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Abstract

:

Streptomyces albus J1074-pAPI (Streptomyces albus-pAPI) is a recombinant strain constructed to biotechnologically produce apigenin, a flavonoid with interesting bioactive features that up to now has been manufactured by extraction from plants with long and not environmentally friendly procedures. So far, in literature, only a maximum apigenin concentration of 80.0 µg·L−1 has been obtained in shake flasks. In this paper, three integrated fermentation strategies were exploited to enhance the apigenin production by Streptomyces albus J1074-pAPI, combining specific approaches for pre-inoculum conditions, optimization of fermentation process parameters and supplementation of precursors. Using a pre-inoculum of mycelium, the apigenin concentration increased of 1.8-fold in shake flask physiological studies. In 2L batch fermentation, the aeration and stirring conditions were optimized and integrated with the new inoculum approach and the apigenin production reached 184.8 ± 4.0 µg·L−1, with a productivity of 2.6 ± 0.1 μg·L−1·h−1. The supplementation of 1.5 mM L-tyrosine in batch fermentations allowed to obtain an apigenin production of 343.3 ± 3.0 µg·L−1 in only 48 h, with an increased productivity of 7.1 ± 0.1 μg·L−1·h−1. This work demonstrates that the optimization of fermentation process conditions is a crucial requirement to increase the apigenin concentration and productivity by up to 4.3- and 10.7-fold.
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1. Introduction


Apigenin is a widely distributed flavonoid typically found in vegetables and herbs that are generally consumed in the human daily diet, such as parsley, chamomile and oregano [1,2]. Specifically, apigenin is a flavone whose chemical structure is made of two aromatic rings linked to a third heterocyclic pyran ring, decorated with hydroxyl groups [3,4]. Nowadays, apigenin is one of the most renowned phenolic compounds proposed as a drug and food supplement thanks to its proven antioxidant, anti-carcinogenic and anti-inflammatory effects, as it is capable of modulating several signaling pathways through the activation or suppression of different genes, particularly those involved in cell cycle arrest and apoptosis [5,6]. These properties, in addition to low toxicity and poor adverse effects, have recently made apigenin an interesting molecule in cancer prevention or as an adjuvant in the treatment of breast, lung, liver, skin, blood, colon, prostate, pancreatic, cervical, oral and stomach tumors [6,7,8,9,10,11,12]. Apigenin anti-inflammatory and antioxidant properties proved useful in the prevention of inflammatory events associated with obesity, atherogenesis and osteoarthritis [13,14,15,16] and in the alleviation of the symptoms of neurodegenerative diseases, such as Alzheimer’s or Parkinson’s, and of depression [17,18]. Moreover, apigenin showed interesting potentialities against different microbial pathogens such as Staphylococcus aureus, Helicobacter pylori, Streptococcus mutans, Candida albicans and C. parapsilosis [19,20,21,22,23] and diverse viruses such as Herpes simplex, hepatitis C, influenza and more recently against SARS-CoV-2 coronavirus [24,25,26]. To exert a biological effect in humans, apigenin has to be consumed in a range from 20 to 50 mg·kgbodyweight−1, but its content in edible plants is so low (from 106–903 μgapigenin·g−1edible portion) that its average daily intake has been estimated to be about 3 mg·day−1 in Europe and in a range between 0.2 and 1.35 mg·day−1 in the USA [2,5]. Thus, the development of a nutraceutical formulation containing apigenin represents the only way to increase its intake in the human daily diet. Industrial production of apigenin is time-consuming and expensive, mainly based on extraction from Matricaria chamomilla L. ligules with a water/ethanol mixture, followed by hydrolysis with hydrochloric acid and a final step of purification by crystallization using ethanol or other organic solvents [27]. This manufacturing process does not allow to recover apigenin in sufficient quantities to meet the increasing market demand, as the overall yield is about 5.2% [27]. As an alternative, a biotechnological approach to produce apigenin could lead to a significant reduction in the manufacturing costs, increase its availability on the market, and push the industry to employ more eco-friendly processes [27]. In the last few years, the elucidation of the flavonoid biosynthetic pathway of plants has contributed to pave the way for heterologous expression of these phytochemicals in different microbial hosts [27,28]. The biosynthetic pathways of most of the flavonoids have three steps in common that are catalyzed by phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (4CH) and 4-coumaroyl CoA ligase (4CL) and that lead to the formation of the common intermediate p-coumaroyl-CoA [29,30]. For apigenin biosynthesis, three other reactions occur, in which the chalcone synthase (CHS) combines one molecule of p-coumaroyl-CoA and three molecules of malonyl-CoA to generate the naringenin chalcone through a condensation reaction. Then, the chalcone isomerase (CHI) catalyzes the closure of the heterocycle, leading to the formation of naringenin that is specifically converted in apigenin by the flavone synthase oxidoreductase (FNS) [29]. Recent studies have reported the possibility of apigenin heterologous expression and production in microorganisms such as Escherichia coli, Saccharomyces cerevisiae and Streptomyces venezuelae [31,32,33]. However, in all of these works, the host microorganisms were not able to produce the apigenin precursors by themselves and the biosynthesis could be only achieved by addition in the growth medium of L-tyrosine (L-Tyr), p-coumaric acid or naringenin [33,34,35,36,37]. In a recent paper, instead, a rearrangement of the flavonoid biosynthetic pathway was achieved with the direct conversion of L-tyrosine to p-coumaric acid by a tyrosine ammonia lyase (TAL) [30] (Figure 1).



The gene coding for TAL enzyme, together with the genes coding for 4CL, CHS, CHI and FNS enzymes, were cloned in a plasmid, called pAPI; a strategy never reported before in Streptomyces [30]. Cultivations of the new strain Streptomyces albus J1074-pAPI (Streptomyces albus-pAPI), performed only in 250 mL- baffled shake flasks with 25 mL of R5A medium after inoculation with spores, led to a maximum apigenin concentration of 80 µg·L−1 in 120 h, with a process productivity of 0.6 µg·L−1·h−1 [30]. In the same paper, the authors demonstrated that, by using a pre-inoculum of conditioned spores, grown for ten days, an increase in the kinetics of production was obtained, but not in the apigenin titer, with a maximum at 72 h and an enhanced productivity of 1.1 µg·L−1·h−1. However, the possibility to produce apigenin directly starting from a mycelium inoculum, thus reducing the process time for spore conditioning, was not investigated. In addition, a medium supplementation strategy with 13.5 mM sodium malonate and 1.5 mM p-coumaric acid, as apigenin precursors, alone or in combination, was also tested, but was not successful in increasing the production nor the productivity. Thus, the optimization of the fermentation conditions of Streptomyces albus-pAPI for the enhancement of apigenin production and the scale-up of the biotechnological process in a bioreactor with controlled parameters still remain unexplored. As it is known, the Streptomyces genus is characterized by a complex life cycle in which the morphological and development stages greatly influence the biosynthesis of metabolites [38]. In the design of a biotechnological production process of industrially interesting molecules, the optimization of the fermentation conditions such as temperature, pH, medium composition, oxygen concentration, aeration and stirring is strictly necessary to increase the production and productivity yields of the desired product [39,40]. In this paper, for the first time, an integrated optimization of the critical fermentation process parameters was conducted to enhance the apigenin production by the recombinant S. albus-pAPI strain. Preliminary shake flask studies were used to replace the use of the spore pre-inoculum directly with a mycelium seed, avoiding any conditioning step. Successively, stirring and aeration profiles were set up to obtain an optimized dissolved oxygen concentration in the fermentation vessel (2 L working volume) and to increase the apigenin productivity. Supplementation of the growth medium with appropriate apigenin precursors, such as L-tyrosine and biotin, was also investigated in order to overcome eventually occurring bottlenecks in the apigenin biosynthesis.




2. Materials and Methods


2.1. Materials


The agar used for the medium plates, the casein acid hydrolysate and the meat peptone used in the R5A medium or in Bennet medium were from Oxoid (Thermo Fisher, Waltham, MA, USA), while the yeast extract was from Difco (Thermo Fischer, Waltham, MA, USA). All the other media components, salts and trace elements, the antibiotic, the sodium hydroxide, the sulfuric acid, the antifoam 104, the DMSO and the apigenin standard were furnished by Sigma-Aldrich (USA). L-tyrosine and biotin supplemented to the growth medium in some experiments were also from Sigma-Aldrich (USA). The trypticasein soy broth (TSB) was from Laboratorios Conda S.A. (Spain). All the chemicals and the organic solvents used for the apigenin extraction and the UHPLC analyses were from Carlo Erba (Italy). The NaOH solution used to prepare the buffer in high-performance anion exchange chromatography with pulsed amperometric detection (HPAE-PAD) analyses was from J.T. Baker (The Netherlands).




2.2. Microorganism and Media


The microorganism Streptomyces albus J1074-pAPI was constructed by insertion in the wild type strain of a plasmid, named pAPI, containing five synthetic genes forming the apigenin plant biosynthetic pathway and a selectable marker represented by a gene inducing thiostrepton resistance, as previously reported [30]. The strain was propagated as spore colonies on Bennet agar medium plates (20.0 g∙L−1 agar, 10.0 g∙L−1 glucose, 1.0 g∙L−1 meat peptone, 2.0 g∙L−1 casein acid hydrolysate, and 1.0 g∙L−1 yeast extract) that were then stored at 4 °C. To obtain the stocks (or research working cell banks) of spores, single colonies from the Bennet agar medium plates were used to seed several TSB agar medium plates (20.0 g∙L−1 agar, 2.5 g∙L−1 glucose, 17.0 g∙L−1 pancreatic digest of casein, 3.0 g∙L−1 papaic digest of soybean, 5.0 g∙L−1 NaCl and 2.5 g∙L−1 K2HPO4) that were then incubated at 30 °C for 168 h in a rotary air shaker (Infors HT Incubator, Bottmingen, Switzerland). Each plate was then re-suspended in a 20% (v/v) glycerol stock solution and the obtained stocks were then stored at −80 °C. The mycelium stocks (or research working cell bank) were instead obtained by re-suspending single colonies from the Bennet agar medium plates in two 250 mL shake flasks containing 25.0 mL of TSB medium. The shake flasks were incubated at 30 °C and 250 rpm for 72 h in the rotary air shaker (Infors HT Incubator, Bottmingen, Switzerland). At the end of the run, the shake flasks were centrifuged at 4000 rpm and at 4 °C for 10 min (Avanti J-20XP, Beckman Coulter, Brea, CA, USA). After centrifugation, the biomass was re-suspended in a 20% (v/v) glycerol stock solution and the obtained stocks (or research working cell bank) were then stored at −80 °C. The TSB medium was also used for the inoculum of the bioreactor experiments. The strain was grown in both shake flask and in bioreactor experiments on a semi-defined medium (R5A medium containing 103.0 g∙L−1 sucrose, 10.0 g∙L−1 glucose, 0.1 g∙L−1 casein acid hydrolysate, 5.0 g∙L−1 yeast extract, 1.12 g∙L−1 MgCl2, 0.25 g∙L−1 K2SO4, 21.0 g∙L−1 MOPS and 2 mL∙L−1 of a trace element solution made of 40 mg∙L−1 ZnCl2, 200 mg∙L−1 FeCl3·6H2O, 200 mg∙L−1 CuCl2·2H2O, 10 mg∙L−1 MnCl2·4H2O, 10 mg∙L−1 Na2B4O7·10H2O, and 10 mg∙L−1 (NH4)6Mo7O24·4H2O) [30,41]. Few specific experiments in shake flasks or in batch were run supplementing the above-mentioned medium with L-tyrosine and/or biotin as precursors of the specific apigenin biosynthetic pathway. In all the experiments, the medium was sterilized in autoclave or in situ at 120 °C for 20 min and the antibiotic thiostrepton (5 µg∙mL−1 in DMSO) was added after sterilization to both solid and liquid media to maintain the strain selection.




2.3. Shake Flask Experiments


First, shake flask experiments were performed in order to study the kinetics of the microbial growth and the apigenin production starting from an inoculum of spores or mycelium. Different runs were performed in 500 mL baffled shake flasks containing 50 mL of R5A medium, inoculated with 200 µL of spore stock solutions or 1.0 mL of mycelium stock solutions, at 30 °C and 250 rpm in a rotary air shaker (Infors HT Incubator, Bottmingen, Switzerland) and stopped at diverse time points up to 120 h. Other experiments were instead performed in shake flasks to understand the influence of precursor addition on the apigenin production. In this case, the medium was inoculated with mycelium stocks after being supplemented with three different concentrations of L-tyrosine or biotin (from 0.375 to 1.5 mM) or contemporary with L-tyrosine and biotin in a concentration ratio of 1 to 3. According to the experiments, the shake flasks were stopped at different time points in order to evaluate the cell dry weight, the carbon source consumption and the apigenin concentration. The cell dry weight was determined by filtering small volumes of broth cultures (5 mL) on 0.22 μm polypropylene membranes (Millipore, Molsheim, France) that were then washed with a volume of physiological saline solution and placed in an oven (Binder, Germany) at 80 °C for 18 h to achieve a constant dry weight, as previously reported [42,43]. To determine the carbon source consumption and the apigenin production, instead, the broth culture samples were centrifuged at 4 °C and 6500 rpm for 20 min (Avanti J-20XP, Beckman Coulter, Brea, California, USA) and the supernatants were collected. All the shake flask experiments were run in quadruplicate.




2.4. Batch Experiments


Batch experiments were performed in a 2.5 L fermenter (Biostat CT plus, Sartorius group, Germany) with a working volume of 2.0 L, sterilizable in situ and equipped with pH, temperature and pO2 probes and peristaltic pumps for the addition of alkali and of acid, of antifoam and of the antibiotic. The calibration of the pO2 electrode (Mettler Toledo, Switzerland) was carried out by using a pure oxygen flow as the 100% value. The batch inoculum was prepared, seeding one or two mycelium stocks in one or two 1L baffled shake flasks containing 100 mL of TSB medium and 5 µg∙mL−1 of thiostrepton and incubating them at 30 °C and at 250 rpm for 72 h in a rotary air shaker (Infors HT Incubator, Bottmingen, Switzerland). Batch experiments were run in duplicates for 120 h at 30 °C using 1.7 L of R5A medium containing 200 µL∙L−1 of antifoam and 5 µg∙mL−1 of thiostrepton. During the fermentations, the pH value was kept constant at 6.85 by addition of 5.0 M NaOH and/or 4.0 M H2SO4 solutions. Two different oxygenation conditions were maintained by modulating stirring and airflow values (in the range from 300 to 800 rpm and between 1.0 and 2.0 vvm, respectively) in order to maintain the pO2 at the set point values of 40% or 30%. During fermentation, samples of the broth (35 mL) were withdrawn every 24 h: 5 mL of broth was used to determine the cell dry weight, according to the protocol described above, while the rest of the volume was centrifuged to separate the supernatant from the biomass and to evaluate the carbon source consumption and the apigenin production. During the experiments, the process parameters were remotely controlled and collected by a digital control unit (DCU) equipped with a MFCS-win software (Braun Biotech International, Sartorius Group, Göttingen, Germany).




2.5. Analytical Methods


2.5.1. Carbon Source Determination by HPAE-PAD


Small volumes (0.5 mL) of the broth sample supernatants of the shake flask and batch experiments were ultra-filtered on 3 kDa centrifugal filter devices (Millipore, Molsheim, France) at 4 °C and 12,000 rpm (Z216 MK, HermleLabortechnik GmbH, Wehingen, Germany). The permeate volumes were analyzed by high performance anion exchange chromatography with pulsed amperometric detection (ICS-3000, Thermofisher, Waltham, MA, USA) to determine the concentrations of sucrose and glucose in the medium at the different time points of the microbial growth. Runs were performed at 25 °C by using a Carbopac PA1 column (Thermofisher, USA) and a 237 mM NaOH buffer according to a method previously reported [44,45].




2.5.2. Apigenin Extraction and Determination by UHPLC


Apigenin was extracted from the supernatants of shake flasks and batch experiment samples (30 mL) by the addition of ethyl acetate (17 mL) and by mixing for 30 min at 300 rpm at room temperature on a shaker (Polymax 1040, Heidolph, Schwabach, Germany). After that, the samples were centrifuged at 4500 rpm at 4 °C for 20 min (Avanti J-20XP, Beckman Coulter, Brea, California, USA) and the organic phases were recovered and completely evaporated by using a rotavapor (EZ-2 Personal Solvent Evaporator, Genevac, Ipswich, Suffolk, UK). After the evaporation step, samples were dissolved in 400 µL of a methanol:DMSO solution (1:1 v/v) and analyzed by UHPLC (Ultimate 3000, Thermo Fischer Scientific, USA) by using a C-18 column (Nucleosil 100-5, 4x 125 mm, 5 μm, 100 Å, Macherey-Nagel, Loughborough, UK) at 25 °C and at a flow rate of 1 mL∙min−1, in a 50 min run by using a gradient profile of 0.1% (v/v) TFA in milli-Q water (A) and 0.1% (v/v) TFA in acetonitrile (B) (95.0% of A from 0 to 5 min, from 95.0% to 5.0% of A from 5 to 40 min, from 5.0% to 95.0% from 40 to 50 min), after injecting 10 μL of the sample and by detecting at 280 nm. The concentration of apigenin was determined on the basis of a calibration curve obtained by injecting the apigenin standard material, dissolved in the methanol:DMSO solution (1:1 v/v), at concentrations ranging from 0.00625 to 0.2 g∙L−1. In both the shake flask and batch experiments, on the basis of the determined apigenin concentration, its yield coefficient on biomass (Yapig/X) and its yield coefficient on substrate as the consumed carbon source (Yapig/S) was calculated according to the following formulas:


Yapig/X = [(Capig(tfinal) − Capig(t0h))/(X(tfinal) − X(t0h))]



(1)




and


Yapig/S = [(Capig(tfinal) − Capig(t0h))/(S(tfinal) − S(t0h))],



(2)




where Capig (t0h) is the apigenin concentration in µg·L−1 at the time zero of the experiment, Capig (tfinal) is the apigenin concentration in µg·L−1 at the final point of the experiment, X (t0h) is the biomass concentration in gcdw·L−1 at the time zero of the experiment, X (tfinal) is the biomass concentration in gcdw·L−1 at the final point of the experiment, S (tfinal) is the residual total carbon source concentration in g·L−1 at the final point of the experiment and S (t0h) is the initial total carbon source concentration in g·L−1 at the time zero of the experiment. In the case of bioreactor experiments, the process productivity (Wp) was also calculated according to the formula Wp = [(Capig (tfinal) − Capig (t0h))/(tfinal-t0h)], where t0h is the time zero of the experiment and tfinal is the final point of the experiment.




2.5.3. L-tyrosine Determination by UHPLC


The same UHPLC system (Ultimate 3000, Thermo Fischer Scientific, USA) and the C-18 column (Nucleosil 100-5, 4x 125 mm, 5 μm, 100 Å, Macherey-Nagel, Loughborough, UK) were used to analyse the concentration of L-tyrosine by slightly modifying a previously reported method by using a gradient profile of 0.1% (v/v) TFA in milli-Q water (A) and 0.1% (v/v) TFA in acetonitrile (B) with a detection at 210 nm [46]. L-tyrosine was determined at the different time points of the Batch D, after ultra-filtration of the supernatants of the broth samples on 3 kDa centrifugal filter devices (Millipore, Molsheim, France) at 4 °C and 12,000 rpm (Z216 MK, HermleLabortechnik GmbH, Wehingen, Germany). The L-tyrosine standard was prepared as a 25 mM concentrated solution in 1 M HCl and then diluted in water in the range from 0.05 to 2.5 mM to build a calibration curve.





2.6. Scanning Electron Microscope Analyses


Biomass samples of different time points of the batch experiments were analyzed using scanning electron microscopy (SEM). Broth samples (1 mL) were centrifuged at 4 °C and 12,000 rpm (Z216 MK, HermleLabortechnik GmbH, Wehingen, Germany), the supernatants were removed and the biomasses first washed in PBS, then fixed in a 4.0% paraformaldehyde solution in PBS in paraformaldehyde (Sigma Aldrich, Milan, Italy) (4% in PBS). Then, they were dehydrated for 5 min with increasing ethanol percentage solutions (from 30.0% to 100.0% ethanol in water) and treated in a critical point dryer (EMITECH K850), sputter coated with platinum–palladium at 77 mAmps for 120 s (Denton Vacuum DESKV) and observed with a field-emission scanning electron microscope (Supra 40, Zeiss, Germany, EHT = 5.00 kV, WD = 22 mm, detector in lens), as previously described [38,47].




2.7. Data and Statistical Analyses


All the data reported in this paper are average values of independent experiments calculated with their standard deviations by using a Microsoft Office Excel 2007 program (Microsoft, Redmond, Washington, USA). Statistical analyses involving comparison between groups of data, as in the case of results of different shake flask runs, were performed also with the t-student test by the Microsoft Office Excel 2007 program, and the data were considered significantly different if p values were lower than 0.05 or 0.01.





3. Results


3.1. Shake Flask Experiments


Initial physiological studies were performed in shake flasks in order to investigate whether seeding the cultures directly with a mycelium pre-inoculum instead of spores would influence the apigenin production ability of Streptomyces albus-pAPI. This strategy could also reduce the overall process time when compared with a conditioned spore pre-inoculum strategy (Figure 2A,B).



Both type of cultures, inoculated with spores or mycelium, reached a maximum rate of growth at 120 h (5.9 ± 0.4 gcdw·L−1 with spore and 5.7 ± 0.4 gcdw·L−1 with mycelium), but the spore growths showed slower kinetics, with values of biomass cell dry weight lower than the mycelium growths in the range of 10.0–22.0% between 24 and 72 h (Figure 2A). Differences were also noted in the kinetics of apigenin production, which were quicker in the case of the mycelium pre-inoculum experiments, with values almost three times higher than those obtained with the spore pre-inoculum. The maximum apigenin concentration was obtained in both conditions at 120 h with values of 83.7 ± 2.2 and 146.6 ± 10.9 μg·L−1 for the spore and mycelium pre-inoculum, respectively. The correspondent productivity was 0.69 ± 0.03 and 1.22 ± 0.05 μg·L−1·h−1, respectively, and the yield of apigenin on the biomass was 14.7 ± 0.4 μg·gcdw−1 and 24.8 ± 0.6 μg·gcdw−1, respectively (Figure 2B). No further increases in biomass and apigenin concentration were found prolonging the experiments beyond 120 h. As the strategy of inoculating with a mycelium pre-culture allowed to increase the apigenin concentration by 1.75-fold as well as the productivity and the yield, compared with the spore runs, this pre-inoculum approach was selected for the following shake flask and bioreactor experiments.




3.2. Bioreactor Experiments


Different batch experiments were run on the bioreactor for up to 120 h to understand the influence of the diverse dissolved oxygen percentage values, of the modulation of the stirring and the airflow conditions, and of the initial amount of pre-inoculum on the strain growth and on the apigenin production. Initially, two different stirring and aeration profiles were explored (Table 1, Figure S1).



In the first experiments (Batch A), the stirring (300–800 rpm) and the airflow (78–162 L·h−1) parameters were set up in order to keep the pO2 ≥ 40% inside the bioreactor during the whole growth (Table 1, Figure 3A, Figure S1).



In these conditions, the biomass reached its highest value of 10.0 ± 0.3 gcdw·L−1 in the first 48 h, thus demonstrating that the growth in the more controlled batch conditions could be quicker than in mycelium shake flask experiments, producing a 1.7-fold higher maximum biomass. Additionally, the maximum apigenin concentration was reached earlier (96 h) with a concentration of 168.9 ± 6.8 μg·L−1 and a productivity of 1.8 ± 0.1 μg·L−1·h−1, which was thus 1.5-fold higher than in shake flasks with the same kind of pre-inoculum. The apigenin yield on biomass was of 17.3 ± 0.1 μg·gcdw−1 (Table 2, Figure 3A).



The total carbon source consumption at the end of the experiments was about 46.9 g·L−1, with an average consumption rate of 0.4 g·L−1·h−1, and thus the yield of apigenin on the total carbon source was 3.8 ± 0.1 μg·gtotalc−1 (Table 2, Figure 3A). The pO2 (%) profile showed that the culture reached a 40% pO2 value at around 10 h, and to keep this percentage constant during the experiment, the DCU automatically increased the stirring and airflow values (up to the maximum allowed level set by the operators) in the first 72 h, thus meeting the microorganismmetabolic demand (Figure 3A, Figure S1). In the second experiment (Batch B), different profiles of stirring (300–600 rpm) and airflow (102–120 L·h−1) were set up in order to keep the pO2 ≥ 30% (Table 1, Figure 3B, Figure S1). These diverse conditions provided similar maximum values of biomass and apigenin concentration to Batch A but in shorter time, such that the maximum biomass was reached already at 24 h (10.4 ± 0.4 gcdw·L−1), while the maximum apigenin production was obtained in only 48 h (160.0 ± 5.2 μg·L−1), and this increased the process productivity up to 3.3 ± 0.1 μg·L−1·h−1 with an apigenin on biomass yield of 15.4 ± 0.1 μg·gcdw−1 (Table 2, Figure 3B). The total carbon source consumption was about 35.2 g·L−1 in 120 h, with an average consumption rate of 0.3 g·L−1·h−1 and a yield of apigenin on the total carbon source of 4.6 ± 0.1 μg·gtotalc−1 (Table 2, Figure 3B). The pO2 profile showed that the culture reached a 30% value at around 16 h and that the stirring and the airflow profiles seemed to perfectly satisfy the microorganism metabolic demand (Figure 3B, Figure S1). This second aeration/stirring and oxygenation condition was considered the best one for our purposes and used in the following batch experiments. A third type of experiment (Batch C) was also performed to investigate the influence of a higher amount of initial inoculum on the apigenin production, by keeping the same aeration/stirring conditions of Batch B (Table 1, Figure 3C). The culture showed a higher maximum biomass value of 11.1 ± 0.2 gcdw·L−1 at 24 h and a prolonged phase of apigenin production up to 72 h with a maximum of 184.8 ± 4.0 μg·L−1, 15.0% higher than in Batch B, with a productivity of 2.6 ± 0.1 μg·L−1·h−1 and an apigenin yield on biomass of 16.7 ± 0.1 μg·gcdw−1 (Table 2, Figure 3C). The carbon source consumption was quicker and 1.65-fold higher than in Batch B, with a consumption of total carbon of about 58.2 g·L−1 in 120 h, with an average consumption rate of 0.5 g·L−1·h−1 and an yield of apigenin on the total carbon source of 3.2 ± 0.1 μg·gtotalc−1 (Table 2, Figure 3C). As expected, as the nutrient (C source) consumption was quicker, the pO2 profile also showed faster oxygen consumption, that reached a 30% value in only nine hours, thus almost half of the time that was needed in Batch B (Figure 3C, Figure S1). Furthermore, samples of biomass at different time points of batch experiments were observed through SEM analyses in order to eventually identify morphological variations of the mycelium in the diverse growth conditions (Figure 4).



Morphological differences were clearly visible between the biomass samples of the three experiments after 48 h of growth: at this time point, the mycelium of Batch A was less developed and entangled than the mycelia of Batches B and C (Figure 4). The mycelium of Batch C, deriving from a higher volume of inoculum, seemed tighter than the other two in the SEM micrograph (Figure 4). This characteristic of the Batch C biomass was also visible at 72 h and afterwards, while a similarly tight entanglement was found in Batch B later in the experimental time, specifically at 96 h. This recombinant strain also showed the typical dispersed mycelium morphology described for the S. albus wild type strain [30]. In all the batch samples, some deposits on the mycelium surfaces were clearly visible, starting from 72 h of growth, possibly due to the hydrophobic nature of the produced apigenin (Figure 4). Similar deposits were previously noted on S. roseochromogenes cells during the microbial bioconversion of another hydrophobic molecule such as hydrocortisone [47] (Figure 4).




3.3. Apigenin Precursor Supplementation in Shake Flask and Batch Experiments


Further experiments were performed in shake flasks and in bioreactor to investigate the possibility to improve apigenin production by supplementing the growth medium with appropriate precursors such as L-tyrosine and/or biotin. L-tyrosine is the first molecule involved in the apigenin biosynthetic pathway as a precursor of p-coumaroyl-CoA, while the biotin is a co-factor involved in the malonyl-CoA biosynthesis (Figure 1). p-coumaroyl-CoA and malonyl-CoA are then combined by the CHS enzyme in a 1 to 3 molar ratio to produce the chalcone molecule, which is then converted in apigenin through naringenin (Figure 1). In this paper, shake flask experiments were run for 120 h by adding L-tyrosine or biotin at three diverse concentrations (from 0.375 to 1.5 mM). The addition of the precursors did not significantly change the values of the final biomass, which were in the range from 5.6 ± 0.2 to 6.0 ± 0.3 gcdw·L−1 in all of the experiments. The L-tyrosine supplementation allowed to enhance the apigenin concentration and the yields on biomass: in the case of its 0.375 mM addition, the production and yield titers were 1.3- and 1.8-fold higher than those of the control (197.0 ± 11.6 μg·L−1 and 53.0 ± 0.1 μg·gcdw−1); in the case of its 0.75 mM supplementation, they were 2.1- and 1.8-fold higher than those of the control (304.2 ± 15.4 μg·L−1 and 61.6 ± 0.5 μg·gcdw−1); while, finally, in the case of the addition of 1.5 mM L-tyrosine, the values were 2.5- and 2.0-fold higher, respectively, than those of the control (364.4 ± 4.4 μg·L−1 and 60.7 ± 0.3 μg·gcdw−1) (Figure 5).



A further supplementation with 3.0 mM of L-tyrosine did not result in any improvement (data not shown). The supplementations with biotin proved less effective, as in fact they did not enhance the production or the yield compared to the control, independently from the concentration used. A potential synergic effect of the two precursors in a 1 to 3 molar ratio was investigated by adding 0.5 mM of L-tyrosine and 1.5 M of biotin in the medium. This contemporary addition increased both the apigenin concentration and the Yapig/X that resulted 1.8- and 2.0-fold higher compared to the control (261.5 ± 8.4 μg·L−1 and 58.1 ± 0.1 μg·gcdw−1), respectively. Nevertheless, the enhancement was lower than the one obtained only with the L-tyrosine addition (1.5 mM). Thus, taking into consideration all these data, obtained in shake flasks, batch experiments were run supplementing the medium with 1.5 mM of L-tyrosine while keeping fixed the optimized stirring, aeration and inoculum strategies used in the Batch C process (Table 1, Figure 6).



In these further experiments (Batch D), the biomass growth showed a maximum at 24 h, as previously obtained, but the value was 11.0% lower than in Batch C (10.0 ± 0.1 gcdw·L−1). The L-tyrosine was quickly up-taken: half of the amount was consumed in 24 h, and it was completely used by the microorganism in only 48 h (Figure 6). The maximum apigenin concentration was almost double than the one reported in Batch C (343.3 ± 3.0 μg·L−1) and the production proved faster (48 h), thus enhancing the process productivity of 2.7-fold (7.1 ± 0.1 μg·L−1·h−1), while the Yapig/X increased of 2.0-fold (34.3 ± 0.1 μg·gcdw−1) compared to previous experiments (Table 2, Figure 6). The pO2 (%) profile and the total carbon source consumption were similar to those reported for Batch C (about 58.1 g·L−1 of total carbon consumed in 120 h with an average consumption rate of 0.48 g·L−1·h−1), but the Yapig/S was 1.8-fold higher (5.9 ± 0.1 μg·gtotalc−1) (Table 2, Figure 6). Morphological differences were noted, instead, by observing the biomass samples of this batch and comparing them to the Batch C samples (Figure 4). The mycelium was tight and developed as observed in the other experiment, but at 72 h and 96 h, when the L-tyrosine was already completely up-taken, the hyphae were longer, thinner and they generally seemed to be better separated (Figure 4).





4. Discussion


Wild-type and recombinant streptomycetes are widely employed as platforms in the biotechnological production of drugs and other bioactive compounds, thanks to their enzymatic and metabolic versatility [38]. Streptomyces albus J1074 is particularly suitable for the effective introduction of heterologous DNA thanks to to the fact that it has a completely sequenced and easily modifiable genome that is the smallest one among the strains of the same genus; this small genome also enables its fast growth [48,49]. In addition, S. albus J1074 shows a typical disperse mycelium development that makes its cultures less dense and easier to be oxygenated than other Streptomyces strains [30]. For all these reasons, this strain is generally considered as a selected host for heterologous expression and very useful for industrial fermentation production processes of valuable metabolites such as antibiotics, natural compounds or anticancer agents [50]. In a previous paper, this strain was engineered for the production of apigenin, a flavone derived from plants with relevant bioactivity such as antioxidant, anti-carcinogenic and anti-inflammatory. However, the production titers, performed only in shake flasks starting from a spore inoculum, resulted low [30]. In this paper, for the first time, we tried to increase the apigenin biotechnological production by the recombinant S. albus-pAPI strain, also studying the pre-inoculum type. It is very well known that, due to the peculiar streptomycetes life cycle, the source, size, age and type of inoculum deeply influence the metabolism of the microorganism in the fermentation stage, and that it is a common practice to investigate inoculum conditions in process development studies to avoid unwanted and long lag phases, to reduce process time and to increase production yields [51]. For example, studies conducted on batch fermentations of Streptomyces clavuligerus demonstrated that both the inoculum age and type significantly impacted the production of clavulanic acid in industrial processes, particularly the productivity [52]. In many papers, authors preferred to use spores as inoculum, but in this case, a conditioning phase is required, that could last even several days, in order to induce germination [30,51]. In the streptomycetes life cycle, spores are more related to a quiescent phase which is used by the Streptomyces genus to survive to stressful environmental conditions, while the mycelial stage is actually more involved in the active synthesis of both primary and secondary metabolites [38,53,54]. Thus, using the mycelium as a starting seed for the fermentation process promotes the production of secondary metabolites better due to its higher metabolic activity [51,55,56]. In this research work, the first step was to compare the apigenin production starting from a mycelium or spore pre-inoculum in shake flasks. The results demonstrated that the cultures inoculated with the microorganism in the mycelial stage were quicker in producing apigenin, at a rate that was 1.8-fold higher than previously reported data [30]. Preparing liquid cultures starting from mycelium instead of spores probably allowed to skip the step of spore germination and to reach the main phase of apigenin production earlier, thus reducing the total process time. Furthermore, a sound design of a biotechnological fermentative production process based on the employment of streptomycetes needs a specific tuning of biophysical parameters and the study of the influence of gas transfer and shear stress on the hyphae growth [57]. Thus, agitation and aeration conditions in the vessel as well as the dissolved oxygen percentage are of great importance and key factors to wisely modulate in order to create the best culture conditions for the production of the molecules of interests [39,58]. In particular, agitation and aeration contribute to improve the homogeneity of the medium and provide the correct mass and oxygen transfer between the broth and the mycelium clumps. In fact, high dissolved oxygen percentages in the vessel during the fermentation are essential for the growth and also for the onset of primary or secondary metabolite production [39]. However, reaching a high oxygen transfer rate by increasing the agitation speed may result in mycelium shear stresses, causing damage to the hyphae integrity with consequent reduction in the metabolite yield [59,60]. Thus, a careful balance between these key factors in Streptomyces fermentation is needed in order to maximize the process performances [61]. In literature, according to our knowledge, there are no examples of the influence of these parameters on the heterologous production of flavones in bioreactors by using streptomycetes, while only a few examples of the growth of S. albus J1074 in lab-scale bioreactors are reported. This strain was used recently to produce the antibiotic lysolipin in a 4L vessel by setting the agitation speed at 300 rpm [62], or to produce fuels in a 2-L bioreactor process by using agitation values between 200 and 400 rpm in order to maintain the pO2 percentage up to 40% [63]. In this work, instead, two different stirring and aeration profiles were investigated with the aim of keeping the pO2 at two different percentages, evaluating the effect of this parameter on the apigenin biosynthesis. Similar maximum biomass values and apigenin concentration were reached but with different kinetics: by using the profile with lower stirring and higher aeration fluxes, as in the Batch B experiments, a faster apigenin production and a better apigenin yield on the consumed carbon source were obtained. The two diverse profiles also induced a difference in the mycelium morphology that seemed tighter in the optimized conditions. As the heterologous production of this flavone can be related to the amount of bioactive biomass produced, higher biomass density may result in a higher titer and/or productivity. This hypothesis was confirmed in the batch process performed starting with a 2-fold inoculum. The data demonstrated that in this process, the carbon source consumption increased of 70% in 48 h and that it was not only used for the biomass formation, but also directed towards the apigenin synthesis that increased of 15.0% and lasted up to 72 h. SEM pictures showed that the mycelium was highly developed already at 24 h and that a tight entanglement degree was maintained throughout the experiment. Despite the fact that the engineered S. albus-pAPI strain is able to produce apigenin synthesizing the necessary precursors by itself, the strategy of precursor addition in the growth medium might be useful to further improve the production but also to identify bottlenecks eventually occurring in the biosynthetic pathway. In a previous work, the supplementation of S. albus-pAPI medium with 1.5 mM of p-coumaric acid and with 13.5 mM of sodium malonate did not provide significant improvements in apigenin production [30]. In this work, we decided instead to explore both L-tyrosine and biotin supplementation strategies. L-tyrosine is the first precursor in the apigenin biosynthetic pathway; this could be a limiting factor as the pAPI plasmid does not include the gene involved in the synthesis of this amino acid and the basal L-tyrosine production in the cells may not be sufficient to support high rates of apigenin synthesis (Figure 1). Biotin, meanwhile, is a co-factor in the reaction that leads to the synthesis of malonyl-CoA, which in the apigenin pathway is necessary in the ratio of three molecules for each p-coumaroyl-CoA molecule (Figure 1). Since malonyl-CoA is also used by the cells in other pathways, for example as a precursor in fatty acid biosynthesis, its low availability could be a relevant bottleneck in the apigenin biosynthesis. Because, as already mentioned, the addition of sodium malonate did not increase the apigenin production, we explored in this paper the possibility of enhancing the malonyl-CoA availability, providing the co-factor used for its biosynthesis. The addition of 1.5 mM L-tyrosine in the shake flask experiments allowed to obtain a 2.5-fold increase in the apigenin concentration. On the contrary to what was expected, the addition of biotin, instead, did not. L-tyrosine supplementation was also used as a strategy in bioreactor experiments, coupled with the previously optimized fermentation conditions: in this way a 2.2-fold increased apigenin concentration was reached. Thus, compared to the data reported in the literature, this integrated optimization strategy led to enhance the apigenin concentration up to 4.3-fold, also shortening the process time of 10.7-fold. From an economic point of view, the strategy of supplementing 1.5 mM of L-tyrosine to the medium is also sustainable. The addition would only cost about 0.17 euros per liter of culture medium, according to the actual price of the commercial L-tyrosine available on the market.




5. Conclusions


The optimization of the biotechnological production of apigenin by using a Streptomyces recombinant strain requires a multi-factorial analysis and an evidence-based experimental design. Here, an optimized procedure is suggested, starting from the study of the pre-inoculum conditions and the use of specific oxygenation profiles and innovative precursor addition approaches that enable to obtain increased production in a shorter process time. The relevant improvements reached in this research paved the way towards a further scale-up of the apigenin biotechnological production process.
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Figure 1. Biosynthetic pathway of apigenin in Streptomyces albus-pAPI. 
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Figure 2. Kinetics of growth of Streptomyces albus-pAPI (A) and apigenin concentration (B) in shake flasks starting from spore or mycelium inoculum. 
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Figure 3. Bioreactor experiments of Streptomyces albus-pAPI performed by using two different stirring and aeration profiles—(A) 300–800 rpm; 78–162 L·h−1 and (B) 300–600 rpm; 102–120 L·h−1—and a double percentage of initial inoculum (C) (10% v/v): kinetics of growth and apigenin concentration, total carbon source consumption and % pO2 profile. 
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Figure 4. SEM analyses of Streptomyces albus-pAPI biomass samples of the different batch experiments at different time points. Deposits on the mycelium surfaces are indicated by the arrows. 
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Figure 5. Shake flask experiments of Streptomyces albus-pAPI with supplementation of L-tyrosine and biotin as precursors, added at different concentrations: apigenin concentration and yield on biomass in comparison with the control. 
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Figure 6. Batch experiments of Streptomyces albus-pAPI with the addition of 1.5 mM L-tyrosine: kinetics of growth and apigenin concentration, total carbon source and L-tyrosine consumption and % pO2 profile. 
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Table 1. Bioreactor experiment parameters: stirring and aeration, pO2 set point, starting inoculum percentage and L-tyrosine supplementation.
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	Operating Process Parameters
	Batch A
	Batch B
	Batch C
	Batch D





	Stirring (rpm)
	300–800
	300–600
	300–600
	300–600



	Aeration (L·h−1)
	78–162
	102–120
	102–120
	102–120



	pO2 Set Point (%DO)
	40
	30
	30
	30



	Starting Inoculum (% v/v)
	5
	5
	10
	10



	L-tyrosine Supplementation
	-
	-
	-
	1.5 mM
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Table 2. Batch experiment results.
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	Batch A
	Batch B
	Batch C
	Batch D





	Maximum biomass (gcdw·L−1)
	10.0 ± 0.3
	10.4 ± 0.4
	11.1 ± 0.2
	10.0 ± 0.1



	Maximum apigenin concentration (µg·L−1)
	168.9 ± 6.8
	160.4 ± 5.2
	184.8 ± 4.0
	343.3 ± 3.0



	Maximum productivity (µg·L−1·h−1)
	1.8 ± 0.1
	3.3 ± 0.1
	2.6 ± 0.1
	7.1 ± 0.1



	Yapig/X (µg·g−1cdw)
	17.3 ± 0.1
	15.4 ± 0.1
	16.7 ± 0.1
	34.3 ± 0.1



	Yapig/S (µg·g−1totalc)
	3.8 ± 0.1
	4.6 ± 0.1
	3.2 ± 0.1
	5.9 ± 0.1
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