resorcylate (Fig. 5). We 

chose to exploit the differential response of this system when the substrate 
and product of the enzymatic reaction by a PobA-like enzyme was pre
sent. It was deemed that a comparably lower level of response to 
p-hydroxybenzoic acid (Fig. 6a) by biosensor would allow a differentia
tion between substrate and the product providing additional quantitative 
data for 4-hydroxybenzoate 3-monooxygenase catalysed transformation. 

To identify new candidates of 4-hydroxybenzoate 3-monooxygenase, 
the PobA sequence from A. baylyi [26] was applied to search for PobA 
homologues in Alphaproteobacteria, Betaproteobacteria, Gammaproteo
bacteria, and Actinobacteria using a basic local alignment search tool 
(BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Fig. 6b). Constructs 

Fig. 6. Biosensor-based screening of naturally occurring bacterial PobA vari
ants. (a) Absolute normalised fluorescence of E. coli harbouring the AbPcaUAM/ 
P3B5 inducible system based biosensor. RFP-fluorescence output was deter
mined in the absence of inducer (blue) and in the presence protocatechuic acid 
(pink) and p-hydroxybenzoic acid (green), which were added at time 0 h to a 
final concentration of 5 mM. Cells were grown in LB medium for 15 h. (b) Seven 
pobA variants from different bacteria were chosen for screening of in vivo gene 
activity. Phylogenetic tree was generated using MEGA11 and protein sequence 
inputs [46]. (c) Absolute normalised fluorescence of E. coli Top10 harbouring 
constructs without pobA gene and with putative pobA genes. Single time-point 
fluorescence measurements were taken 6 h after addition of p-hydroxybenzoic 
acid to a final concentration of 5 mM. Error bars represent standard deviations 
of three biological replicates, * p ≤ 0.01 (unpaired t-test). 
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pEA035–pEA041 containing the protocatechuic acid biosensor and 
variants of the pobA-like gene from C. necator, B. multivorans, P. aerugi
nosa , P. lactis, A. baylyi, C. glutamicum, and Sphingobium sp. (referred to 
as CnH16_RS30120, BmNP80_RS03580, PaPA0247, PlTX24_18430, 
AbACIAD1719, CgCGTRNA_RS05390, and SpE2598_04620, respec
tively) were assembled, where pobA-like genes were placed under the 
control of the L-arabinose-inducible system AraC/ParaBAD (Supplemen
tary Fig. S12). In the case of the constructs with the pobA gene, the 
addition of L-arabinose initiates the synthesis of PobA, which converts 
p-hydroxybenzoic acid into protocatechuic acid, RFP reporter gene 
expression was subsequently mediated by PcaUAM in the presence of 
protocatechuic acid. Since, to our knowledge, E. coli lacks the pobA-like 
gene, this bacterium transformed with constructs containing AbP
caUAM/P3B5 was employed for screening. 

Fluorescence measurements were performed for constructs 
pEA034–41 and a single time-point was taken 6 h after the addition of 
either 5 mM p-hydroxybenzoic acid only (Fig. 6c) or 5 mM p-hydrox
ybenzoic acid and 1 mM L-arabinose (Supplementary Fig. S13). The 
screening results showed that 4-hydroxybenzoate 3-monooxygenase 
activity could not be differentiated when the culture medium was sup
plemented with 5 mM p-hydroxybenzoic acid and overexpression of 
pobA-like genes induced with 1 mM L-arabinose, the biosensor was fully 
saturated (Supplementary Fig. S13). However, in the absence of L- 
arabinose under uninduced AraC/ParaBAD state, the 4-hydroxybenzoate 
3-monooxygenase activity could be differentiated with higher conver
sion of p-hydroxybenzoic acid into protocatechuic acid observed for 
PobA-like homologues from Gammaproteobacteria (P. aeruginosa, 
P. lactis, A. baylyi) and Actinobacteria (C. glutamicum) than that from 
Betaproteobacteria (C. necator, B. multivorans) and Alphaproteobacteria 
(Sphingobium sp.) under the same experimental conditions and host 
E. coli (Fig. 6c). 

To further evaluate PobA activity results obtained using AbPcaUAM/ 
P3B5-based biosensor, E. coli cells harbouring the constructs pEA034–41 
were grown overnight supplemented with 5 mM p-hydroxybenzoic acid. 
The supernatant samples were subjected to the quantification of extra
cellular p-hydroxybenzoic acid using HPLC, and protocatechuic acid 
using HPLC and CnPcaQ/PH16_RS30145-based biosensor (Supplementary 
Fig. S14 and S15a,b). The concentrations of protocatechuic acid deter
mined using the HPLC analysis showed a high accuracy and correlation 
(r = 0.98) of data obtained using the CnPcaQ/PH16_RS30145-based 
biosensor (Supplementary Fig. S15c). Furthermore, the extracellular 
concentration of protocatechuic acid obtained with HPLC and the 
biosensor assay showed a correlation with intracellular PobA activity 
with a correlation coefficient r equal to 0.95 and 0.89, respectively 
(Supplementary Fig. S16a and b). 

Discussion 

The development and applications of analytical methods for the 
detection and measurement of phenolic acids have been multidimen
sional, from the study of these compounds for their biological roles as 
secondary metabolites to the evaluation of their health benefits. HPLC 
equipped with a photodiode array detector or liquid chromatography 
coupled with a mass spectrometer have been the most widespread 
analytical techniques used for the detection of phenolic acids extracel
lularly [3,47]. However, when it comes to intracellular studies and 
real-time monitoring of metabolites, these analytical approaches are 
slow and expensive to use, as they require the metabolite extraction and 
multiple sample processing is highly time consuming. 

Recently, TF-based inducible gene expression systems have been 
used not only to control gene expression, but also to develop whole-cell 
biosensors suitable for monitoring the metabolite abundance intracel
lularly and extracellularly. Such biosensors have shown great potential 
as tools for the advancement of synthetic biology contributing to mi
crobial cell factory development. In this study, we focus our effort on the 
identification of natural phenolic acids-specific inducible gene 

expression systems from different bacteria classes including Alphapro
teobacteria, Betaproteobacteria, Gammaproteobacteria, Actinobacteria, and 
Bacilli and their characterisation using three bacterial chassis, namely, 
E. coli, C. necator, and P. putida. A pool of twenty-seven putative 
inducible systems (Table 1 and Supplementary Table S2) was identified 
through the literature and database searches, and they were subjected to 
further investigation for their ability to be activated by selected phenolic 
acids (Fig. 3a). Eighteen systems specific to eleven different phenolic 
acids were identified and further characterised. 

Notably, the characterised inducible systems are controlled by six 
types of TFs including LysR, MarR, AraC/XylS, IclR, GntR, and PadR. 
Amongst these, only MarR, GntR, and PadR belonging to CtMobR/PmobA, 
PpVanR/PvanA, BmPadR/PBMD_RS01890, BpPadR/PBPUM_RS03685, PpHcaR/ 
PPP_RS17495, and AbHcaR/PACIAD_RS07960 were repressors, whereas 
remaining TFs acted as activators or dual-function-type regulators. 

Developed TF-based biosensors exhibited different characteristics 
and responses to target phenolic acids in different genetic backgrounds. 
Intriguingly, the BmPadR/PBMD_RS01890 and BpPadR/PBPUM_RS03685 
inducible systems mediated a significant increase in reporter gene 
expression in the presence of either p-coumaric or ferulic acid in E. coli 
(Fig. 3c and Supplementary Fig. S2 b). However, weak or no activation 
by p-coumaric and ferulic acid was observed with these systems in 
C. necator or P. putida, respectively (Fig. 3d,e and Supplementary 
Fig. S2c,d). This limited response could be explained by either of the 
following: (1) an absence or low availability of TF PadR, resulting from 
the poor expression (translation) of AT-rich genes from B. megaterium 
and B. pumilus in GC-rich bacteria due to a suboptimal codon usage [48], 
(2) a poor uptake of p-coumaric and ferulic acids by cells or (3) a rapid 
metabolism and conversion of these phenolic acids into metabolic in
termediates that are unable to activate BmPadR/PBMD_RS01890 and 
BpPadR/PBPUM_RS03685. 

To address the first option, the promoter only versions 
BmPBMD_RS01890 and BpPBPUM_RS03685 (Supplementary Figs. S4 and S5) 
were evaluated for gene expression. In all three bacterial chassis, these 
promoters exhibited 5- to 15-fold higher activity than that of corre
sponding inducible systems containing TF even in the absence of the 
inducer. This confirmed the previously reported role of PadR as a 
repressor of transcription [42] and ruled out the possibility that the 
expression of padR was impaired in C. necator or P. putida. 

The poor uptake of p-coumaric and ferulic acids by cells as a cause of 
the absence of induction could also be excluded for P. putida KT2440, as 
hydroxycinnamic acids have been shown to be used as a carbon source 
[49] and therefore are taken up by this strain. In this study, a few other 
inducible systems, such as PpHcaR/PPP_RS17495 and AbHcaR/PA

CIAD_RS07960, were shown to mediate a strong activation of reporter gene 
expression in P. putida when growth medium was supplemented with 
hydroxycinnamic acids (Fig. 5). Moreover, both p-coumaric acid and 
ferulic acid can be consumed by this bacterium, but not by E. coli or 
C. necator (Fig. 2). Therefore, it was possible that the induction in 
C. necator could be restricted by the limited uptake of p-coumaric and 
ferulic acids. Equally, the absence of catabolic activity toward m-cou
maric acid or gentisic acid (Fig. 2) indicates that these phenolic acids are 
unlikely to be taken up by C. necator and P. putida or E. coli and P. putida, 
respectively. 

With regard to hydroxycinnamic acid metabolism, it has been re
ported previously [49,50] that p-coumaric and ferulic acids were acti
vated by conversion to p-coumaroyl-CoA and feruloyl-CoA by 
feruloyl-CoA synthetase (Fcs), which were then routed through the 
protocatechuate 4,5-cleavage pathway into the tricarboxylic acid (TCA) 
cycle for catabolic degradation. Moreover, Parke and Ornston [25] have 
shown that hydroxycinnamoyl-CoA thioesters, as inducers, relieve the 
repression of the hydroxycinnamate (hca) operon in Acinetobacter baylyi 
ADP1 by interacting with HcaR, the MarR-type transcriptional 
repressor. Therefore, PpHcaR/PPP_RS17495 and AbHcaR/PACIAD_RS07960 
inducible systems were activated exclusively in P. putida KT2440 cells 
and showed induction after 6 h due to the conversion of 
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hydroxycinnamates to hydroxycinnamoyl-CoA thioesters, potential in
ducers of HcaR-regulated systems. Although, the hca genes, exhibiting a 
relatively high homology to the Acinetobacter counterparts, have been 
identified in C. necator JMP134 [51], we were unable to find any rele
vant homologues in C. necator H16. Consistently, no activation of 
BmPadR/PBMD_RS01890 and BpPadR/PBPUM_RS03685 in P. putida was likely 
caused by the rapid conversion of hydroxycinnamic acids, their primary 
effector, to thioesters. 

Phenolic acid-biosensors were subjected to thorough quantitative 
characterisation assessing induction level, dynamics and specificity in 
either E. coli, C. necator, or P. putida background. Three biosensors 
responding to o-hydroxybenzoic, p-hydroxybenzoic, and vanillic acid 
(CnNahR/PH16_RS08125, CnPobR/PpobA, and CcVanRAM/PvanCC, respec
tively), displayed low *Km values with the gene expression tunable in the 
μM-range of phenolic acid concentration. First time to our knowledge, 
the specific m-hydroxybenzoic acid biosensor with a high induction level 
of 83.22-fold was developed. 

Moreover, in this study, we successfully applied the protocatechuic 
acid-inducible biosensor for 4-hydroxybenzoate 3-monooxygenase 
(PobA) screening (Fig. 6). PobA proteins from Gammaproteobacteria and 
Actinobacteria (P. aeruginosa, P. lactis, A. baylyi, C. glutamicum) were 
identified to have higher conversion activity compared to PobA from 
Alphaproteobacteria and Betaproteobacteria (Sphingobium sp., C. necator, 
B. multivorans) under given conditions and in the same host. 

To conclude, the multi-genome approach in this study enabled to 
build a comprehensive library of biosensors for detection of phenolic 
acids. They were thoroughly investigated generating rich quantitative 
data on their induction level, dynamics and specificity. Such systems can 
be applied for studying phenolic acid-metabolism, relevant enzyme 
identification, and screening. Moreover, they can assist in the metabolic 
engineering and synthetic biology applications. 
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