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Abstract 

Microbial bioproduction of the aromatic acid anthranilate (oAB, ortho-aminobenzoate) has the 

potential to replace its current, environmentally demanding production process. The host 

organism employed for such a process needs to fulfill certain demands to achieve industrially 

relevant product titers. As anthranilate is toxic for microorganisms, the use of especially robust 

production hosts can overcome issues due to product inhibition. The microorganisms 

Corynebacterium glutamicum and Pseudomonas putida are known for high tolerance towards 

a variety of chemicals and could serve as promising platform strains. In this study, the resistance 

of both wild-type strains towards anthranilate was assessed. To further enhance their native 

tolerance, adaptive laboratory evolution (ALE) was applied. Sequential batch fermentation 

processes were developed, adapted to the cultivation demands for C. glutamicum and P. putida, 

to enable long-term cultivation in the presence of anthranilate. Isolation and analysis of single 

mutants revealed phenotypes with improved growth behavior in the presence of anthranilate for 

both strains. The characterization and improvement of both potential hosts delivers an important 

basis for further process optimization and will aid to establish an industrially competitive 

method for microbial synthesis of anthranilate. 
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1 Introduction 

Growing awareness of climate change and pollution has led to a thriving development of 

alternative, “green” production routes of diverse platform chemicals1,2. In recent years, several 

bio-based synthesis routes of aromatic compounds have been established, e.g. for phenol3, 

cinnamic and p-hydroxycinnamic acid4,5, styrene6 or vanillin7. The aromatic amino acid 

anthranilate (oAB, ortho-aminobenzoate) is used as precursor for several plastic products, 

pharmaceutical compounds and in the food industry8–10. It can be converted to aniline, a primary 

precursor for methylene diphenyl di-isocyanate which is used to produce polyurethane 

foams11,12. Several microbial proof-of-concept production routes of anthranilate have been 

developed so far, utilizing a diverse range of production hosts including Escherichia coli13, 

Bacillus subtilis14, Corynebacterium glutamicum15, and Pseudomonas putida16. Anthranilate 

inhibits specific enzymes and disturbs cellular processes like biofilm formation, as observed for 

a variety of microorganisms17. Besides this specific effect, the addition of high concentrations 

of anthranilate at neutral pH also causes osmotic stress18. Product toxicity is often a critical 

point for microbial production of aromatic compounds19,20. There are different possibilities to 

overcome this issue like in situ removal of toxic products from the medium by extraction or 

absorption21,22. Such methods, however, are usually more effective at higher product 

concentrations. For this reason, the utilization of stress-tolerant microorganisms enables a 

greater degree of freedom in process development, leading to better performance of anthranilate 

biocatalysis16. 

Corynebacterium glutamicum, a Gram-positive bacterium belonging to the order of 

Actinomycetes, is well-known as workhorse for the large-scale production of amino acids23–26. 

The application spectrum of the organism is constantly being broadened due to its versatile 

metabolism and stable growth behavior27. Examples of this include the production of the 

positional isomer of anthranilate, para-aminobenzoate (PABA)28 and the synthesis of complex 

plant polyphenols29. The cytoplasmic membrane in Gram-positive bacteria is surrounded by a 

thick peptidoglycan cell wall that is especially stress-resistant. This robust physiological barrier 

renders the organism impenetrable to many chemicals and antibiotics30. C. glutamicum can also 

respond to external influences by inducing tolerance responses within the cells31. These include 

for example the production of non-enzymatic antioxidants32 or the conversion of toxic agents 

into less harmful compounds33. Another promising candidate for anthranilate production is the 

Gram-negative bacterium Pseudomonas putida. The stress tolerance of this organism has been 

extensively studied in the past34–36. The cell envelope of Gram-negative bacteria is less 

physically resistant to external factors. However, P. putida is able to adapt the composition of 

its inner and outer membranes to lower the permeability for substrates. This can be achieved by 

shifting the ratio of saturated to unsaturated fatty acids to enhance membrane stability.37 

Furthermore, the organism is able to increase its substrate uptake rate and re-route its 

metabolism for production of reducing equivalents to cope with energy-consuming tolerance 

mechanisms38–40. In addition, some strains of P. putida express solvent pumps that can actively 

extrude toxic compounds from the inner membrane41. This enables them to withstand even 

highly toxic compounds such as toluene38 or styrene42. It is unlikely that the solvent pumps 

grant a higher tolerance towards charged molecules like anthranilate, but other transporters are 

known to confer higher resistance to similar molecules like p-hydroxybenzoate or p-coumaric 
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acid43,44. With these traits, C. glutamicum and P. putida can be considered as interesting hosts 

for anthranilate production, as both organisms employ different tolerance mechanisms, 

particularly regarding their cell wall structure. 

Similar to other industrial biotechnology processes and their respective products, anthranilate 

titers should ideally exceed 100 g L-1, but this number greatly depends on the overall process, 

including the fermentation mode (batch, fed-batch, continuous) and the chosen downstream 

process.45 While the native abilities of both P. putida and C. glutamicum set a strong starting 

point as production hosts for anthranilate, these capacities can be further exploited to gain more 

tolerant and thus more productive strains by applying adaptive laboratory evolution (ALE). 

ALE is a common strategy to obtain phenotypes with a better adaptation to certain stress 

conditions caused by naturally occurring mutations46,47. This technique has previously been 

successfully applied to P. putida to increase tolerance to organic solvents48 and ionic liquids49, 

the tolerance and metabolism of coumarate and ferulate50, and the metabolism of ethylene 

glycol51, 1,4-butanediol52, and xylose53. With C. glutamicum, ALE has been used to enhance 

tolerance to lignocellulose-derived inhibitors54, high temperature and solvents55, and 

methanol56,57, as well as for other objectives such as productivity, growth and substrate 

utilization58. 

In this study, we report an adaptation of strains of C. glutamicum and P. putida to gradually 

increasing concentrations of anthranilate by applying ALE. An assessment of anthranilate 

tolerance of the wild-type strains of both organisms set the starting point for ALE using 

sequential shake flask cultivations and sequential batch fermentations. Single colony isolation 

and evaluation resulted in the selection of improved strains of P. putida and C. glutamicum with 

enhanced tolerance towards anthranilate. An application of these improved strains for microbial 

anthranilate production could enhance production efficiencies and lay the basis for a less 

environmentally demanding production of this versatile aromatic acid. 

2 Materials and methods 

2.1 Bacterial strains and media 

Wild-type strains of P. putida KT2440 (ATCC 47054) and C. glutamicum (ATCC 13032) were 

used in this study. The cultivation in shake flasks took place at 30°C and 250 rpm. P. putida 

KT2440 was cultivated in mineral salts medium (MSM) according to Wierckx et al.59 at pH 7.0 

and was composed of glucose (20 mM), K2HPO4 (3.88 g L-1), NaH2PO4.2H2O (2.12 g L-1), 

(NH4)2SO4 (2 g L-1), EDTA (0.01 g L-1), MgCl2.6H2O (0.1 g L-1), ZnSO4.7H2O (0.002 g L-1), 

CaCl2.2H2O (0.001 g L-1), FeSO4.7H2O (0.005 g L-1), Na2MoO4.2H2O (0.0002 g L-1), 

CuSO4.5H2O (0.0002 g L-1), CoCl2.6H2O (0.0004 g L-1) and MnCl2.2H2O (0.001 g L-1). Main 

cultures of P. putida KT2440 were inoculated from an overnight mineral medium pre-culture. 

Strains of C. glutamicum were cultivated in CGXII medium (pH 7.0) containing glucose (22 

mM), MOPS (42 g L-1, urea (5 g L-1), (NH4)2SO4 (20 g L-1), MgSO4.7H2O (0.25 g L-1), 

KH2PO4 (1 g L-1), K2HPO4 (1g L-1), CaCl2 (0.01 g L-1), FeSO4.7H2O (0.01 g L-1), NiCl2.6H2O 

(0.02 mg L-1), CuSO4.5H2O (0.0002 g L-1), ZnSO4.7H2O (0.001 g L-1), MnSO4.H2O (0.01 g 

L-1), biotin solution (0.0002 g L-1) and protocatechuate (0.003 g L-1). Main cultures were 

inoculated from overnight CGXII medium plus 10% brain heart infusion (BHI) pre-cultures 
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which were inoculated from BHI pre-cultures. For tolerance experiments, the medium was 

supplemented with 2.5 to 15 g L-1 anthranilate (200 g L-1 stock solution pH 7). The strains were 

stored as cryo cultures containing 25 % glycerol at - 80°C. 

2.2 Culture conditions 

To investigate the tolerance of C. glutamicum towards anthranilate, batch fermentations were 

performed in controlled bioreactors. Cultivation took place in CGXII fermenter medium 

composed as described above without the addition of MOPS, Urea, biotin solution and 

protocatechuate. The bioreactors were inoculated with a starting OD600 of 0 .3 from overnight 

pre-cultures (first pre-culture in BHI, second pre-culture in CGXII + 10 % BHI). The reactors 

were operated containing 400 mL CGXII-fermenter medium at 30 °C, 500 to 1200 rpm (dO2 

regulated agitation cascade with a low limit of 35 % dO2), 1 vvm aeration with compressed air, 

pH regulation to pH = 7 with 2 N KOH (no pH control above pH 7.0). The fermenters were 

supplemented with different anthranilate concentrations at different time points during the early 

exponential growth phase of the culture. Cultivation of P. putida KT2440 to assess its tolerance 

towards anthranilate took place in controlled bioreactors (New Brunswick, Eppendorf, 

Germany) in mineral medium with 20 mM glucose, a 2-fold PO4-buffer concentration and a 2-

fold (NH4)2SO4. The bioreactors were inoculated with a starting OD600 of 0.2 from overnight 

pre-cultures. The reactors were operated with 400 mL mineral medium at 30 °C, 500 to 1200 

rpm (dO2 regulated agitation cascade with a low limit of 35 % dO2), 1 vvm aeration with 

compressed air, pH regulation to pH = 7 with 2 N KOH (no pH control above pH 7.0). 

Anthranilate was added to the medium at the beginning of the fermentation. 

P. putida KT2440 and C. glutamicum wild-type strains were sequentially inoculated in mineral 

salts medium (P. putida) or CGXII medium (C. glutamicum) with 5 g L-1 anthranilate in shake 

flasks and cultivated at 30 °C and 250 rpm. Every morning fresh sequential batch shake flasks 

were inoculated with a starting OD600 of about 0.2 and every evening with a starting OD600 of 

about 0.025. Evolved strains were tested for improved anthranilate tolerance as described 

above.  

To further enhance the tolerance of P. putida towards anthranilate, a sequential batch 

fermentation was developed. Bioreactors were inoculated with a mineral medium overnight 

pre-culture of P. putida with a starting OD600 of 0.2. The fermentation medium was 400 mL 

mineral medium with 50 mM glucose, a 2-fold PO4-buffer and (NH4)2SO4 concentration, and 

5 g L-1 anthranilate. The P. putida fermentations were performed at 30 °C, with 500 to 1200 

rpm agitation (dO2 regulated agitation cascade with a low limit of 35 % dO2), with 1 vvm 

aeration of compressed air, the pH was regulated to pH 7 with 2 N KOH (no pH control above 

pH 7). An automatic refill of the fermenter was triggered when the following conditions were 

met: 1) fermentation medium reached pH 8.0, 2) the process time of one batch reached at least 

20 hours and 3) the base pump was operated at a minimum of 8 AU. Base consumption is 

expressed in arbitrary units (AU) because calibration of pumps and sensors became unreliable 

during the very long term cultivation. The refill procedure was composed of 5 steps: 1) The 

broth was pumped out of the fermenter, leaving approximately 20 mL; 2) 40 mL of fresh 

medium were pumped into the fermenter; 3) the fermenter was pumped out again, 20 mL of 

fermentation broth remained in the system; 4) the fermenter was refilled with 380 mL of fresh 
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medium; 5) the desired concentration of anthranilate was added from a 200 g L-1 stock (pH 7) 

to the medium in less than 5 minutes immediately after the refill. The set point of the 

anthranilate concentration was manually increased (starting from 5g L-1) at different time points 

to a final concentration of 15 g L-1 in steps of 0.25 to 1 g L-1. During the refill process the pH 

control and the dO2 cascade to control the stirrer were disabled. The last sample was analyzed 

after about 4200 hours.  

A similar strategy was applied for C. glutamicum to increase its tolerance towards anthranilate. 

Bioreactors were inoculated with pre-cultures of C. glutamicum (first pre-culture in BHI, 

second pre-culture in CGXII + 10 % BHI) to a starting OD600 of about 0.2. The fermentation 

medium was 400 ml CGXII fermenter medium including 3 mg L-1 protocatechuate, 100 mM 

glucose and 100 µL L-1 antifoam. The fermentations were performed at 30 °C, with 500 to 1200 

rpm agitation (dO2 regulated agitation cascade with a low limit of 35 % dO2), with 1 vvm 

aeration of compressed air, the pH was regulated to pH 7 with 2 M KOH (no pH control above 

pH 7). The addition of anthranilate was realized by gradually pumping the desired volume of a 

200 g L-1 anthranilate stock (pH 7 set with KOH) into the fermenter from hour 4 to hour 7. To 

automatically control the trigger for a refill of the sequential batch fermenters with fresh 

medium the following constrains were set: 1) the process time of one batch had to reach at least 

30 hours, 3) the base pump had to pump at least 50 AU and 3) the dO2 had to reach at least 

80 %. If these constrains were fulfilled the batch time was set to zero and the refill was triggered. 

The refill procedure is composed of the 4 steps described above for P. putida. Since anthranilate 

addition took place after the initial growth phase for C. glutamicum, step 5 was changed: At 

hour 4 the anthranilate pump was switched on for three hours. The final anthranilate 

concentration was set by varying the pump speed. The initial anthranilate concentration was set 

to 15g L-1. The last samples were taken from the reactors after about 1400 hours. 

2.3 Evolved single mutant isolation 

To isolate single clones with the highest anthranilate tolerance from the populations evolved 

during the sequential batch fermentation, cryo cultures were re-inoculated in shake flasks and 

several dilutions were plated out on CGXII (C. glutamicum) or mineral medium (P. putida) 

agar plates supplemented with 0, 10, 15, 20, 25, and 30 g L-1 anthranilate. The plates were 

incubated at 30 °C.  

2.4 Analytical methods 

Bacterial growth was monitored as optical density at a wavelength of 600 nm (OD600) with a 

spectrophotometer (Ultrospec 10 cell density meter, GE Healthcare) using cuvettes with 1 cm 

path length. Growth rates during the exponential growth phase were evaluated with exponential 

regression in Microsoft Excel 2016 using a minimum set of four data points. 

For HPLC analysis 500 µL of medium was removed from the culture and centrifuged at 13,000 

rpm for 2 minutes. The supernatant was transferred to HPLC glass vials for analysis. 

Reverse phase HPLC was performed to monitor anthranilate and glycosyl-anthranilate 

concentrations in the cultivation medium. The analysis was carried out using a Beckmann 

System Gold 125 166 HPLC with an autosampler, UV/vis detector and a C18 reverse phase 
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column (LiChroCART 250-4 C18, 250 x 4 mm, Merck). Samples (5 µL) were injected at a flow 

rate of 1.2 ml min-1 and a column temperature of 30°C. The column was eluted with double-

distilled water plus 0.1 % TFA and methanol. The eluent began as a mixture of 90 % water/TFA 

and 10 % methanol for 2 minutes before a linear gradient was applied for 10 minutes to reach 

100 % methanol. This eluent was held for 2 minutes until a second linear gradient was applied 

over the course of 2 minutes to reach a mixture of 90 % water/TFA and 10 % methanol. The 

eluent was monitored at 257 nm. Anthranilate and glycosyl-anthranilate eluted at minute 4.5 

and 4.7, respectively. Due to a lack of standards, all glycosyl-anthranilate values given are 

determined mathematically by subtraction.  

The analysis of C6 sugars (glucose, gluconate and ketogluconate) was carried out in a 

Beckmann System Gold 125 166 HPLC with an autosampler using a polystyrol-divinylbenzol 

copolymer (PS-DVB) column (organic acid resin, 300 x 8.0 mm, CS-Chromatographie). 

Samples (5 µL) were injected at a flow rate of 0.8 ml/min and a column temperature of 75°C. 

The column was eluted with double-distilled water containing 5 mM H2SO4 for 11 minutes. 

The detection was accomplished with an UV/VIS detector at 210 nm and a refractory index 

(RI) detector (RI-101, Shodex). 

3 RESULTS 

3.1 Evaluation of tolerance of P. putida and C. glutamicum towards anthranilate 

For the initial assessment of anthranilate tolerance, P. putida and C. glutamicum were cultivated 

in shake flasks in, respectively mineral salts medium (MSM) and CGXII-medium 

supplemented with different anthranilate concentrations prior to inoculation. At a concentration 

of 5 g L-1 anthranilate, a 63 % reduced growth rate and a 48 % reduced final OD600 were 

observed for P. putida, while growth was completely inhibited in the presence of 10 g L-1 

anthranilate and above (Figure 1 A). The fitness of C. glutamicum was also significantly 

reduced with increasing amounts of anthranilate reflected by lower growth rates and a 

prolonged lag phase (Figure 1 B). However, the cultures containing 2.5 and 5 g L-1 anthranilate 

reached a final OD600 comparable to the control after 24 hours of cultivation. At 10 g L-1 

anthranilate the final OD600 was reduced by 67% after 23h, however a prolonged cultivation 

could have resulted in a higher biomass concentration. The two organisms responded markedly 

different to anthranilate stress. P. putida grew slower and had a lower biomass yield, while C. 

glutamicum had a long lag phase but was not affected in its biomass yield. The long lag phases 

of C. glutamicum were circumvented by supplementation with anthranilate in the early 

exponential growth phase (Figure 1 C). In these cultures, the growth rates decreased with 

increasing anthranilate concentrations, but all cultures reached comparable final optical 

densities. At 10 g L-1 anthranilate the growth rate was reduced by 60 % while the final OD600 

was reduced by only 19 % compared to the control. Applying a similar strategy to P. putida 

had no effect on anthranilate tolerance compared to ab inito addition. 
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most of the culture broth and adding fresh medium. The initial anthranilate concentration of 5 

g L-1 was manually increased at indicated time points. During the adaptation to increasing 

amounts of anthranilate in the sequential batches of the fermentation the strain P. putida oAB16 

was eventually able to tolerate concentrations of 15 g L-1 anthranilate after about 4200 hours 

(112 batches, Figure 4 C). It was further observed that the longer the cells were grown in the 

sequential batch fermentation in the presence of a certain concentration of anthranilate, the 

shorter the process time was for one batch and the higher the final OD600 was at the end of a 

batch (Figure 4D). For some batches, the concentrations of glucose, gluconate and 2-

ketogluconate and the presence of anthranilate and glycosyl-anthranilate were monitored by 

HPLC. This confirmed that glucose, gluconate and 2-ketogluconate were completely consumed 

by the end of the batch (Figure 4 B). A decrease of the anthranilate concentration, either through 

catabolism or glycosylation was not observed. 

A different strategy was developed to increase the tolerance of C. glutamicum towards 

anthranilate. Three bioreactors were inoculated with overnight cultures of the wild-type strain. 

The initial fermentation was performed in CGXII-medium with anthranilate added gradually 

during the growth phase. A typical batch fermentation profile under anthranilate stress is shown 

in Figure 5.  

 

Figure 5. Sequential batch fermentation of C. glutamicum in the presence of anthranilate. (A) A typical batch 

fermentation profile of C. glutamicum with glucose as sole carbon source under anthranilate stress. (red: dO2[%], 

green: KOH consumption [AU], orange: anthranilate pump [%]). The black lines indicate the different phases of 

one batch. 1: Beginning of batch, 2: Start of anthranilate addition, 3: Glucose is limited, beginning of starvation. 

4: End of batch, glucose is consumed. (B) During 24 batches within 1400 hours of sequential batch fermentation 

the initial concentration of 15 g L-1 was gradually increased to 25.9 g L-1. 
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The pH was maintained at pH 7 with 2 N KOH since C. glutamicum acidifies the medium 

during growth. At the end of a batch fermentation an increase in dO2 can be observed as a 

consequence of starvation, which was set as a trigger to start the next batch. The addition of 

anthranilate was realized by gradually pumping the required volume of a 200 g L-1 anthranilate 

stock into the fermenter from hours 4 to 7. Fermenters were sampled at different time points 

for analysis and cryo conservation. With this strategy, 26 sequential batches over a process time 

of about 1,400 hours were performed per reactor (Figure 5). The anthranilate concentration was 

increased from initially 15 g L-1 to a maximum of 25.9 g L-1 anthranilate (Figure 5B). The 

concentration of glucose, anthranilate, and glycosyl-anthranilate was monitored by HPLC as 

described above. The same phenomenon described in Figure 2 was also observed during the 

sequential batch fermentations. During the anthranilate addition phase when the glucose 

concentration was high, about half of the anthranilate was spontaneously converted into 

glycosyl-anthranilate. As glucose was consumed, the concentration of glycosyl-anthranilate 

decreased to zero resulting in the anthranilate concentration that was initially added to the 

culture. 

3.2.3 Single mutant selection 

Cryo conservation samples were taken from the SBF at different time points during ALE. . 

These samples were diluted and inoculated on agar plates with anthranilate to evaluate the 

tolerance enhancement of evolved populations. Figure 6 shows an example from one sequential 

batch fermentation of C. glutamicum. Samples from ALE later time points showed a clear 

increase of colony forming units (CFU) on CGXII plates with high anthranilate concentrations.  

 

Figure 6. Agar plate evaluation of C. glutamicum cultures from one sequential batch fermentation on CGXII 

medium plates with 22 mM glucose supplemented with 10 g L-1 anthranilate. (A) C. glutamicum wild-type (B) 

SBF1 hour 336 (C) SBF1 hour 936 (D) SBF1 hour 1392 after 24h of incubation at 30°C. 

ALE cryo cultures of P. putida (at 4200 h) and C. glutamicum (at 1400 h) were plated on agar 

plates containing up to 20 and 30 g L-1 anthranilate and single colonies were picked. To select 

the best performing single clones, growth of these single colonies was monitored in liquid 

cultures in a growth profiler® (Enzyscreen, The Netherlands). Twelve evolved mutants of P. 

putida from each reactor were cultivated in 96-well plates in MSM containing 20 mM of 

glucose. No growth defects were observed compared to the wild-type in the control condition 

(0 g L-1 anthranilate). In the presence of 2 g L-1 anthranilate, the evolved strains of P. putida 

showed varying fitness levels indicated by both growth rate and final optical density on glucose. 

While some clones show improved growth rates and reach higher biomass, some also grew 

significantly worse under anthranilate stress compared to the wild-type. Interestingly, there is a 

clear difference in performance under anthranilate stress of the populations obtained from the 
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two parallel sequential batch fermentations. Colonies from fermenter 1 showed impaired 

growth, while colonies from fermenter 2 showed improved performance under anthranilate 

stress (Figure 7A). For C. glutamicum, eight isolated mutants from each of the three reactors 

were cultivated in 96-well plates in the growth profiler in CGXII-medium supplemented with 

10 g L-1 anthranilate prior to inoculation. No growth defects were observed compared to the 

wild-type in the control condition (0 g L-1 anthranilate) (Data not shown). In the presence of 

anthranilate, the evolved strains of C. glutamicum overall showed enhanced tolerance compared 

to the wild-type. Figure 7 shows the growth rate and OD600 on glucose of isolated strains in the 

presence of anthranilate compared to the wild-type. While most strains showed an improved 

growth rate in the presence of anthranilate, the biomass generation of most strains remained 

below that of the wild-type. Colonies isolated from the three fermenters showed similar 

behavior when exposed to anthranilate (Figure 7B). 
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Figure 7. (A) Growth rate (µ) and biomass formation of isolated evolved colonies of P. putida from fermenter 1 

(SBF1) and fermenter 2 (SBF2) compared to the un-evolved wild-type in MSM containing 20 mM glucose and 2 

g L-1 anthranilate. (B) Growth rate (µ) and OD of isolated colonies of C. glutamicum from fermenter 1 (SBF1), 

fermenter 2 (SBF2) and 3 (SBF3) compared to the un-evolved wild-type in CGXII-medium containing 22 mM 

glucose 10 g L-1 anthranilate. Error bars represent the standard deviation (n=4). 

3.2.4 Evaluation of selected ALE strains 

The two most promising strains of P. putida were re-named oAB128.1 and oAB128.2 and 

cultivated in controlled bioreactors in the presence of 10 g L-1 anthranilate (Figure 8). In contrast 

to the wild-type, both evolved strains can grow in the presence of 10 g L-1 anthranilate. Under 

these conditions, the best performing evolved P. putida strain oAB128.1 has 33 % of the growth 

rate and 68 % of the final OD600 compared to the wild-type growing without anthranilate stress. 

The SBF of P. putida was continued after the last sampling at 4200 h as a backup measure. One 

batch of this SBF from hour 4630 to 4660 (the anthranilate concentration in the reactor was at 

15 g L-1 at this point) was analyzed in parallel in order to assess the effect of adaptation versus 

evolution. The growth rate of this strain at 15 g L-1 was comparable to strain P. putida oAB128.1 

at 10 g L-1, but the culture had a shorter lag phase compared to P. putida oAB128.1. Cryo 
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conservation and passing of the strains on rich medium had no effect on the phenotype of 

improved tolerance. 
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Figure 8. Growth behavior and growth rates in controlled bioreactors of P. putida KT2440 (WT), oAB128.1 and 

oAB128.2 in the presence of 10 g L-1 anthranilate and of the running batch fermentation in the presence of 15 g L-

1 anthranilate. Error bars represent the standard error (n=2). 

Two of the best performing evolved strains of C. glutamicum, now named oAB26.1 and 

oAB26.2, were subsequently evaluated in batch fermentations in controlled bioreactors. The 

fermenters were supplemented with three manual anthranilate injections at hour 3, 4 and 5, 

which resulted in final concentrations of 15 or 25 g L-1 anthranilate in the reactor (Figure 9). In 

comparison to the wild-type, both evolved strains grew to a higher final OD600 at both 

concentrations of anthranilate. While growth of Evo26.1 do not significantly differ from the 

wild type, the best performing evolved strain C. glutamicum oAB26.2 has a 2.2-fold increased 

growth rate and 1.4-fold higher final OD600 compared to the wild-type at 25 g L-1 anthranilate.  

 

Figure 9. Growth behavior of C. glutamicum oAB26.1 and oAB26.2 in controlled bioreactors in CGXII medium 

in the presence of 15 (A) and 25 (B) g L-1 anthranilate. The arrows mark the time point of pulsed anthranilate 

addition. Error bars represent the standard error (n=2). 

Table 1 shows a comparison of the evolved strains of P. putida KT2440 and C. glutamicum 

ATCC 13032 compared to the respective wild-types at different concentrations of anthranilate. 

The tolerance towards anthranilate was improved for both organisms by applying evolutionary 

engineering techniques. In direct comparison between the two organisms, the wild-type of P. 

putida KT2440 may have slightly higher growth rates, but an overall higher sensitivity towards 
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anthranilate than C. glutamicum. Growth of wild-type P. putida KT2440 is completely inhibited 

in the presence of 10 g L-1 anthranilate, whereas the evolved strains can grow at this 

concentration. The wild-type of C. glutamicum can already grow in the presence of 25 g L-1 

anthranilate, however with only 10 % of the reference growth rate (0 g L-1 anthranilate) and 

lower biomass formation. Evolution yielded a strain that reached 22 % of the growth rate and 

virtually the same final OD600 at 25 g L-1 anthranilate compared to the wild-type without 

anthranilate stress. 

Table 1. Comparison of the growth rate and the final OD600 of P. putida KT2440 and C. glutamicum wild-type and evolved 

strains from sequential batch fermentations at different anthranilate concentrations. (-) indicates no growth at the indicated 

concentration. 

Strain 

anthra

nilate 

[g L-1] 

µ 

[h-1] 

max 

OD600 

µ (Evo)/µ (ref.) 

[%] 

OD600 (Evo) / OD600 (ref.) 

[%] 

P. putida WT 0 0.49 ±0.01 4.2 ±0.1 Ref. condition Ref. condition 

P. putida WT 5 0.21 ±0.05 2.4 ±0.1 41.8 ±7.2 55.3 ±2.6 

P. putida WT 10 - - - - 

P. putida oAB128.1 10 0.19 ±0.01 3.1 ±0.1 38.9 ±1.5 72.6 ±1.7 

P. putida oAB128.2 10 0.10 ±0.00 2.1 ±0.1 19.9 ±0.7 48.8 ±1.7 

C. glutamicum WT 0 0.24 ±0.02 27.6 ±0.02 Ref. condition Ref. condition 

C. glutamicum WT 15 0.11 ±0.00 20.6 ±0.5 48.4 ±3.2 74.7 ±1.9 

C. glutamicum WT 25 0.03 ±0.00 16.4 ±0.2 10.2 ±1.0 59.3 ±0.6 

C. glutamicum oAB26.1 15 0.13 ±0.00 26.1 ±0.8 55.8 ±1.1 94.6 ±3.1 

C. glutamicum oAB26.2 15 0.16 ±0.02 27.5 ±0.4 68.1 ±6.2 99.6 ±1.3 

C. glutamicum oAB26.1 25 0.04 ±0.00 23.1 ±1.5 15.4 ±1.3 83.8 ±5.8 

C. glutamicum oAB26.2 25 0.05 ±0.00 24.6 ±1.7 22.1 ±0.7 89.2 ±0.6 

4 Discussion 

In this study, C. glutamicum and P. putida displayed different reactions to anthranilate stress. 

The initial tolerance of wild-type strain of P. putida was significantly lower than that of C. 

glutamicum. A recently published study showed a similar trend for toxicity tests with PABA, 

with C. glutamicum growing in the presence of up to 55 g L-1 PABA, while growth of the strain 

P. putida S12 was inhibited at concentrations above 13.7 g L-1 28. However, the impact of ALE 

on C. glutamicum was less significant. The fact that C. glutamicum is only affected in growth 

rate, and not biomass yield, suggests a more passive tolerance towards anthranilate that does 

not require energy. Its robust cell envelope has shown to be impenetrable to a variety of 

compounds including antibiotics and drugs.65–67 This passive defense of the cell wall apparently 

provides excellent protection against anthranilate, but the cells do suffer from lower growth 

rates, likely due to plasmolysis from osmotic pressure18,68 and enzyme inhibition by 
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anthranilate. In contrast, with P. putida anthranilate stress rather results in decreased biomass 

yield. This indicates a higher maintenance demand, suggesting an active, energy consuming 

mechanism of resistance towards anthranilate. Strains of P. putida can adapt their inner and 

outer membrane by changing the lipid composition through increased lipid turnover and altered 

expression of membrane proteins.69 The induction of chaperones such as GroESL can help to 

alleviate protein misfolding caused by plasmolysis. Also and the active export of anthranilate 

may be a possibility35,44,70. The extra energy required to induce and maintain these mechanisms 

is reflected by reduced biomass formation. 

ALE was instrumental in increasing anthranilate tolerance for both organisms. C. glutamicum 

shows a higher tolerance in terms of the maximal concentration of anthranilate, but has a much 

lower innate growth rate than P. putida. The adapted mutants C. glutamicum oAB26.1 and 

oAB26.2 grew with rates between 0.13-0.15 h-1 in the presence of 15 g L-1
 anthranilate, while 

P. putida oAB128.1 reaches a growth rate of 0.2 h-1 in the presence of 10 g L-1 , while growing 

at a similar rate in the running batch with 15 g L-1 anthranilate. The latter suggests the possibility 

of further improvement by pre-incubating the cells with the stressor. This so-called adaptation 

is a common strategy for realizing the full potential of solvent-tolerant Pseudomonads.71 If this 

can be realized, the growth rate of P. putida is likely higher than that of C. glutamicum under 

similar stress conditions. However, C. glutamicum was cultivated for a total of 26 batch 

fermentations (~169 generations). In contrast, P. putida was pre-cultivated in shake flasks and 

in an SBF during 112 batch fermentations (~528 generations), giving more time for beneficial 

mutations to occur. For comparison, ALE experiments for thermotolerance indicate a difference 

in the number of total generations required for the development of stable mutations in different 

species. While mutations due to ALE towards thermotolerance occurred after 100-200 

generations in E. coli72, around 370 generations were required to obtain comparable phenotypes 

of C. glutamicum73. As both experiments were performed in different laboratories, these 

numbers only give a rough estimate for the effects of ALE with different organisms. It does 

however compare to the fact that in our study, short-term ALE in shake flasks did not show 

tolerance improvements for C. glutamicum, in contrast to P. putida.  

Growth of C. glutamicum was significantly enhanced when supplied with anthranilate during 

the early exponential growth phase. In a biotechnological context, a similar gradual increase of 

anthranilate during growth can be expected. This later addition likely reduces the overall stress 

level compared to ab inito addition of a similar anthranilate concentration. This makes direct 

comparison of the tolerance levels of the two organisms difficult. This is further exacerbated 

by the glycosylation of anthranilate. Throughout the fermentation, the consumption of glucose 

shifted the equilibrium of the glycosylation in the reverse direction, causing anthranilate 

concentrations to increase back to the initially added level at the end of the culture. Since 

wildtype P. putida oxidizes glucose to gluconate and 2-ketogluconate, it causes the glucose 

concentration to decrease much more rapidly than C. glutamicum. The cultivation media for 

ALE and tolerance assessments could be unified for both bacteria to allow a more direct 

comparison. However, this would mean that each organism is evaluated in sub-optimal 

conditions, making it less relevant for an eventual biotechnological application.   

Dilution of CGXII medium components had an interesting effect on the growth of 

C. glutamicum. Without anthranilate stress, the diluted medium led to a lower growth rate. With 
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anthranilate stress, the reverse effect was observed and growth rates increased with decreasing 

ammonium concentrations. Assuming that glycosyl-anthranilate is less toxic than anthranilate, 

as was shown for PABA28, this indicates that glycosyl-anthranilate is still formed in spite of the 

lower concentration of ammonium as the catalyst for glycosylation. The observed effect likely 

is a combination of anthranilate and ammonium toxicity, as it leads to an increased osmotic 

pressure in the medium18. However, as this effect is rather small, evolution experiments were 

performed in medium with high ammonium concentrations. This is closer to the envisioned 

industrial process which demands high ammonium concentrations, given that anthranilate is an 

amine.  

Growth profiler analysis of the evolved single mutants of P. putida showed differences in 

performance under anthranilate stress between the single mutants obtained from the two parallel 

SBFs. In these screening conditions, clones from fermenter 1 showed significantly impaired 

growth under anthranilate stress compared to the wild-type. In contrast, single mutants of 

C. glutamicum evolved in three parallel fermentations overall show comparable phenotypes 

towards anthranilate stress. Evolution inherently leads to a mixed population of individual cells 

with varying degrees of fitness. While parallelism between replicate cultures is a common 

observation in ALE, the divergence in evolutionary pathways can drive the evolution of 

multiple traits and lead to differently evolved populations74,75. This can possibly further lead to 

the emergence of specialized subpopulations, resulting in symbiotic growth behavior to 

counteract the applied stress condition during ALE. In this case, the isolation of single colonies 

will lead to a loss of growth advantage in the presence of anthranilate for the individual mutants, 

as observed for colonies from fermenter 1 of P. putida. However, no growth defect was 

observed on agar plates with anthranilate, rather suggesting a difference in tolerance in sessile 

versus planktonic growth. Possibly, stable biofilm or microcolony formation76,77 in the P. putida 

SFB1 was disrupted by the isolation procedure, leading to the reduced growth in the subsequent 

liquid culture. 

5 Conclusions 

Using adaptive laboratory evolution, strains of C. glutamicum and P. putida with enhance 

anthranilate tolerance were obtained. The foundation of the evolution during ALE is genetic 

mutation. To gain deeper insight into the genetic basis of the improved tolerance of both 

organisms, a systems analysis is required. Sequencing of the genome of evolved strains should 

give insights into mutations that occurred during ALE and set a starting point for 

characterization and reverse engineering of anthranilate tolerance mechanisms. In addition, 

transcriptome or proteome analysis can unravel changes in the expression of tolerance 

mechanisms and the underlying regulatory cascades. Ultimately, the implementation of 

production pathways for anthranilate into the evolved strains will be required to ascertain 

whether the higher stress-tolerance towards externally added anthranilate will also benefit the 

microbial production of this compounds. There is a difference between externally imposed 

anthranilate and the intracellular production of the same molecule. In the latter case, an 

impenetrable barrier will likely hinder anthranilate production, especially in the absence of 

secretion mechanisms.  
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