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Antibiotic resistance represents one of the most critical challenges that society must face. Many bacteria develop this resistance through the production of the enzyme β-lactamase, which makes ineffective the largely used β-lactam antibiotics. However, certain molecules derived from bacterial fermentation can counteract this enzyme, thus mitigating antibiotic resistance. One of the most important belongs to the class of inhibitors for β-lactamase, which is produced by the gram-positive bacterial genus Streptomyces. The industrial process for β-lactamase inhibitors production is generally well known and established but intrinsically variable. A better understanding of the factors that influence growth and production could help to increase yield and productivity. Within this context, nutrients consumption plays a crucial role. The optimization of nutrients concentrations, indeed, could not only help to optimize the fermentation performances but also to decrease the process costs, avoiding raw materials waste. In Streptomyces industrial cultivation the main carbon sources are glycerol and vegetable oil, with the latter usually in higher concentration. The purpose of this study is to investigate the effect of the ratio of the two carbon sources on process performance. Several carbon source ratios were tested, in the range between 0.4 to 8.8, and biomass productivity and pharmaceutical compound were analyzed as output. The consumption of these carbon sources was measured as well. The results show that a higher oil/glycerol ratio increases the production of the target molecule, suggesting a role of the stress caused by the unbalanced nutrient supply. The production of this molecule, indeed, is highly affected by environmental stress. This study therefore offers new ways to ensure this stress and new insights into the optimization of this essential fermentation process.
Introduction
The term antibiotic resistance refers to the ability of bacteria to cope with drugs specifically designed to stop their infection. This phenomenon is a growing global problem, and antibiotic resistance is on the rise in all parts of the world as bacterial infections are one of the leading causes of illness and mortality (Chinemerem Nwobodo et al., 2022). β-lactam antibiotics are the most frequently prescribed antibacterial agents in the hospital setting due to their safety, efficacy and breadth of spectrum of activity (Bush & Bradford, 2019). These antibiotics acts through the inactivation of transpeptidases that are required for the terminal step of bacterial cell wall synthesis (Waxman et al., 1980). Many bacteria, though, produces hydrolysing enzymes- i.e. β-lactamases- that are capable of deactivating the β-lactam antibiotics (Bush & Bradford, 2019). Some bacteria of the genus Streptomyces are capable of producing a β-Lactamase inhibitor through their secondary metabolism that has been used for years in co-formulation with β-lactamases susceptible antibiotics (Saudagar et al., 2008). The most common method to produce this molecule is via fermentation, a complex process that has been optimized to maximize its production (Ser et al., 2016). 
Since its discovery researcher tried to increase yield and productivity of this fermentation process in different ways, from strain engineering to media and process optimization (López-Agudelo et al., 2021).
Fermentation media for this process are usually quite complex, with carbon sources important to supply precursor for the molecule synthesis like the glyceraldehyde-3-phosphate (Shin et al., 2021) and vegetable oils used as a cost-effective alternative (Ser et al., 2016), often these two carbon sources are used together (Maranesi et al., 2005). A proper choice of medium component is therefore essential to proper sustain the growth of the microorganism and the production of the molecule. Another important aspect to consider is that the biosynthesis of many secondary metabolites, such as the molecule of interest, is often initiated when the cell senses a stressful condition of nutrient depletion (Hwang et al., 2014).
In this work, different carbon sources ratios were tested in order to exploit a nutrient imbalance to maximize the production of the β-Lactamase inhibitor. Biomass and molecule production, as well as oil consumption, were measured, finding correlations between ratio and molecule produced and ratio and oil consumption.
Materials and methods
Species and cultivation conditions 
A GMO and patented Streptomyces sp. strain, provided by a pharmaceutical company, was cultivated in 500 mL Erlenmeyer flasks using an orbital shaker at 200 RPM. The growth of the bacterium was divided in two phases: a 4 days vegetative phase performed at 28° C and a 6 days fermentative phase performed at 25°C. Specific media formulations are subject to confidentiality under a non disclosure agreement (NDA). Vegetative media’s pH was adjusted at 7.0 ± 0.2 using 1M NaOH, fermentative media’s pH was adjusted at 6.85 ± 0.1 using 1M NaOH. Both media were autoclaved at 121°C for 20 minutes prior to their utilization. Samplings were performed daily. The fermentations were conducted in biological triplets to guarantee reproductivity of the results. Experimental results were compared to those obtained on control flasks. The control media composition is the standard fermentation media with a content of glycerol equal to 25 g/L and a content of vegetable oil equal to 44 g/L. Comparing experimental performances were referred to control samples rather than in absolute terms allows to reduce the impact of process variability, leading to a clearer understanding of performance data.
Experimental conditions
The different tested oil/glycerol ratios are shown in Table 1 below. The control fermentation is the one with a ratio of 1.76.
Table 1: Carbon sources concentration and ratio
	Vegetable oil concentration (g/L)
	Glycerol concentration (g/L)
	Oil/glycerol ratio

	10
	25
	0.4

	25
	25
	1

	44
	25
	1.76

	60
	20
	3

	44
	5
	8.8



β-Lactamase inhibitor, biomass and carbon sources quantification
[bookmark: _Hlk215230708]To estimate the concentration of the secondary metabolite a method based on the reaction between the β-Lactamase inhibitor and imidazole was employed (Bird et al., 1982). The reaction takes place at 30°C and the product absorbs at 312 nm. The method was correlated and validated on HPLC measures. Optical Density (OD) was measured through a SHIMADZU UV-1900 spectrophotometer. To retrieve the concentration of the molecule from the OD values the calibration curve in Equation 1 was used.
	[β-Lactamase inhibitor] = 66.641*OD312 + 0.1163
	(1)


For biomass estimation a method based on the one from Zhao et al. (2013) was used. The method, used for DNA estimation in media containing insoluble particles, is based on a diphenylamine colorimetric reaction. The resulting molecule absorbs at 595nm. OD was measured through a SHIMADZU UV-1900 spectrophotometer. To calculate the biomass concentration from the OD values a calibration curve was used (Equation 2). The curve was made measuring the dry weight of a Streptomyces culture using a particle-free media.
	[Biomass] = 5.8141*OD595 + 0.9215
	(2)


For the vegetable oil concentration measurements a gravimetric method was used. 20 mL of n-hexane were added to a  known volume of fermentation medium. The sample was vortexed to promote the transfer of oil from the aqueous to the organic (n-hexane) phase, and then centrifuged at 3600 rpm for 5 minutes. A 10 mL aliquot of clear supernatant was transferred into a pre-weighed 100 mL flask. The flask was placed in a water bath at 70 °C for 25–30 minutes to evaporate the solvent, leaving only the residual soybean oil. After drying for at least 60 minutes, the flask was weighed to determine the extracted oil content.

Measurements of the residual glycerol concentration were based on a colorimetric method. A measurement kit was used, including a standard solution with a concentration of 10 g/L and a reagent mix including all the enzymes required to convert the carbon source into a compound able to absorb light at a wavelength of 510nm. OD was measured through a SHIMADZU UV-1900 spectrophotometer. 
Results and Discussion
Effect of oil to glycerol ratio on growth and production
Batch experiments were carried out in order to verify the effect of the ratio between carbon sources to the production of biomass and on the target molecule accumulation. Streptomyces sp. was cultivated in media with different oil to glycerol ratios (i.e. 0.4, 1, 1.76, 3, 8.8). The effect of medium composition on maximal β-Lactamase inhibitor and biomass concentration is reported in Figure 1, as a percentage relative to the control condition. Final biomass concentration was chosen as indicator of growth.
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Figure 1: Final biomass concentration (A) and maximal molecule concentration produced (B) in relation to the ratio of carbon sources. Lines are eye-guide only. 
 
As shown in Figure 1A, the final biomass concentration doesn’t change significantly in relation to the different ratios tested suggesting that Streptomyces sp. can grow well even with unbalanced carbon sources, provided that the overall carbon is not limiting. Interestingly, biomass concentration is not affected by the lack of glycerol in the ratio 8.8, even though it should be the primary carbon source for bacteria of the Streptomyces genus. This result is consistent with the results of Efthimiou et al. (2008) who managed to grow Streptomyces sp. in a media containing olive oil as sole carbon source. With an 8.8 ratio, it is possible that when the primary carbon source is consumed, the microorganism lyses the vegetable oil into its primary components, using the freed glycerol as carbon source. 
[bookmark: _Hlk216173735]A different trend can be observed in Figure 1B, on the other hand. The maximal concentration of β-Lactamase inhibitor produced has a positive linear correlation with the oil/glycerol ratio. Specifically, with lower ratios the production of the molecule slowly increases along with the increase in the ratio. 
The lower ratios (R = 0.4, 1, 1.76 and 3) resulted in very similar production levels, which explains the lack of a marked increase in concentration from the lower to the moderately higher ratios. In particular, the fermentation trial performed at R = 1 showed approximately 20% lower production compared to the condition at R = 1.76. Increasing the ratio further to R = 3 led only to a modest improvement, with an increase of about 8% relative to the previous condition.
In contrast, the fermentation trial performed at a much higher ratio (R = 8.8) resulted in a dramatic enhancement of production, reaching around 20% higher values compared to the control condition and 11% higher values compared to the immediately lower tested ratio. This pronounced effect appears to be primarily linked to the ratio itself, rather than simply to the increased concentration of the vegetable oil. Indeed, experiments carried out with the same (R = 1) or even higher (R = 3) oil concentrations still exhibited lower production levels when compared to the R = 8.8 condition.

This behavior can be rationalized by considering the nature of the β-Lactamase inhibitor. This molecule, indeed, is a secondary metabolite, and such bacterial products are typically synthesized in response to stressful environmental conditions (Boruta, 2021). In this context, the imbalance in nutrient availability may represent a key factor triggering cellular stress, thereby stimulating the biosynthetic pathways responsible for enhanced metabolite production.
Effect of hydrophobic to hydrophilic carbon sources ratio on oil consumption
In all the fermentation trials, the consumption of the two carbon sources was measured as well. Table 2 shows the percentage of carbon sources consumed. 
Table 2: Percentage of carbon sources consumption considering final and initial concentration, and ratio of the initial concentration consumed at the end of the batch curve
	Vegetable oil/glycerol ratio
	Consumed vegetable oil (%)
	Consumed glycerol (%)

	0.4
	51
	40

	1
	17
	67

	1.76
	27
	19

	3
	50
	99

	8.8
	45
	96



Analysis of vegetable oil consumption revealed that this carbon source was never growth-limiting, as its utilization reached a maximum of only about 51% of the initial amount. This indicates that the oil was always present in excess throughout the fermentation process. This confirms the hypothesis of non-limitation for the biomass growth observed in Figure 1A. Nevertheless, it is plausible that a high concentration of this substrate in the culture medium is required to trigger the production of the target molecule. Very high oil concentrations may themselves represent an additional environmental stress factor, thereby contributing to the upregulation of the β-Lactamase inhibitor biosynthesis. In Figure 2 carbon sources consumption over time is shown.
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Figure 2: Vegetable oil (A) and glycerol (B) consumption over time in the different ratios (0.4: squares, 1: diamond, 1.76: line, 3: dot, 8.8: triangle)

In Figure 2A the majority of the vegetable oil is consumed during the exponential phase of the growth. After the third day, indeed, when the stationary phase begins, the concentration of this carbon source in the media is steady. The oil, therefore, seems mainly uptaken as carbon source during growth phase, but its presence in the media is fundamental also for the production of the molecule.  
The consumption of glycerol, instead, as shown in Figure 2B, is less steep and more constant over time. This carbon source is used for both growth and production in the majority of the conditions tested. Interestingly, in the conditions with the best producing performances – i.e R=8.8 - the glycerol is consumed almost entirely in the first three days of growth. The lack of glycerol for half of the fermentation time could represent another factor that led to the high increase in the molecule production. 
Figure 3 shows the hydrophobic carbon source consumption during the exponential growth phase in relation to the carbon source ratio.
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Figure 3 : Hydrophobic carbon source consumption during exponential growth in relation to the hydrophobic/hydrophilic carbon source ratio

The vegetable oil consumption during exponential growth phase – i.e. the phase where the majority of it is consumed – has a logarithmic trend when related to the ratio of the carbon sources. For ratios between 0.4 and 3 the relation is almost linear: the consumption increases with increasing ratios. This could be linked to the higher production of β-Lactamase inhibitor with higher ratios. Interestingly this trend is interrupted with the ratio 8.8. Here there is a plateau, suggesting that the amount of vegetable oil that the microorganism could consume has a higher limit corresponding to around 5 g L-1 d-1. This trend suggests that the carbon source consumption is not the only aspect that plays a role in the increasing of production, confirming that the disequilibrium of the carbon sources strongly affects the fermentation performances.

Conclusions
In this work, different vegetable oil to glycerol ratios have been tested in order to evaluate their effect on the fermentation performances of Streptomyces sp. A linear correlation between the ratio and the production of β-Lactamase inhibitor has been found, while the final biomass concentration was constant for all the fermentation trials, suggesting no effect on growth, but rather an effect on the accumulation of the target molecule. The best ratio found was 8.8, that consists in 44 g/L of vegetable oil and 5 g/L of glycerol. These results underline that a nutrient disequilibrium in the fermentation media may have a crucial role in enhancing the molecule production. 
The carbon source consumption analysis shows that glycerol is constantly consumed over time. In the ratio where its initial concentration is low – i.e. 8.8 – the consumption happens almost completely in the first three days of the process. Vegetable oil, instead, is consumed mainly during the exponential growth phase and in all the ratios tested at least half of the initial concentration is not consumed. The presence of oil in the media, therefore, is not only important to ensure the growth of the biomass but represents also an environmental stress that induces the production of the molecule. It also has a combined effect with the lack of glycerol, leading to a 20% increase in production in the ratio 8.8 compared to the standard conditions.
This work poses the basis to more experimental work to study the influence of this carbon sources ratio on the fermentation process of Streptomyces sp. and to optimize the fermentation media in order to increase β-Lactamase inhibitor production.     
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