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Abstract  27 

Cytoplasmic pH is tightly regulated by diverse active mechanisms and interconnected regulatory 28 

processes in bacteria. Many processes and regulators underlying pH-homeostasis have been identified via 29 

phenotypic screening of strain libraries towards non-growth at low or high pH values. Direct screens with 30 

respect to changes of the internal pH in mutant strain collections are limited by laborious methods 31 

including fluorescent dyes or radioactive probes. Genetically encoded biosensors equip single organisms 32 

or strain libraries with an internal sensor molecule already during the generation of the strain. In this 33 

study, we used the pH-sensitive mCherry variant mCherryEA as ratiometric pH biosensor. We visualized 34 

the internal pH of E. coli colonies on agar plates by the use of a Gel-Doc imaging system. Combining this 35 

imaging technology with robot-assisted colony picking and spotting allowed us to screen and select 36 

mutants with altered internal pH values from a small transposon mutagenesis derived E. coli library. 37 

Identification of the TN- insertion sites in strains with altered internal pH levels revealed that the 38 

transposon was inserted into trkH (encoding a transmembrane protein of the potassium uptake system) 39 

or the rssB gene (encoding the anti-adaptor protein RssB which mediates the proteolytic degradation of 40 

the general stress response regulator RpoS), two genes known to be associated with pH-homeostasis and 41 

pH stress adaptation. This successful screening approach demonstrates that the pH- sensor based analysis 42 

of arrayed colonies on agar plates is a sensitive approach for the fast identification of genes involved in 43 

pH-homeostasis or pH stress adaptation in E. coli. 44 

 45 

Importance 46 

Phenotypic screening of strain libraries on agar plates has become a versatile tool to understand gene 47 

functions and to optimize biotechnological platform organisms. Screening is supported by genetically 48 

encoded biosensors that allow to easily measure intracellular processes. For this purpose, transcription-49 
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factor-based biosensors have emerged as the sensor-type of choice. Here, the target stimulus initiates the 50 

activation of a response gene (e.g. a fluorescent protein) followed by transcription, translation and 51 

maturation. Due to this mechanistic principle, biosensor readouts are delayed and cannot report the 52 

actual intracellular state of the cell in real-time. To capture fast intracellular processes adequately, 53 

fluorescent reporter proteins are extensively applied. But these sensor-types are not utilized for 54 

phenotypic screenings so far. To take advantage of their properties, we here established an imaging 55 

method, which allows to apply a fast ratiometric sensor protein for assessing the internal pH of colonies 56 

in a high-thoughput manner.  57 

 58 
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1 Introduction  72 

Genetically encoded sensors targeting intracellular metabolites have become a versatile tool for 73 

physiological studies in diverse organisms (Sanford and Palmer, 2017; Koch et al., 2019; Shin et al., 2020). 74 

These sensors have been successfully applied in bacteria for screening optimized production strains, 75 

activity of/or resistance against antimicrobial compounds as well as for assessing physiological states and 76 

metabolic fluxes (Schallmey et al., 2014; Maglica et al., 2015; Crauwels et al., 2018; Monteiro et al., 2019; 77 

Heins et al., 2020). Commonly, two different types of genetically encoded sensors are used: transcription-78 

factor-based biosensors (TFBs) or fluorescent-reporter-proteins (FRPs). TFBs are the most extensively 79 

developed and applied biosensors due to their simplicity to engineer. The basic design generally relies on 80 

transcription factors, which natively react to effectors (activator or repressor). Upon interaction, the TF-81 

effector complex targets or releases a cognate promotor sequence to transduce a response through 82 

activation or repression of the respective downstream reporter gene such as a fluorescent protein. 83 

Dynamics of TFBs towards monitoring changes of target product concentrations in real-time are limited 84 

as the sensor signal depends on transcription, translation, maturation of the fluorescent protein or 85 

degradation. This, however, provides the advantage that the sensor signal is stable even when exposing 86 

a sensor strain to varying external conditions, making these type of sensors suited for high-throughput 87 

screening of strains via e.g. fluorescence activated cell sorting (FACS) (Schallmey et al., 2014; Eggeling et 88 

al., 2015). In contrast, FRPs respond in real-time to alterations of internal target parameters or 89 

metabolites such as pH, ATP or NADPH (Goldbeck et al., 2018; Reyes-Fernández and Schuldiner, 2020; 90 

Botman et al., 2020; Deng et al., 2021). Here, an already produced sensor protein undergoes analyte-91 

dependent conformational changes accompanied by a change of the fluorescence properties (Bermejo et 92 

al., 2011b; Martynov et al., 2018). Consequently, FRPs were successfully applied for real-time monitoring 93 

of internal metabolite levels or oxidation states upon externally applied perturbations (Bermejo et al., 94 

2011b; Martinez et al., 2012; Goldbeck et al., 2018; Martynov et al., 2018; Depaoli et al., 2019; Hartmann 95 
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et al., 2020). Measuring internal parameters of individual microbial strains of mutant collections via FRPs 96 

could benefit by the fact that actual values can be measured rather than events which occurred in the 97 

past. Furthermore, fast sensor dynamics would allow the scientist to perform a sensor calibration and 98 

validation of sensor properties at the level of the actual screening. However, applying FRPs for FACS-based 99 

high-throughput screening of microbial strains is challenging due to the varying external conditions. To 100 

take advantage of the properties of FRPs, the screening method needs to allow maintaining constant 101 

conditions when conducting the sensor analysis, such as phenotypic screening on agar plates.  102 

Many bacterial regulatory mechanisms have been identified via phenotypic screening of strain libraries 103 

with respect to its growth patterns under different conditions. Screening of E. coli and other 104 

microorganisms towards growth vs. non-growth at low or high pH-values revealed many of the processes 105 

and control mechanisms underlying pH-homeostasis (Reva et al., 2006; Mira et al., 2010; Guerrero-Castro 106 

et al., 2018; Palud et al., 2018; Bushell et al., 2021). To achieve pH homeostasis, E. coli possesses 107 

regulatory networks for acid and alkaline conditions, which trigger expression of distinct sets of genes 108 

(Maurer et al., 2005; Hayes et al., 2006). For response to acid conditions, E. coli activates systems for 109 

consumption of intracellular protons via deamination and decarboxylation of amino acids, formation of 110 

neutralizing ammonia from glutamine and extrusion of protons via the F1Fo-ATPase (Lund et al., 2014; 111 

Guan and Liu, 2020; Lund et al., 2020). Moreover, potassium uptake and accumulation was shown to be 112 

essential for the maintenance of internal pH in E. coli. Under acidic conditions a neutral pH in the 113 

cytoplasm can only be maintained if sufficient potassium is available, accumulated via one of three 114 

potassium uptake systems (Roe et al., 2000; Reyes-Fernández and Schuldiner, 2020). Upon exposure to 115 

alkaline pH, E. coli expresses genes for cation proton antiporters, which import protons in exchange for 116 

sodium and/or potassium ions (Krulwich et al., 2011; Ito et al., 2017). Following the identification of a 117 

mutant strain possessing a pH-dependent growth phenotype, the cytoplasmic pH of the isolated mutant 118 

is measured via fluorescent dyes (e.g. BCECF and SNARF), radioactive probes (Kashket, 1985; Han and 119 
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Burgess, 2010) or genetically encoded sensor proteins (Martynov et al., 2018; Rajendran et al., 2018). For 120 

this purpose, different ratiometric pH responsive RFPs such as pHluorin and pHred have been developed, 121 

both possessing a pKa of 6.9 but different intrinsic fluorescence properties (Miesenböck et al., 1998; 122 

Tantama et al., 2011; Martynov et al., 2018). Recently, the mCherry variant mCherryEA was shown to be 123 

an effective ratiometric red fluorescent protein pH biosensor possessing a pKa of 7.3 (Rajendran et al., 124 

2018). This is close to the range of internal pH values reported for E. coli (7.4-7.9) (Slonczewski et al., 125 

2009), making this sensor protein well suited for applications in E. coli.  126 

In this study, we successfully visualized ratiometric sensor signals from the genetically encoded pH sensor 127 

mCherryEA in E. coli colonies cultivated on agar plates by using an imaging system equipped with filters 128 

for fluorescence detection. Combining this imaging technology with robot-assisted colony picking and 129 

spotting allowed us to screen and select mutants with altered internal pH levels from a small transposon 130 

mutagenesis derived E. coli library. We here show that a sensor analysis with the pH sensor mCherryEA of 131 

colonies on agar plates is a sensitive approach for the fast identification and characterization of genes 132 

involved in pH-homeostasis or pH stress adaption in E. coli. The here established approach can easily be 133 

adapted for other strain backgrounds or genetically encoded FRPs targeting another product or internal 134 

parameter and thus enables novel studies in microbial systems biology.  135 

 136 

 137 
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2 Materials and methods  142 

Strains, media, and culture conditions  143 

Bacterial strains and plasmids used in this study are listed in Table 1. Cloning as well as biosensor 144 

expression for the preparation of crude cell extracts was carried out using E. coli DH5 α, cultivated in 145 

Lysogeny Broth (LB) medium (Bertani, 2004). E. coli MG 1655 and E. coli TK 2309 were pre-cultured in LK 146 

medium (5 g/L yeast extract; 10 g/L BactoTryptone; 6.4 g/L KCl). For main cultures as well as short time 147 

cultivations to assess impact of potassium on pH, K0.1, K30 and K120 media was prepared (Epstein and Kim, 148 

1971). For this purpose K0 buffer (8.25 g/L Na2HPO4 *2H2O, 2.8 g/L NaH2PO4*H2O, 1 g/L (NH4)2SO4) was 149 

prepared and a final buffer concentration of 0.1 mM KCl or 60 mM KCl was adjusted in order to get K0.1 150 

and K30 media, respectively. K120 media was prepared by using K120 buffer instead (8 g/L K2HPO4; 3.1 g/L 151 

KH2PO4; 1 g/L (NH4)2SO4). All media and buffers were prepared using ultrapure water prepared by using 152 

an arium®pro ultrapure water purification system (Sartorius, Germany). Prior inoculation, all Kx media 153 

were supplemented with 0.2 % glucose, 0.4 mM MgSO4*7H2O, 0.6 µM (NH4)2SO4 x FeSO4 *6H2O and 154 

thiamin- HCl 0.0001% (w/v). For screening purposes, Screening Broth (SB) medium (5 g/L yeast extract; 155 

10 g/L BactoTryptone; 100 mM NaCL; 50 mM KCl, buffered with 50 mM TRIS) was used (pH 7.0). For 156 

preparation of agar plates 16 g/L agar was added to the respective media. Strains carrying plasmids and 157 

transposons were cultivated in presence of kanamycin (50 µg/mL) or chloramphenicol (20 µg/mL). If 158 

required, 1 mM IPTG was added to induce expression of the gene for the biosensor. For fluorescence 159 

imaging of agarose plates, 50 mL of the medium were used for each plate (SBS-format PlusPlates, Singer 160 

Instruments, United Kingdom) and supplemented with black food dye (30 µL/plate) to reduce the 161 

fluorescence background from the media.  162 
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Table 1: Bacterial strains and plasmids used in this study.  163 

Bacterial strains/ 

Plasmids  

Description  Reference/Resource  

Escherichia coli  

E. coli DH5 α F-φ80dlacZ Δ(lacZYA-argF) U169 deoRsupE44ΔlacU169 

(f80lacZDM15) hsdR17 recA1 endA1 (rk- mk+) 

supE44gyrA96 thi-1 gyrA69 relA1 

(Studier and Moffatt, 

1986) 

E. coli DH5 α (pEKEx2) E. coli DH5 α carrying the shuttle vector pEKEx2 This study 

E. coli DH5 α (pEKEx2_mCherryEA) E. coli DH5 α carrying a derivative of the shuttle vector 

pEKEx2 for IPTG inducible expression of the mCherryEA 

gene  

This study 

E. coli Top10 F– mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 

recA1 araD139 Δ(ara-leu)7697 galU galK λ– rpsL(StrR) 

endA1 nupG 

Invitrogen 

E. coli MG 1655 F- lamda- ilvG-rfb-50rpH-1 (Blattner et al., 1997) 

E. coli MG 1655 (pXMJ19) E. coli MG 1655 carrying the vector pXMJ19 This study 

E. coli MG 1655 (pXMJ19_mCherryEA) E. coli MG 1655 carrying a derivative of pXMJ19 for 

IPTG-inducible mCherryEA expression 

This study 

E. coli TK 2309 F- thi rha lacZ nagA trkD1 trkA405 kdp::Tn10 (Epstein, 1986) 

E. coli TK 2309 (pXMJ19_mCherryEA) E. coli TK 2309 carrying a derivative of pXMJ19 for IPTG-

inducible mCherryEA expression 

This study  

 

Plasmids 

pEKEx2 Expression vector; ptac lacIq Kmr (Eikmanns et al., 1991) 

pXMJ19 Expression vector; ptac lacIq Camr (Jakoby et al., 1999) 

pEKEx2_mCherryEA pEKEx2 derivative for IPTG-inducible mCherryEA gene 

expression 

This study 

pXMJ19_mCherryEA pXMJ19 derivative for IPTG-inducible mCherryEA gene 

expression 

This study 

 164 

 165 

 166 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 10, 2021. ; https://doi.org/10.1101/2021.07.08.451719doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.08.451719
http://creativecommons.org/licenses/by-nc-nd/4.0/


Genetics  167 

Gene fragment synthesis was carried out by Integrated DNA Technologies (IDT) (Denmark). The sequence 168 

is provided in Table S1. For amplification of the gene fragments primer sets were designed using 169 

NEBuilder. All primers are listed in Table S1. Expression plasmids were assembled using the Gibson 170 

assembly kit (New England Biolabs, U.S.A) according to the manufacturer´s instructions. After 171 

transformation, recombinant strains were selected using LB-agar plates supplemented with appropriate 172 

antibiotics. Recombinant E. coli MG1655 and TK 2309 strains were selected on LK-media agar plates with 173 

appropriate antibiotics. The plasmids were analyzed via PCR, restriction digests, and DNA sequencing 174 

(Eurofins Genomics, Germany).  175 

 176 

Transposon mutagenesis library generation and introduction of pXMJ19-mCherryEA into the library 177 

The EZ-Tn5 <KAN-2> Tnp transposome (Epicentre Biotechnologies, U.S.A) was introduced into 178 

E. coli Top10 by electroporation. Cells were subsequently spread plated on LB agar plates containing 179 

50 µg/mL kanamycin and incubated overnight at 37 °C. Single colonies from the spread plates were 180 

analyzed to determine the diversity of insertion sites via linker PCR as described below. Pools of 5-6 × 103 181 

colonies were collected and frozen at ─80 °C in 0.9 % NaCl containing 30 % glycerol. For the introduction 182 

of the sensor plasmid, 100 µL of these glycerol stocks were used to inoculate 2 mL LB containing 50 µg/mL 183 

kanamycin and cultivated overnight on a shaker at 180 rpm and 37 °C. Then, 2 mL of the pre-culture were 184 

used to inoculate 50 mL LB containing 50 µg/mL kanamycin in a 500 mL flask, cultivated at 200 rpm, 37 °C, 185 

until the culture reached an OD600 of 0.4, and then competent cells were performed as described in 186 

(Sambrook et al., 1989). The plasmid pXMJ19_mCherryEA was transformed into the mutant library 187 

competent cells using electroporation. Transformants were spread plated on LB plates containing 188 

50 µg/mL kanamycin and 20 µg/mL chloramphenicol and used for further screening. 189 
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Identification of Tn5 insertion sites using Linker PCR 190 

Genomic DNA was extracted from 1.5 mL cultures by using the GenEluteTM Bacterial Genomic DNA Kit 191 

(Merck, Germany). Linker PCR was used to test individual transformant colonies and to determine the 192 

diversity of insertion sites. Genomic DNA (2 µg) was digested with the AluI restriction enzyme (New 193 

England Biolabs, U.S.A) and purified by using an illustra GFX PCR DNA and Gel Band Purification Kit (GE 194 

Healthcare, U.S.A). The linker was generated by annealing 100 µM of each oligonucleotides P2-FW 195 

(Table S1) and P3-RV (Table S1) in an annealing buffer (10 mM Tris, 50 mM NaCl, 1 mM EDTA, pH 8.0) after 196 

incubation at 95 °C for 2 minutes followed by cooling to 25 °C for 1 hour and chilling to 4 °C. Then the 197 

linker was ligated to the ends of restriction fragments (50 ng) by using T4 DNA ligase (New England Biolabs, 198 

U.S.A). The ligated DNA templates were cleaned by an illustra GFX PCR DNA and Gel Band Purification Kit 199 

(GE Healthcare, U.S.A). Finally, Linker PCR was carried out with the ligated DNA template and transposon-200 

specific oligonucleotides P4-FW (Table S1) and P5-RV (Table S1) by using Phusion X7 and thermocycling 201 

conditions of 98 °C for 30 seconds, followed by 35 cycles of 98 °C for 10 sec, 55 °C for 30 seconds and 72 °C 202 

for 1 min, with a final extension step of 72 °C for 10 minutes. The resulting PCR samples were run on 2% 203 

agarose gels at 100 V for 25 min.  204 

 205 

Fluorescence analysis  206 

Fluorescence measurements of liquid cultures were conducted in black flat-bottomed 96-well microplates 207 

(Thermo Fisher Scientific, Germany) using a SpectraMax iD3 multi-mode plate reader (Molecular Devices 208 

LLC, U.S.A). Excitation scans were recorded by setting the excitation wavelength between 410 nm and 209 

588 nm and the emission wavelength at 630 nm. For ratiometric analysis of the biosensor signal, the 210 

emission maxima obtained upon an excitation at 454 nm and 580 nm were taken and the corresponding 211 

biosensor ratio was calculated by dividing the former emission intensity by the latter. Fluorescence 212 

imaging was carried out using the photo-documentation system Fusion FX (Vilber Lourmat, France). The 213 
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Fusion FX was equipped with capsules for excitation at 440 nm and 530 nm with a set exposure time of 214 

40 msec and 1560 msec, respectively. Fluorescence was measured using a 595 nm emission filter. Images 215 

were analyzed using the Fusion FX software Evolution-edge provided by Vilber Lourmat.  216 

 217 

In vitro and in situ characterization of biosensor protein 218 

For in vitro characterization, biosensor strains and empty vector controls were cultivated in shaking flasks 219 

(50 mL, LB medium with respective antibiotics) until an OD600 of 1 was reached. Subsequently, 1 mM IPTG 220 

was added in order to induce expression of the gene from the biosensor and cultivation was continued 221 

for 16 hours at 37 °C and 180 rpm. For preparation of crude cell extracts, cells were harvested by 222 

centrifugation (4000 rpm, 10 min., 4 °C), washed twice in 1 M potassium phosphate buffer with different 223 

pH values set by titrating 1 M K2HPO4 with 1 M KH2PO4 and finally the washed cells were resuspended in 224 

1 mL of the 1 M potassium phosphate buffer with the respective pH. Disruption of the cells was conducted 225 

using a Ribolyzer (Precellys TM Control Device, Bertin Technologies, France) at 6000 rpm, four times for 226 

30 seconds each. Cell debris were removed via centrifugation (13.000 g, 20 min.; 4 °C) and 200 µL of the 227 

supernatant was transferred to black flat-bottomed 96-well microplates (Thermo Fisher Scientific, 228 

Germany) for further fluorescence analysis a SpectraMax iD3 microplate reader was used as stated above.  229 

For in situ characterization of the pH biosensor mCherryEA, cells pre-cultivated as described for the in 230 

vitro characterization were washed with 1 M potassium phosphate buffer (PBS) with different set pH-231 

values and finally resuspended in a PBS with respective pH to an OD600 of three. Aliquots of the cell 232 

suspensions (190 µL) were then transferred to black flat-bottomed 96-well microplates. Subsequently 233 

10 µL CTAB (0.05 % (w/v)) were added to the wells and the plate was incubated for 5 min. at room 234 

temperature in the dark for permeabilization of the cell membrane as previously described (Crauwels et 235 
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al., 2018; Goldbeck et al., 2018). Subsequently, fluorescence measurements for biosensor analysis were 236 

performed in a microplate reader as described above.  237 

 238 

In vivo assay to assess pH homeostasis by the use of the plasmid encoded sensor protein mCherryEA in 239 

E. coli liquid cultures 240 

Single colonies of E. coli strains carrying the plasmid pXMJ19_mCherryEA were used to inoculate 5 mL LK 241 

medium, incubated ON/16 hours and then used to inoculate 50 mL LK medium supplemented with 242 

1 mM IPTG to induce expression of the gene for the pH-biosensor protein mCherryEA. Stationary cells 243 

were harvested via centrifugation (3500 rpm, 5 min., 4 °C) and washed twice in 0.9 % NaCl. Finally, cells 244 

were re-suspended in K30 and the suspension then used to inoculate 50 mL K30 medium supplemented 245 

with 1 mM IPTG. The next day, cells were harvested via centrifugation (3500 rpm; 5 min., 4°C) and washed 246 

three times with 0.9 % NaCl. Subsequently, cells were grown for 3 hours either in 50 mL K0.1 or K120-247 

medium supplemented with 1 mM IPTG. Finally, an OD600 of 3 was adjusted by re-suspending the cells in 248 

fresh K0.1 or K120 medium (0.2 % glucose (w/v)) with different pH values. Then, 180 µL of each cell 249 

suspension was transferred to black 96-well plates. Incubation and fluorescence measurements were 250 

carried out using the SpectraMax iD3 plate reader (incubation temperature 37 °C, continuous orbital 251 

shaking at medium intensity). Biosensor signals were then recorded in intervals of five minutes for one 252 

hour. At the end of the experiment, CTAB (final concentration 0.05 % (v/v)) was added manually to each 253 

well in order to verify the biosensor functionality via equilibration of external and internal conditions. 254 

Moreover, this signal was used for re-calibration of the pH biosensor signals at the end of every 255 

experiment.  256 

 257 

 258 
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Robotic colony picking and spotting 259 

Prior colony picking, wells of 96-well microtiter plates (Greiner bio-one B.V., Netherlands) were filled with 260 

150 µL liquid SB medium. Cells from single colonies on transformation plates were picked up using the 261 

colony picking robot (QPix 420, Molecular Devices, LLC, U.S.A.) mounted with a bacterial 96-pin picking 262 

head and transferred to the designated well in the 96-well plate. The QPix robot was programmed to 263 

create a copy of the target 96-well plate in a second prefilled 96-well plate in order to finally get one 264 

working plate and one back-up plate for long-term storage purposes. Following the picking procedure, the 265 

plates were incubated for 16 hours in plate holders at 37°C and 280 rpm. Subsequently, 150 µL glycerol 266 

(50 % (v/v)) were added to the cultures of the back-up plate, which was then immediately stored at -80°C. 267 

The working plate was used as a source plate for robotic spotting using a ROTOR HDA benchtop robot 268 

(Singer Instruments, United Kingdom) on rectangular OmnyTray plates (Singer Instruments) with solidified 269 

SB medium as the target plate. Four liquid source plates were finally combined on one target solid plate 270 

in a 96 well to 384 spots mode. The OmnyTray plates were prepared by using 50 mL of the respective 271 

media supplemented with 1 mM IPTG for biosensor expression. Prior liquid to solid spotting, pins were 272 

rotated five times in the source 96-well plate in order to generate a homogenous mixture of the cell 273 

suspension. Spotting was conducted by setting an overshoot of 1.5 mm and a pin-pressure of 7 % using 274 

long 96-well pins (Singer Instruments). To avoid reflection from the plastic edges of the OmnyTray plates 275 

as well as effects resulting from the outer barrier of arrayed colonies, the outermost lines and rows of 276 

spotted colonies on each plate were excluded from further analysis resulting in 16 x 8 colonies on each 277 

target agar plate.  278 

Data analysis  279 

Analysis of one-way variance (ANOVA) with Tukey´s test was used to assess differences of sensor signals 280 

derived from E. coli strains harboring the genetically encoded biosensor mCherryEA. Differences were 281 

considered statistically significant when p < 0.05.  282 
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3 Results and Discussion 283 

3.1 The plasmid encoded sensor protein mCherryEA allows real-time monitoring of internal pH in E. coli  284 

The mCherry variant with the I158E and Q160A amino acid exchanges, originally engineered to support 285 

excited-state proton transfer for generating a long Stokes shift variant, exhibits at neutral pH two 286 

excitation peaks corresponding to the protonated and deprotonated chromophore with a single emission 287 

peak (Piatkevich et al., 2010). Based on this property, the mCherry variant named mCherryEA, was found 288 

to function as a ratiometric pH sensor protein, because the protonation state of Glu158 is sensitive to the 289 

pH of the surrounding solution, which results in pH-dependent protonation of the chromophore 290 

(Rajendran et al., 2018). To generate a sensor plasmid encoding the mCherryEA, the gene was synthesized 291 

and cloned into the backbone of the expression plasmid pEKEx2, resulting in the plasmid 292 

pEKEx2_mCherryEA. Analysis of the fluorescence properties of the pH biosensor protein mCherryEA in cell 293 

free extracts of E. coli DH5α (pEKEx2_mCherryEA) at different pH-values has shown the expected 294 

ratiometric and pH-dependent change of the emission intensity at 630 nm (Fig. 1a), as previously 295 

described (Rajendran et al., 2018). In detail, an increase of the pH was accompanied by an increased 296 

emission intensity obtained for an excitation at 454 nm (maximum), whereas the emission intensity upon 297 

excitation at 580 nm decreased (Fig. 1a). Consistently, no pH-dependent changes of fluorescence were 298 

detected in cell-free extracts of the empty vector control strain E. coli (pEKEx2) (Fig. S1). Based on the 299 

changes of fluorescence emissions for an excitation of both 454 nm as well as 580 nm, the pH dependent 300 

ratiometric response of the biosensor mCherryEA was calculated (Fig. 1b). As depicted in Fig. 1b, an 301 

approximately eight-fold increase of the ratio occurred with increasing pH values from 6.5 to 9.0. Taking 302 

into consideration that internal pH values between 7.4-7.9 have been reported for E. coli (Roe et al., 2000; 303 

Slonczewski et al., 2009; Krulwich et al., 2011), the mCherryEA biosensor properties seem well suited to 304 

assess changes towards both more alkaline as well as acidic internal pH values. For also testing the in vivo 305 

functionality of the mCherryEA biosensor, E. coli DH5α (pEKEx2_mCherryEA) cells were suspended in PBS 306 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 10, 2021. ; https://doi.org/10.1101/2021.07.08.451719doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.08.451719
http://creativecommons.org/licenses/by-nc-nd/4.0/


buffer with different pH values and subsequently the ratios of the fluorescence signals for the biosensor 307 

mCherryEA determined for each of the cell suspensions in the microplate reader. As depicted in Fig 1c, 308 

increased ratios were determined for E. coli DH5α (pEKEx2_mCherryEA) suspensions in high pH PBS buffer 309 

and low ratios for suspensions in low pH-values. The ratiometric biosensor curve obtained from 310 

mCherryEA in cell-free extracts (Fig. 1b) differed from these determined for suspensions of intact cells 311 

(Fig. 1c). This observation indicates that pH-homeostasis might proceed in the intact cells, causing the 312 

internal pH to be different from the external. The addition of the quaternary ammonium surfactant 313 

cetyltrimethylammonium bromide (CTAB) to cells permeabilizes the cell membrane and disrupts the 314 

proton gradient across the cytoplasmic membrane allowing the internal pH to become identical to the 315 

external (Cella et al., 1952; Crauwels et al., 2018). Indeed, the addition of CTAB to the suspensions of 316 

E. coli DH5α (pEKEx2_mCherryEA) with different pH-values resulted in a shift of the ratiometric 317 

mCherryEA biosensor signals (Fig. 1c). When the pHin values for the CTAB treated cell suspensions were 318 

calculated based on the obtained ratios (Fig. 1d), pHin values within the expected dynamic range of the 319 

biosensor were obtained (Fig. 1d). The pHin for non-permeabilized cell suspensions of E. coli DH5α 320 

(pEKEx2_mCherryEA), however, was different from the external pH (Fig. 1d), indicating that the cells 321 

probably performed to some extent pH-homeostasis even in absence of an energy source.  322 

 323 

 324 
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 325 

Figure 1: In vitro characterization of the pH biosensor mCherryEA using crude cell extracts of E. coli DH5α (pEKEx2_mCherryEA). 326 
The spectral biosensor response upon changes of the respective pH (a) and the corresponding calculated pH dependent ratios 327 
(b). mCherryEA biosensor ratio in E. coli DH5α (pEKEx2_mCherryEA) with and without the addition of CTAB (0.05% (w/v)) (c) and 328 
the calculated internal pH values of permeabilized cells compared to non- permeabilized cells (d). The biosensor protein was 329 
produced in E. coli DH5α (pEKEx2_mCherryEA). Cell extracts were prepared in 1 M PBS buffer with different pH values. For in-situ 330 
characterization, E. coli DH5α (pEKEx2_mCherryEA) was re-suspended in 1 M PBS buffer with different pH values and 331 
subsequently the cell suspension transferred to black 96- well plates. Fluorescence was measured before adding 332 
cetyltrimethylammonium bromide (CTAB) and after the addition of CTAB (incubation for 5 minutes in the dark prior repeating 333 
the fluorescence measurements). Ratio of the biosensor mCherryEA was calculated by dividing the emission intensity (630 nm) 334 
obtained with an excitation at 454 nm by an excitation of 580 nm. Error bars represent standard deviation calculated from at 335 
least three replicates. Curve fitting was conducted using a sigmoidal fit (Boltzmann) in Origin. Fluorescence measurements were 336 
conducted in a SpectraMax iD3 plate reader.  337 

 338 

 339 
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In order to test the pH biosensor mCherryEA for in vivo monitoring of internal pH values, we transformed 340 

E. coli MG 1655 as well as the triple mutant strain E. coli TK 2309, which lacks all three major potassium 341 

uptake systems (Trk- ,Kdp- , Kup-) with the sensor plasmid pXMJ19_mCherryEA resulting in sensor 342 

equipped strains E  coli MG 1655 (pXMJ19_mCherryEA) (WT_S) and E. coli TK 2309 (pXMJ19_mCherryEA) 343 

(TK 2309_S). For E. coli  TK  2309 a growth deficit was reported in presence of less than 5 mM of potassium 344 

in the growth media (Roe et al., 2000). To verify this phenotype for the sensor carrying strain TK 2309_S, 345 

a growth experiment with WT_S as well as TK 2309_S was conducted in K0.1 and K120 minimal medium (Fig. 346 

2a, b). Growth of the WT_S strain proceeded with a rate of 0.12 h-1 and 0.2 h-1 at 0.1 mM and 120 mM 347 

potassium, respectively. (Fig. 2a). At low potassium concentrations a growth deficit for TK 2309 was 348 

observed (Fig. 2b) (Roe et al., 2000). However, this phenotype was abolished in presence of 120 mM 349 

potassium resulting in a growth rate of 0.22 h-1 (Fig. 2b).  350 

For E. coli TK 2309 a strong shift of pHin towards an acidic value of 6.3 has been described upon incubation 351 

at an external pH of 6 and low potassium concentrations (Roe et al., 2000). This strong acidification of pHin 352 

in E. coli TK 2309 does not occur in presence of 120 mM potassium and in E. coli strains with at least one 353 

functional potassium uptake system (Roe et al., 2000). To re-investigate the effects of potassium on pHin 354 

by using the biosensor mCherryEA, we adapted a recently described real-time pH-homeostasis 355 

experiment (Reyes-Fernández and Schuldiner, 2020). For this purpose, WT_S and TK 2309_S were pre-356 

cultivated 24 hours in LK media followed by an cultivation step in K30 medium until the stationary phase 357 

was reached. Following that, the two strains were harvested, washed three times with 0.9 % NaCl and 358 

cultivated in K0.1 and K120 minimal medium for three hours. Finally, the cells were suspended in fresh K0.1 359 

and K120 medium (pH of 6.0) containing 0.2 % (w/v) glucose and then immediately transferred as 180 µl 360 

aliquots into 96-well-plates. Cells were incubated at 37°C and fluorescence signals were recorded in-line 361 

for 60 minutes for determination of internal pH levels. As depicted in Fig. 2c, in presence of 0.1 mM 362 

potassium, the internal pH of WT_S increased from initially 6.5 to approximately 7.0 within 15 minutes of 363 
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incubation. Upon addition of CTAB just before the experiment was ended the sensor signal for pHin 364 

dropped from 7.0 to approximately 6.5, which corresponds to the lower detection limit of the pH 365 

biosensor mCherryEA. A similar time course for pHin was observed for WT_S in presence of 120 mM 366 

potassium, for which the internal pH increased to approximately 7.7 after 15 minutes of incubation (Fig. 367 

2c), before addition of CTAB caused the expected drop of the biosensor signal for pHin. The pHin value of 368 

7.7 measured for WT_S corresponds well to the pHin values between 7.4 and 7.9 previously reported for 369 

E. coli WT strains when incubated under similar conditions (Roe et al., 2000; Slonczewski et al., 2009; 370 

Reyes-Fernández and Schuldiner, 2020). Investigation of pHin via the sensor mCherryEA in the potassium 371 

uptake deficient strain TK2309_S revealed that the sensor signal remained constantly at the lower 372 

detection limit of 6.5 for incubation in K0.1 medium with pH 6.0 (Fig. 2d). As expected for this external pH, 373 

addition of CTAB at the end of the experiment did not have any impact on the sensor signal for pHin. In 374 

presence of 120 mM potassium, the initially recorded internal pH of 6.5 for TK2309_S increased within 375 

the first 20 minutes to around 7.3 ± 0.1 and remained stable at this level prior CTAB addition at the end 376 

of the experiment, which caused the expected drop of the sensor signal (Fig. 2d). The here detected pHin 377 

values for TK2309_S below 6.5 in K0.1  medium and 7.3 for K120  medium correspond well with the internal 378 

pH values of 6.3 and 7.4 previously determined for this strain by the use of [7-14C]-benzoic acid (Roe et al., 379 

2000).  380 

Taken together, these experiments illustrate well the functionality of the sensor mCherryEA for the 381 

analysis of pHin in liquid cultures of E. coli but also revealed restrictions of this method, which are set by 382 

the lower and upper pH detection limits of 6.5 and 8.75 of the used sensor protein.  383 
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 384 

Figure 2: Growth (a, b) and in-line monitoring of the internal pH (c, d) using the biosensor mCherryEA in minimal medium 385 
supplemented with 0.1 mM potassium (K0.1) and 120 mM potassium (K120) for E. coli MG 1655 (pXMJ19_mCherryEA) (WT_S) (a, 386 
c) and E. coli TK 2309 (pXMJ19_mCherryEA) (TK 2309_S) (b, d). Growth experiment was conducted in 50 mL cultures (500 mL 387 
shaking flasks; 37°C, 150 rpm) using K0.1 and K120 minimal medium and 1 % glucose (w/v). Growth was monitored via the optical 388 
density at 600 nm. For in-line monitoring, biosensor strains were prepared as stated in the methods and materials part. Emission 389 
intensity at 630 nm was recorded upon an excitation at 454 nm and 580 nm. At the end of the experiment, 390 
cetyltrimethylammonium bromide (CTAB; final concentration 0.05% (w/v)) was added for sensor calibration purposes as it allows 391 
an equilibration of the internal and external environment.  392 

 393 

 394 

 395 

 396 

 397 
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3.2 The biosensor protein mCherryEA can report the internal pH of E. coli colonies on agar plates 399 

To test if the sensor can be used to directly assess internal pH levels in colonies on agar plates, colonies 400 

of E. coli MG 1655 (pXMJ19_mCherryEA) (WT_S) were spotted on rectangle plates containing SB agar 401 

supplemented with 1 mM IPTG. After the robot assisted spotting, the agar plates were incubated for 402 

20 hours at 37 °C and the fluorescence of the colonies then detected via imaging using an Imaging system 403 

equipped for fluorescence analysis. The fluorescence detection was conducted using two different 404 

capsules for excitation (440 nm and 530 nm) and one filter (595 nm) to measure fluorescence emission. 405 

For colonies of WT_S, a mean fluorescence intensity of 2.22x104 ± 552 FLU was measured for excitation 406 

at 440 nm and a higher fluorescence intensity of 3.04x104 ± 717 FLU when excited at 530 nm (Fig. 3a). For 407 

the empty vector control strain E. coli (pXMJ19), colony fluorescence was more than four (0.48x104 ± 90 408 

FLU) and six (0.44x104 ± 63 FLU) times lower upon excitation at 440 nm and 530 nm, respectively (Fig. 2S). 409 

These results show the proper expression of the biosensor protein mCherryEA in the WT_S colonies on SB 410 

agar plates supplemented with IPTG.  411 

Genetically encoded FRPs have been shown to respond instantaneously to changes of the target internal 412 

parameter in liquid cultures as shown in this study for the FRP mCherryEA in E. coli. This property should 413 

allow to directly verify the biosensor functionality in colonies grown on agar plates. For this purpose, PBS 414 

buffer solutions with different set pH values containing 0.05 % CTAB were applied directly as 5 µl drops 415 

onto each of the colonies and then imaged again in the fluorescence imaging system. The changed 416 

fluorescence emission intensities after exposure of the colonies to the different buffer solutions revealed, 417 

that the biosensor mCherryEA in the now treated colonies responded in a ratiometric manner to the 418 

different pH values (Fig. 3b). In detail, the emission intensity at 595 nm for excitation at 440 nm increased 419 

when adding PBS buffer with higher pH values and the emission intensity for the excitation at 530 nm 420 

decreased at lower pH values (when compared to the initial intensities). By multiplexing the two 421 

fluorescence images derived for the treated colonies at different pH values, where excitation at 440 nm 422 
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was assigned to the false color blue and excitation at 530 nm to the false color red, the effects of the 423 

exposure to low and high pH values could be visualized as a shift from red to blue colored colonies, 424 

respectively (Fig. 3b). The values for the fluorescence intensities obtained upon excitation at 440 nm and 425 

530 nm determined for the colonies on the agar plate were used to calculate ratios for colonies before 426 

exposing them to the different set pH buffer solutions supplemented with CTAB and after their respective 427 

treatment. The ratio of the biosensor signal was shown to be in a narrow range (between 0.7 and 0.8) for 428 

all colonies before exposing them to the buffer solutions (Fig. 3c). Treatment of the colonies with the 429 

different pH-buffer solutions containing CTAB resulted in a two-fold ratio increase from 0.5-0.6 to 1.1-1.2 430 

when adding buffer solutions with pH values of pH 6.5 or 8.75, respectively (Fig. 3c). Based on the 431 

biosensor ratios for untreated colonies, an internal pH of 7.53 ± 0.08 was determined for E. coli MG 1655 432 

(pXMJ19_mCherryEA) (WT_S) (Fig. 3d). This is in accordance with an internal pH value of 7.43 ± 0.01 433 

determined for liquid cultures of WT_S in SB-medium (liquid) (Fig. S3b). In addition, the internal pH of 434 

E. coli TK 2309 (pXMJ19_mCherryEA) (TK 2309_S) grown as colonies on agar plates was determined to be 435 

7.39 ± 0.05 (Fig. 3d). An internal pH of 7.22 ± 0.02 was measured for TK 2309_S liquid cultures in SB-436 

medium (Fig. S3b). By this means, that for both liquid cultures as well as the imaging method on agar 437 

plates, the internal pH of E. coli MG 1655 was significantly higher when compared to the TK 2309 mutant. 438 

Despite the differences with respect to their internal pH, no growth deficit was observed in liquid SB media 439 

for the TK2309_S strain when compared to the WT_S strain (Fig. S3a). Taken together, the results 440 

successfully revealed that: 441 

i) the sensor protein mCherryEA is functional in colonies on agar plates and this method can be 442 

used to directly assess the pHin from bacterial colonies on agar plates. 443 

ii) imaging of the pHin via the FRP (mCherryEA) signals from colonies on agar plates allows to 444 

distinguish colonies with impaired pH-homeostasis capabilities from those with a normal pH-445 

homeostasis, under conditions which do not negatively affect growth patterns.  446 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 10, 2021. ; https://doi.org/10.1101/2021.07.08.451719doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.08.451719
http://creativecommons.org/licenses/by-nc-nd/4.0/


 447 

Figure 3: mCherryEA biosensor signals in E. coli MG 1655 (pXMJ19_mCherryEA) arrayed colonies on agar plate without any 448 
treatment (a) and after adding buffer with different pH values directly on the respective colonies (b). Calculated ratios prior and 449 
after treatment of the colonies (c) and determination of the internal pH values of E. coli MG 1655 (pXMJ19_mCherryEA) (WT_S) 450 
and E. coli TK 2309 (pXMJ19_mCherryEA) (TK 2309_S) (d). 1 M PBS buffer with different set pH values was supplemented with 451 
cetyltrimethylammonium bromide (CTAB; final concentration 0.05 % (w/v)). Internal pH values were analyzed with one-way-452 
Anova followed by Tukey´s test (n.s p > 0.05; * p ≤ 0.05). Error bars represent standard deviation from at least three replicates.  453 

 454 
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3.3 Fluorescent reporter protein-based screening of an E. coli transposon mutant library 455 

To finally validate the concept of using a FRP- sensor to screen a strain library cultivated as colonies on 456 

agar plates, a Tn5 transposon mutant library of E. coli MG1655 was created and transformed with the 457 

plasmid pXMJ19_mCherryEA. Linker-PCR experiments revealed the expected heterogeneity of Tn5 458 

insertion sites for isolates of the mutant library before and after transformation of the sensor plasmid 459 

(Fig. S4). Single colonies of the E. coli Tn5 mutant library carrying pXMJ19_mCherryEA were picked 460 

randomly and transferred to single wells filled with SB-medium in 96-well plates by the use of a QPix420 461 

microbial colony picker. 96-well plates were cultivated over-night and then arrayed on SB-agar plates (pH 462 

7.0, 1 mM IPTG) using a ROTOR HDA. After cultivation of the 384 clones arrayed on three SB-agar plates 463 

(128 each) at 37°C for 24 hours, the plates were imaged using the Vilber Fusion FX system. The average 464 

ratio of all colonies on the screening agar plates (Fig. 4a; Fig. S5a, b) was determined to be 0.50 ± 0.04. In 465 

Fig. 4a the sensor ratio distribution and respective fluorescence image of one screening plate is depicted. 466 

Sensor analysis revealed a colony possessing a reduced ratio of 0.44 (TP1) and another colony which ratio 467 

was drastically increased 0.78 (TP2). For all other colonies such a rational decision was not possible. 468 

However, one further colony located in the lower range of the colony ratios (TP 3; 0.48) and in the higher 469 

(TP 5; 0.59) were isolated for further analysis. Another interesting phenotype (Screening plate 1; Fig. S5a) 470 

was isolated due to its different morphological structure compared to the other colonies growing on the 471 

screening agar plate, even though the ratio of this mutant was just slightly increased with 0.55 (Fig. S5a). 472 

From screening plate 2 no mutant was selected, however, the fluorescence images as well as all analyzed 473 

ratios are provided in Fig. S5b.  474 

The follow-up fluorescence imaging analysis of these five transposon mutants on SB-agar plates (pH 7.0; 475 

Fig. 4b) revealed indeed an acidification of the internal pH for E. coli TP 1 (pHin of 6.91 ± 0.12) and 476 

E. coli TP 3 (pHin 7.37 ± 0.08) when compared to the pHin of 7.53 ± 0.08 measured for the reference strain 477 

E. coli MG 1655 (pXMJ19_mCherryEA) (Fig. 4c). No significant difference of pHin in comparison to the 478 
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reference strain was measured for colonies of E. coli TP 4 (pHin 7.44 ± 0.06; Fig. 4c). In contrast to the 479 

sensor signals of E. coli mutants TP 1, TP 3 and TP 4, the detected biosensor signals for the mutants TP 2 480 

and TP 5 were very low (Fig. 4b). This observation indicates that the biosensor gene was weakly expressed 481 

in the two mutants E. coli TP2 (TN-insertions at cusF) and E. coli TP5 (TN-insertion at ypaD), which does 482 

not allow reliable analysis of the ratiometric signals of the pH-sensor protein for these two strains (Fig. 483 

4b, c).  484 

For E. coli TP1 the Tn5 insertion was mapped to the rssB gene, which encodes the adaptor protein RssB, 485 

which is in the control of degradation of σS encoded by rpoS (Ruiz et al., 2001; Pruteanu and Hengge-486 

Aronis, 2002). For E. coli TP 3 the trkH gene for the major potassium uptake system TrkH (Schlosser et al., 487 

1995) was found to be disrupted by the transposon. For the Tn5-mutagenesis derived strain E. coli TP4, 488 

the gene bcsA, encoding the cellulose synthase BcsA (Srra et al., 2013) was found to be disrupted. BcsA 489 

contributes to the synthesis of cellulose, a mayor structural composite required for biofilm formation 490 

(Serra et al., 2013). Lack of BcsA could underlie the observed altered colony morphology of E. coli TP4 on 491 

the screening SB-agar plate (Fig. S5a). After re-spotting this strain, however, the morphologically changed 492 

structure of the colony was not reproducible but similar to the morphology of the other mutants. For 493 

BcsA, no involvement in pH-homeostasis has been reported. This is in agreement to the similar pHin-values 494 

measured for E. coli TP4 and the reference strain when cultivated on SB-agar plates (Fig. 4c).  495 

To further validate the results, pHin of the Tn5-mutants E. coli TP1, E. coli TP3 and E. coli TP4 was analyzed 496 

for liquid cultures in minimal medium at different pHex values and potassium concentrations after one 497 

hour of incubation (Fig. 4d). In presence of 120 mM potassium and a pHex of 6.0, pHin values of 7.35 ± 0.02 498 

and 7.15 ± 0.19 were measured for E. coli TP1 and E. coli TP3, respectively, which are significantly lower 499 

values when compared to a pHin of 7.63 ± 0.08 measured for WT_S (Fig. 4d). In case of E. coli TP3, this 500 

value is almost identical to the pHin value of 7.14 ± 0.15 of TK 2309_S (Fig. 4d). Upon exposure to a pHex of 501 

8.0 and in presence of 120 mM potassium, the pHin values of both E. coli TP3 and TK 2309_S mutant (pHin 502 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 10, 2021. ; https://doi.org/10.1101/2021.07.08.451719doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.08.451719
http://creativecommons.org/licenses/by-nc-nd/4.0/


7.97 ± 0.07 and pHin 8.06 ± 0.05, respectively) were not significantly different from the pHin of 7.88 ± 0.08 503 

measured for WT_S, whereas the pHin of E. coli TP1 remained at 7.18 ± 0.09 (Fig. 4d). At low potassium 504 

concentrations (0.1 mM) and a pHex of 6.0 neutral to slightly acidic pHin values were determined for all 505 

strains. In detail a pHin of 7.05 ± 0.01 was measured for E. coli TP 1 and a pHin of 6.96 ± 0.03 for WT_S, a 506 

pHin of 6.86 ± 0.03 for E. coli TP 3, and the lowest pHin of 6.55 ± 0.02 was measured in TK2309_S. To note, 507 

when setting an external pH of 8 and in presence of low potassium concentrations, still a neutral pHin of 508 

7.17 ± 0.1 was determined for E. coli TP 1. In contrast, under these conditions E. coli TP 3 and WT_S 509 

revealed more alkaline pHin values of 7.75 ± 0.1 and 7.85 ± 0.04, respectively. A pHin of 7.37 ± 0.06 was 510 

determined for E. coli TK 2309_S (Fig. 4d). As expected from the analyses on SB-agar plates, for all four 511 

tested cultivation conditions no significant differences of pHin values of E. coli TP 4 when compared to 512 

these of the reference strain WT_S were observed (Fig. 4d). 513 

These results show that the E. coli TP1 and E. coli TP3, identified via image analysis of colonies on SB-agar 514 

plates as candidates with altered pH-homeostasis properties, revealed Tn5 insertions in genes known to 515 

be involved in pH-homeostasis or pH-stress adaptation (Roe et al., 2000; Battesti et al., 2011). For the 516 

Tn5-mutant defective in rssB (TP1), it should be highlighted that this strain maintained a stable neutral 517 

pHin between 7.0 and 7.2, independent of the here applied external conditions with respect to both pHex 518 

as well as potassium concentrations. This observed phenotype of E. coli TP1 is probably brought by 519 

constitutively high levels of the σS (RpoS), which in turn might lead to increased transcription of genes for 520 

the general stress response in E. coli (Battesti et al., 2011; Gottesman, 2019). This can be explained by the 521 

functionality of rssB, as it mediates σS degradation by the ATP-dependent protease ClpXP in absence of 522 

any stress (Muffler et al., 1996; Dorich et al., 2019). Consequently, inactivation of the rssB gene leads to 523 

a constant “ON”-state of the general stress response because of the absence of the proteolytic 524 

degradation of RpoS. For E. coli TP3, which carries the Tn5 insertion within the trkH gene, it might irritate 525 

that the difference of pHin (compared to the reference strain WT_S) was only detected to be significant in 526 
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presence of high amounts of potassium. However, expression of genes for potassium systems is repressed 527 

in presence of high potassium concentrations in E. coli (Laermann et al., 2013; Schramke et al., 2016), 528 

which in turn causes alterations of pHin in trkH-deficient strains also at potassium concentrations above 529 

20 mM (Roe et al., 2000).  530 

Taken together, the use of a FRP sensor for internal pH measurements (mCherryEA) was successfully 531 

applied to identify mutants on agar plates with altered internal pH levels, which subsequently was verified 532 

in liquid cultures. This illustrates the potential and flexibility brought by FRP sensors as it can be applied 533 

for both real-time monitoring as well as screening purposes, two methods of great importance to 534 

understand intracellular processes mechanistically. The efficiency of a screening method is determined by 535 

its signal to noise ratio. The ratiometric characteristic of many FRPs, like the here applied mCherryEA, 536 

provide the advantage that the biosensor signal is independent of the absolute amount of sensor 537 

molecules and thus differences in expression strength within the library do not affect the sensor signal. 538 

To note, combinatorial sensor set-ups (TFBs and FRPs) could capture both actual intracellular values 539 

(metabolite concentration or physiological states) and more regulatory elements (activation or repression 540 

of genetic circuits). Gaining insights of both is key for a systematic and profound physiological 541 

characterization of engineered platform organisms for industrial Biotechnology. Thus, the here 542 

established method provides a first step towards implementing fast sensor proteins in a routinely manner 543 

at an early stage such as screening of mutant libraries for a better understanding of molecular 544 

mechanisms.  545 
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Figure 4: Fluorescence image of a screening plate with transposon derived mutants of E  coli MG1655 equipped with the pH 547 
sensor plasmid pXMJ19_mCherryEA (a) and different selected transposon mutants re-spotted in eight replicates on SB- agar 548 
plates (b). The respective internal pH of eight replicates for the selected transposon mutants was determined and compared to 549 
E. coli MG 1655 (pXMJ19_mCherryEA) (WT_S) and E. coli TK 2309 (pXMJ19_mCherryEA) (TK 2309_S) (c). Internal pH levels of 550 
selected transposon mutants was verified and compared to WT_S and TK 2309_S strains in liquid media (minimal medium K0.1 551 
and K120) at different external set pH values (d). Error bars represent standard deviation of at least three replicates. Statistical 552 
analysis was performed via One-Way-Anova followed by a Tukey´s test (n.s p > 0.05; * p ≤ 0.05; ** p ≤ 0.01). Internal pH was not 553 
determined (n.d) for TP 2 and TP 5 mutants due to its weak biosensor expression.  554 

 555 

4 Conclusion 556 

High-throughput arrays of bacterial strain libraries on agar plates have become a versatile tool for 557 

phenotypic analysis towards a comprehensive understanding of gene functions and interactions in 558 

microorganisms in various cultivation conditions (Côté et al., 2016; Peters et al., 2016; Galardini et al., 559 

2017). The use of genetically encoded sensors offer additional possibilities to investigate strain libraries 560 

for a single physiological parameter besides growth (Germond et al., 2016; Sanford and Palmer, 2017; 561 

Sarnaik et al., 2020) and the combination of transcription-factor-based biosensors (TFBs) with phenotypic 562 

arrays on agar plates enabled comprehensive, non-destructive, temporally resolved gene expression 563 

studies (French et al., 2018). In contrast to this type of biosensor, fluorescent reporter proteins (FRPs) are 564 

commonly used in microorganisms for real-time monitoring of fast internal kinetics upon an 565 

environmental trigger (Bermejo et al., 2011a; Martynov et al., 2018; Depaoli et al., 2019). On the one 566 

hand, their fast response is a challenge for their use in FACS- based screening approaches. On the other 567 

hand, this characteristic provides to measure the actual state of the cell rather than measuring 568 

physiological states or metabolite concentrations from the past. In this communication, the FRP- based 569 

genetically encoded pH-sensor mCherryEA was successfully applied to screen E. coli mutant colonies 570 

arrayed on agar plates via fluorescence imaging. By exchanging the filters of the imaging system towards 571 

the properties of other sensor proteins, the here developed technology can be applied for other 572 

metabolites and physiological states in colonies and thus become a versatile first step in comprehensive 573 

phenotypic analysis of genome-wide libraries of bacterial strains using FRP- based biosensors.  574 
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