

  applsci-10-02500




applsci-10-02500







Appl. Sci. 2020, 10(7), 2500; doi:10.3390/app10072500




Article



Lab-Scale Optimization of Aurantiochytrium sp. Culture Medium for Improved Growth and DHA Production



Mafalda Trovão 1[image: Orcid], Hugo Pereira 2,*[image: Orcid], Margarida Costa 1[image: Orcid], Adriana Machado 1, Ana Barros 1, Maria Soares 1, Bernardo Carvalho 1, Joana Teles Silva 1, João Varela 2[image: Orcid] and Joana Silva 1





1



Allmicroalgae Natural Products, S.A., Rua 25 de Abril, n° 19, 2445-411 Pataias, Portugal






2



CCMAR—Centre of Marine Sciences, University of Algarve, Gambelas, 8005-139 Faro, Portugal









*



Correspondence: hgpereira@ualg.pt







Received: 18 February 2020 / Accepted: 31 March 2020 / Published: 5 April 2020



Abstract

:

Thraustochytrids have gained increasing relevance over the last decades, due to their fast growth and outstanding capacity to accumulate polyunsaturated fatty acids (PUFAs), particularly docosahexaenoic acid (DHA). In this context, the present work aimed to optimize the growth performance and DHA yields by improving the culture medium of Aurantiochytrium sp. AF0043. Accordingly, two distinct culture media were optimized: (i) an inorganic optimized medium (IOM), containing only monosodium glutamate and glucose as nitrogen and carbon sources, respectively; and (ii) an organic and sustainable waste-based optimized medium (WOM), containing corn steep powder and glycerol, added in fed-batch mode, as nitrogen and carbon sources, respectively. Overall, the lab-scale optimization allowed to increase the biomass yield 1.5-fold and enhance DHA content 1.7-fold using IOM. Moreover, WOM enabled a 2-fold increase in biomass yield and a significant improvement in lipid contents, from 22.78% to 31.14%. However, DHA content was enhanced almost 3-fold, from an initial content of 10.12% to 29.66% of total fatty acids contained in the biomass. Therefore, these results strongly suggest, not only that the production pipeline was significantly improved but also confirmed the potential use of Aurantiochytrium sp. AF0043 as a source of DHA.
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1. Introduction


Thraustochytrids are unicellular eukaryotic protists belonging to the superphylum Heterokonta (also known as Stramenopiles) and more specifically to the heterotrophic phylum Bigyra and the class Labyrinthulea [1]. Thraustochytrids are associated with a wide range of biotechnological applications, which triggered their industrial production for different high-value markets [2,3,4]. From a biotechnological point of view, two main features are responsible for the increasing interest in this family of microorganisms. They display high growth performance, reaching very high cell concentrations in a few days, and exhibit the striking ability to produce and accumulate docosahexaenoic acid (DHA) [4,5,6]. In contrast with the majority of microorganisms that produce saturated fatty acids (FA) as energy storage lipids, thraustochytrids synthesize long chain-polyunsaturated fatty acids (LC-PUFAs), like DHA, as energy storage, by an alternative pathway catalyzed by the polyketide synthase (PKS) enzymatic complex [5,7]. Usually, besides DHA, they also produce docosapentaenoic acid (DPA), another typical LC-PUFA in thraustochytrids [4,5].



DHA belongs to a class of LC-PUFA often called “omega-3 fatty acids”, which are in high demand due to the many known benefits in nutrition. DHA is also widely known for its fundamental role in preventing cardiovascular diseases, being essential for brain and eye development (particularly in children), learning capacities, as well as for the prevention of neurodegenerative conditions, arthritis, asthma and skin diseases [7,8,9,10,11,12,13,14,15,16,17,18,19,20]. In addition, DHA plays a key role in membrane fluidity, cell signaling, cell interactions and in the development of the immune system and inflammatory responses [21,22,23].



Although DHA is well established in the food, feed, nutraceutical, and dietary supplement markets, it has been sold mainly in the form of fish oil, of which 70% is currently used for aquafeeds [3,5]. Nevertheless, several sustainability problems are strongly related to fish oil, namely overfishing and chemical products used in the extraction of this oil [4,7,14,17,20,24]. In addition, fish oil is associated with an unpleasant smell, taste, low DHA amount, and possible presence of harmful contaminants, due to ocean pollution and bioaccumulation of heavy metals, dioxins and polychlorinated biphenyls [7,14,16,17,20,24,25]. Moreover, the increasing need for food and the spread of aquaculture worldwide will also require higher amounts of these oils for aquafeed. In addition, the growing demand for DHA from a non-animal origin created a gap in the market, which could be fulfilled by DHA of microbial origin, with particular relevance in the vegan market.



In this context, the present work reports the optimization of lab-scale culture media of Aurantiochytrium sp. AF0043 for the purpose of maximizing biomass, lipid and DHA yields. In addition, the impact of the different conditions on the biochemical composition, in particular on the proximate composition and FAME profile, was evaluated.




2. Materials and Methods


2.1. Thraustochytrid Strain


The thraustochytrid strain used in this work, Aurantiochytrium sp. AF0043, was obtained from Allmicroalgae’s culture collection. The strain was cryopreserved under liquid nitrogen and an aliquot was taken when necessary.




2.2. Experimental Trials


All laboratory experiments were performed with a final volume of 50 mL, using 250-mL Erlenmeyer flasks with caps of cotton and gaze (unless otherwise stated). After inoculation, the Erlenmeyer flasks were placed in an orbital incubator (ArgoLab® shaker SKI 4, Carpi, Italy), at 28 °C and a mixing speed of 150 rpm. All experiments were carried out in triplicate.



In all trials, samples were taken daily and the growth, pH, and glucose concentration were monitored. At the end of each assay, samples were centrifuged at 4500× g for 15 min (Hermle® Z300 centrifuge, Gosheim, Germany) and the pellet was frozen at −20 °C for biochemical analysis.



2.2.1. Effect of Basal Culture Medium and Trace Metals Solution


A standard heterotrophic medium, MB10, was used as a starting point for the optimization of the culture medium. In the first trial, this basal medium was compared to MT1, a culture medium that was designed in accordance with the information available in the literature [2,6,10,11,14,17,20,26,27,28,29,30,31,32,33,34]. The MT1 medium was tested using two trace metals solutions: (i) TM1, the trace metals solution of MB10; and (ii) TM2, formulated based on previous results obtained in the literature [6,8,10,14,16,17,20,24,26,27,32,33,34,35].



MB10 was composed of 9.0 g/L K2HPO4, 8.7 g/L NaH2PO4.H2O, 5.0 g/L MgSO4.7H2O, 1.2 g/L citric acid, 6.3 g/L ammonium sulfate, 0.3 g/L CaCl2, 2.0 g/L (monosodium) glutamate and 15 g/L NaCl, supplemented with 20 mL/L of TM1 and 1.5 mL of vitamins solution (VIT).



MT1 was formulated to contain 4 g/L K2HPO4, 2 g/L MgSO4.7H2O, 0.8 g/L of ammonium sulfate, 0.1 g/L CaCl2, 20 g/L (monosodium) glutamate, 0.5 g/L of KCl, 10 g/L NaSO4 and 4 g/L of yeast extract and was further supplemented with 20 mL/L of TM1 or TM2 and 1.5 mL of VIT1.



The composition of TM1 was as follows: 0.1 g/L CuSO4.5H2O, 3.3 g/L H3BO3, 14 g/L ZnSO4.7H2O, 8.1 g/L MnSO4.H2O, 0.39 g/L Na2MoO4.2H2O, 0.13 g/L NiCl2.6H2O, 33 g/L monohydrated citric acid and 1.1 g/L FeSO4.7H2O. TM2 was formulated to contain 0.6 g/L CuSO4.5H2O, 0.8 g/L ZnSO4.7H2O, 0.86 g/L MnCl2.4H2O, 0.01 g/L Na2MoO4.2H2O, 0.06 g/L NiSO4.6H2O, 0.29 g/L FeSO4.7H2O, 0.01 g/L CoCl2.6H2O and 6 g/L of disodium EDTA.



VIT1 was composed of 1 g/L thiamine-HCl (vitamin B1), 0.015 g/L d-biotin (vitamin B7), 0.012 g/L cyanocobalamin (vitamin B12), 0.030 g/L pantothenate (vitamin B5) and 0.060 g/L p-aminobenzoic acid (PABA).



The carbon source was a glucose stock solution at 50% w/v, which was given in order to obtain a final concentration of 50 g/L of glucose in the culture’s medium in all treatments.



Henceforth, MT1 supplemented with TM1 and VIT1 and glucose at 50 g/L was the medium used in the following assays unless stated otherwise.




2.2.2. C Source Optimization


For the optimization of the carbon source, two carbon sources were tested individually and combined at different concentrations with the whole MT1 medium, using the following treatments: (i) 50 g/L glucose, (ii) 100 g/L glucose, (iii) 50 g/L glycerol, (iv) 100 g/L glycerol and, (v) 25 g/L glucose + 25 g/L glycerol.




2.2.3. N Source Optimization


For nitrogen optimization, each N source of the original MT1 medium, namely yeast extract, glutamate and ammonium sulphate, was tested individually at a concentration of 150 mM N, using MT1 medium without any N source. The whole MT1 medium containing the three N sources was used as control.



Thereafter, a second assay, considering waste-based alternative N sources, was performed. Accordingly, cheese whey, corn steep powder and an organic liquid medium made from fertilizers and agricultural wastes (MNBIO) were tested at a concentration of 150 mM N, using MT1 medium without N. The whole MT1 medium was used as control. All treatments were supplemented with TM1 and VIT1 and 50 g/L glucose.




2.2.4. Non-Optimized vs. Optimized Conditions


Finally, in order to validate the results obtained, a final trial was conducted in baffled Erlenmeyer flasks, comparing the initial culture medium (MB10) with two culture media formulated according to the results previously obtained, namely: (i) an inorganic optimized medium (IOM), composed of MT1 containing only glutamate as N source and 200 g/L glucose as C source; and (ii) an organic waste-based optimized medium (WOM), with MT1 containing corn steep powder as N source and 50 g/L glycerol as C source (fed-batch). The conditions tested in this assay are summarized below, in Table 1.





2.3. Growth Assessment


Cultures were analyzed daily by optical density measurement at 600 nm (OD600), in a Zuzi® spectrophotometer (Navarra, Spain) and microscopic observations (Zeiss AX10®, Oberkochen, Germany). To determine biomass dry weight (DW), samples were filtered through 0.45-µm cellulose filters (VWR, Amadora, Portugal), and washed with the same volume of an ammonium formate solution (61 g/L). Finally, they were dried at 120 °C in a Radwag® MA50.R moisture analyzer (Radom, Poland). The DW was calculated as represented in Equation (1).


   DW     (     g   L    − 1      )  =    (   m f  −  m i   )   V  .    



(1)







A correlation between DW and OD was obtained particularly for this strain as it is represented by Equation (2):


   OD     (  600   nm  )  =  (  1.8606   ×   DW  )    − 2.3048  



(2)







Biomass productivity (P) was obtained by Equation (3) and specific growth rate (µ) by Equation (4), where DWf and DWi corresponded to the final and initial dry weights taken at the time points tf and ti, respectively:


   P     (     g   L    − 1      )  =     DW f  −  DW i      t f  −      t   i     



(3)






   µ     (    day   − 1    )  =   ln     DW  f      DW  i       t f  −      t   i    ,  



(4)







The maximum specific growth rate (µmax) was calculated using Equation (4), but solely for the time interval of the exponential phase, i.e., considering the biomass concentration at the beginning and end of the exponential phase.




2.4. pH Control


pH was measured with pH meter 110 (VWR, Amadora, Portugal) and pH stripes (Labbox, Barcelona, Spain). Cultures were maintained at a pH of about 6.5 and adjusted when necessary with 2M HCl or 2M NaOH, sterilized by 0.2-µm vacuum filtration (VWR, Amadora, Portugal).




2.5. Determination of Glucose Concentration


For glucose quantification, samples were centrifuged for 10 min at 2000 g (VWR® MiniStar Silverline microcentrifuge, Amadora, Portugal). The supernatant was diluted using 0.9% NaCl (w/v) to measure glucose’s concentration in a YSI 2950D Biochemistry Analyzer (Xylem Inc., Yellow Springs, OH, USA).




2.6. Biochemical Composition


All frozen samples were freeze-dried in a Telstar LyoAlfa 15 (Barcarena, Portugal) and stored in a desiccator, prior to all biochemical analysis.



2.6.1. Proximate Composition


Determination of Total Lipid Content


The total lipid content was determined according to a modified Bligh and Dyer [36] method, reported by Pereira et al. [37]. Briefly, 10 mg of dried biomass was extracted with a mixture of MeOH:CHCl3:H2O (2:2:1) and homogenized with an Ultra-Turrax disperser (IKA, Staufen, Germany), for 2 min. Thereafter, the mixture was centrifuged at 2500× g, for 10 min, to separate phases, and the chloroform phase was transferred to pre-weighed tubes and dried overnight (60 °C). The final weight of the tubes was determined, which allowed one to estimate the percentage of lipids by gravimetry.




Determination of Ash Content


Ash content was determined by burning biomass samples for 8 h, at 550 °C, in a muffle furnace (J. P. Selecta, Sel horn R9-L, Barcelona, Spain). The final weight was determined, and ash content was calculated by the initial and final weight difference.





Determination of Protein and Carbohydrate Contents


In accordance with the procedure provided by the manufacturer, C, H and N elemental analysis was carried out in a Vario EL®, Elementar Analyser System (GmbH, Hanau, Germany). The protein content was then estimated by multiplying the nitrogen content, as determined by the elemental analyzer, by a 6.25 factor [38].



The carbohydrate content of each sample was estimated by the difference of the sum of ash, lipid and protein contents.




2.6.2. Fatty Acid Profile


The fatty acid profile was determined according to a modified Lepage and Roy [39] protocol, reported by Pereira et al. [40]. Biomass samples were homogenized with an IKA Ultra-Turrax T10B disperser for 2 min in a solution of methanol and acetyl chloride (20:1, v/v). Thereafter, the reaction vessels were placed in a bath for 60 min at 90 °C. Following the derivatization procedure, the organic phase was sequentially extracted four times with n-hexane. In order to dry the extracts, anhydrous sodium sulphate was added and later filtered with a 0.2-µm filter (Whatman® Puradisc, PTFE). Extracts were then evaporated with a gentle stream of nitrogen and the residue was resuspended in GC grade hexane and stored at −20 °C.



Samples were analyzed by GC-MS (Bruker SCION 456 TQ GC/MS, Austin, TX, USA), using a ZB-5MS and helium as the carrier gas. Samples were injected at 300 °C and submitted to a temperature cycle: A first temperature increase starting at 60 °C, with an increment of 30 °C per min until 120 °C, a second heating phase that increased 5 °C per min until 250 °C, and a final gradient of 20 °C ascent per min until 300 °C were reached. Supelco® 37 FAME mix (Sigma-Aldrich, Sintra, Portugal) was used as standard.





2.7. Statistical Analysis


Statistical analysis was performed by analysis of variance (ANOVA), followed by post-hoc Tukey-HSD test using R software (version 3.6.1). All experiments were performed with three biological replicates, and results were expressed as mean ± standard deviation.





3. Results


3.1. Effect of Different Medium and Trace Metals Composition on Growth


The optimization of the culture medium started with a standard growth medium (MB10) that was tested against MT1 medium using two distinct trace metal solutions (TM1 and TM2; Figure 1).



The results obtained show that cultures grown in the MB10 medium reached a maximum biomass concentration of 9.18 g/L, which is significantly lower than the growth verified in MT1 media supplemented with both trace metal solutions (p < 0.05; Figure 1). MT1 supplemented with TM1 and TM2 did not show any significant differences in biomass concentrations among them (p > 0.05), reaching 13.47 and 14.33 g/L, respectively. Accordingly, the MT1 medium allowed a 1.6-fold increase in the biomass productivity from 1.49 to 2.42–2.59 g/L/day, and the specific growth rate was improved from 0.37 to 0.45–0.47 day−1.




3.2. Carbon Source Optimization


In order to evaluate the effect of different carbon sources and their concentration, glycerol was tested and compared to glucose, individually and in combination as a carbon source to grow Aurantiochytrium sp. (Figure 2)



All treatments displayed similar growth performances, reaching a final DW around 10.88–11.83 g/L at day 5 (p > 0.05; Figure 2). The exceptions were the cultures grown with 50 and 100 g/L of glycerol, which attained, respectively, 9.86 and 5.66 g/L of DW, which indicates that increasing glycerol concentrations inhibit the growth of this strain. Overall, biomass productivities between 1.89 and 2.08 g/L/day and growth rates between 0.39–0.43 day−1 were obtained.



Glucose was not fully consumed by day 5 in any of the conditions (data not shown). However, glucose was consumed at a much faster rate when glucose was the sole carbon source; conversely, when a mix of carbon sources was employed (glucose and glycerol; Figure 2), glucose remained almost constant throughout the growth period, indicating a preference of Aurantiochytrium sp. for glycerol over glucose.




3.3. N Source Optimization


MT1 medium has three N sources in its composition: glutamate, ammonium sulphate and yeast extract. Since glutamate and yeast extract are industrially expensive and the latter provides higher contamination risks, the possibility of excluding it from the medium was assessed (Figure 3A). In addition, alternative waste-based organic N sources were tested (Figure 3B).



In the first trial of N optimization, cultures grown in MT1 containing either yeast extract or glutamate reached similar productivities (between 1.63–1.81 g/L/d), maximum DW (between 9.71–11.02 g/L) and growth rates (0.37–0.38 day−1) compared to those obtained with the whole MT1 medium (p > 0.05). On the other hand, MT1 medium containing only ammonium sulphate led to significantly lower growth performance of Aurantiochytrium sp., as compared to those observed when cells were grown on other N sources (p < 0.05). This difference is probably related to the abrupt pH decrease associated with ammonium sulphate (data not shown).



Regarding the alternative N sources tested (Figure 3B), all treatments displayed significant differences among each other (p < 0.05). The highest growth performance of Aurantiochytrium sp. cultures was obtained with the control medium (MT1), which achieved a maximum concentration of 12.68 g/L DW after 5 days. Cells grown on corn steep powder attained the second-highest concentration, 10.79 g/L of DW, whereas MNBIO was the third most productive, reaching a final DW of 9.95 g/L. Cultures grown in cheese whey displayed the lowest growth performance that only reached 6.12 g/L of biomass DW.




3.4. Non-Optimized vs. Optimized Conditions


In order to validate the optimization carried out in the previous trials, MB10 medium with ammonium sulphate and glutamate and glucose was compared to: (i) an inorganic optimized medium (IOM), MT1 containing only glutamate and glucose; and (ii) an organic and waste-based optimized medium (WOM), with MT1 containing corn steep powder and glycerol (fed-batch; Figure 4).



The results obtained revealed that the starting medium, MB10, led to the lowest maximum concentration (14.78 g/L), biomass productivity (3.54 g/L/day) and growth rate (0.60 day−1) of Aurantiochytrium sp. (p < 0.05). The optimized culture media, IOM and WOM, improved respectively 1.5 and 2-fold the growth performance of Aurantiochytrium sp. in terms of maximum concentration when compared to the starting medium. In addition, the biomass productivity increased 0.7 and 1.6-fold and the growth rate 1.2 and 1.7-fold, respectively. Interestingly, the cheapest and most sustainable medium (WOM) reached a maximum concentration of 29.78 g/L of DW.




3.5. Biochemical Composition of Biomass


In this trial, the quality of the biomass obtained was compared regarding proximate composition (Table 2) and FAME profile (Table 3), in order to identify the effect of the optimization on the biochemical composition of Aurantiochytrium sp.



The biomass grown with standard growth medium (MB10) presented the highest protein content (24% of DW), followed by the WOM (21% of DW), while IOM led to the lowest protein content (14% of DW) (p < 0.05). Regarding total lipids, Aurantiochytrium sp. grown in WOM presented the highest values, 31% of DW, compared to 23 and 15% of DW in MB10 and IOM, respectively (p < 0.05). The carbohydrate content was significantly higher in cultures grown in IOM (59% of DW) (p < 0.05), than in MB10 (28% of DW) and WOM (33% of DW). MB10 promoted the highest ash content in Aurantiochytrium sp. cultures, 26% of DW (p < 0.05), while IOM- and WOM-grown cells presented similar ash values of 12 and 15% of DW, respectively.



The FAME profile (Table 3) of Aurantiochytrium sp. was mainly composed of myristic (C14:0), palmitic (C16:0), docosapentaenoic (C22:5 n-3, DPA) and docosahexaenoic (C22:6 n-3, DHA) acids. Other FAs common in this species were also detected in minor abundances, such as pentadecanoic (C15:0), heptadecanoic (C17:0) and stearic (C18:0) acids.



When the different media are compared among each other, it is clear that MB10 led to a higher amount of saturated fatty acids (SFA) in the biomass of Aurantiochytrium sp., 87.65%, mainly hexadecanoic acid (C16:0) and a lower amount of DHA, which accounted for 10.12% of total FA. On the other hand, both IOM and WOM led to a steep increase in the contents of DHA and to lower contents of SFA in the final biomass. Overall, the optimization allowed a significant improvement in the DHA content of produced biomass, from 10.12% to 17.05% and 29.66% with IOM and WOM, respectively.





4. Discussion


The optimization of the culture medium is one of the most important parameters to obtain concentrated cultures with high DHA amount of Aurantiochytrium sp., and the lab-scale optimization carried out in this work allowed significant improvements that can be key to industrial cultivation.



Aurantiochytrium sp. was first cultivated in MB10, as it is the stock medium used in-house for heterotrophic cultivation of other microorganisms. Nevertheless, in this strain, the preliminary growth using this medium was unsatisfactory, given its low growth rates and biomass productivity. As MB10 contains NaCl, the presence of chloride ions in the medium was detected. This is undesired, because such ions are corrosive, affecting the operation of industrial fermentation vessels. Thus, to prevent this, the inclusion of Cl must be avoided in the industrial medium formulation [30,34]. However, most thraustochytrids require sea salts for growing, which are essential for lipid synthesis and osmotic adjustment [26,30,34]. Therefore, to adjust the medium to the species under study and bearing in mind the aim of maintaining its industrial feasibility, an extensive literature review was performed, focusing on the macronutrients, trace metals, vitamins and N sources of the culture medium. This search resulted in the MT1 medium, which was formulated taking into account the best growth performance and DHA accumulation. In MT1, Na2SO4 is the largest contributor to the medium salinity, eliminating chlorine ions from the medium without compromising the organism’s growth or DHA production. In fact, Chen et al. [30] found out that the replacement of sea salt (2% w/v) by Na2SO4 (1% w/v) improved the maximum concentration of biomass from 35 to around 39 g/L, while DHA yield (7.95 g/L) increased from 40% to 44% of the total lipids in the thraustochytrid Schizochytrium sp., corroborating the feasibility of NaCl replacement. Similarly, the results obtained in the first trial revealed that MT1 supplemented with TM1 outperformed MB10 and was further used for the whole optimization process. After these significant improvements in the formulation of macronutrients and trace metals, the next step was to optimize the carbon source and its concentration.



In the present study, Aurantiochytrium sp. was grown using glucose and glycerol independently and in combination as the C-source. Glucose is the most used substrate in heterotrophic cultivation, since it displays, generally, higher growth rates and biomass yields in most heterotrophic microorganisms, including thraustochytrids [25]. Nevertheless, alternative carbon sources, such as glycerol, must be pursued particularly from waste streams, with the goal of reducing production costs [25]. Glycerol is a carbon source of excellence that has received attention in the biotechnology field due to its abundance as a cheap by-product of biodiesel industries [25,35,41]. Moreover, glycerol used as a feedstock in heterotrophic growth maintains the food-grade status of the produced biomass and sub-products [4,41]. Thraustochytrids, such as Aurantiochytrium, have been reported as being able to utilize glycerol as a carbon source, obtaining comparable and even higher biomass and DHA yields [35,41]. Nevertheless, when 100 g/L of glycerol was tested, growth was inhibited. In fact, inhibition at glycerol concentrations above 50 g/L was already reported for Aurantiochytrium limacinum [42].



The same philosophy was used to evaluate the impact of different N sources in the growth of Aurantiochytrium sp. In the first N optimization trial, three traditionally used N sources present in MT1 were evaluated independently, namely yeast extract, ammonium sulphate and glutamate. Results showed that both yeast extract and glutamate displayed similar growth results to the whole MT1 medium. These results unveiled the larger contribution of glutamate for growth and the possibility of using it as sole N source. This is a highly interesting finding because that eliminates the need of adding yeast extract, reducing medium costs. Accordingly, glutamate is often used as N source in thraustochytrid-based DHA production, since it accelerates growth and promotes DHA accumulation [2,7,11]. Interestingly, Wu et al. [21] attained slightly higher biomass, lipid and DHA content with glutamate, rather than with yeast extract. In a similar experiment, Ren et al. [10] reported glutamate as being able to promote growth up to higher biomass concentration; however, a right balance should be found, as N depletion is a known trigger of lipid accumulation, and excess N might be detrimental to DHA production [2,4,7].



Regarding alternative and more sustainable N sources, corn steep powder displayed a greater potential for the improved growth of Aurantiochytrium sp., when compared to cheese whey and MNBIO. High fructose corn syrup or corn steep liquor/powder (CSP) is a co-product of corn wet milling process, a well-reported agro-waste often used as a sugar substitute, due to its low cost and high solubility [43]. Apart from its elevated fermentable sugar content, it contains between 35%–45% of protein, being both an N and C source. Interestingly, Yokochi et al. [44] obtained a Schizochytrium limacinum biomass yield of 15 g/L DW using yeast extract and CSP, but a higher lipid content and twice as much DHA yield (1.7 g/L) was achieved with CSP, rather than with yeast extract. In this assay, the cultures using CSP as N source reached around 12 g/L DW. Bailey et al. [34] also recommended 2–10 g/L CSP in fed-batch mode, in order to obtain high-density cultures and high DHA productivities. On the other hand, Chen et al. [32] reported the lowest Aurantiochytrium sp. productivity and maximum biomass concentration with CSP, when compared to yeast extract, peptone and tryptone. Therefore, CSP is an interesting N source for thraustochytrid-based DHA fermentation, but its utilization and effectiveness seem to be strain-dependent.



To validate the whole optimization process, an inorganic and a waste-based optimized culture media, IOM and WOM, respectively, were established and validated in a final trial. IOM exhibited a much higher growth rate from the first to the second day (1.45 day−1) than the other conditions. This behavior might be related to N exhaustion. On the other hand, WOM led to 31.14% lipid content, a 1.4-fold increase compared to the initial conditions. It is worth noting that CSP and glycerol seem to be suitable alternatives to replace the commonly used glutamate and glucose, since they not only allowed a lipid yield increase, but also enhanced DHA production. Yu et al. [43] also reported high-fructose corn syrup as a possible option for Aurantiochytrium sp. DHA fermentation, reaching final concentration values of up to 78.5 g/L DW and 51 g/L lipid yields, with a DHA content of 46.4%.



Comparing the Aurantiochytrium strain studied here as a DHA feedstock with other thraustochytrids described in the literature is a complex proposition. Indeed, the genus Schizochytrium was amended leading to the introduction of two more genera, Aurantiochytrium and Oblongichytrium [45]. This resulted in the distribution of preexisting commercial strains among the three genera, based on their disparate phylogenetics, morphological features, as well as fatty acid and carotenoid profiles [8,45]. Currently, Schizochytrium sp. is often chosen for industrial production of DHA, since it has been far more studied and optimized, resulting in higher biomass productivities than Aurantiochytrium and other strains [20,33,34]. However, Aurantiochytrium sp. has the potential of accumulating higher amounts of DHA (up to 80%) and further optimization is thus possible in the near future, even with the use of growth media that can be labelled as “organic”. In addition, Aurantiochytrium is able to produce other high-value pigments, such as astaxanthin and β-carotene, which can further increase the commercial value of the biomass produced [8,45]. Taken together, the genus Aurantiochytrium will thus be the target of further research to yield further optimization concerning their cultivation in low-cost “organic” media.



Concerning the FAME profiles obtained in this study, they are in accordance with those previously described in the literature for Aurantiochytrium sp., with particularly high contents of myristic, palmitic, DPA and DHA [11,42,46,47] (Table 3). Interestingly, in the final validation trial, although WOM and IOM led to similar growth performances, higher biomass lipid and DHA contents were obtained in WOM. Similarly, Chang et al. [35] obtained around 55 g/L DW and total FAME around 33% with 40 g/L glucose or glycerol and posterior feeding, while DHA concentration was higher with glycerol, 48.4% of total lipids, than with glucose (43.2%).




5. Conclusions


The lab-scale optimization of Aurantiochytrium sp. AF0043 culture medium was successfully achieved and led to the establishment of two culture media, IOM and WOM. IOM allowed the biomass yield to increase 1.5-fold and enhance DHA content 1.7-fold. Furthermore, an alternative waste-based medium (WOM) doubled the biomass yield, achieving a maximum of 29.78 g DW/L and further enhancing the lipid and DHA contents to 31.14% and 29.66%, respectively. This optimization process provided significant improvements regarding biomass, lipid and DHA yields and unveiled great potential for the scale-up of Aurantiochytrium sp. AF0043 to pilot and industrial scales, particularly if the cost cuts provided by the use of wastes as feedstocks are taken into account.
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Figure 1. Batch growth of Aurantiochytrium sp. AF0043, in MB10 and MT1, supplemented with two distinct trace metal solutions (TM1 and TM2). Error bars represent the standard deviation between three biological replicates. 
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Figure 2. Batch growth of Aurantiochytrium sp. AF0043 strain in MT1 culture medium with different carbon sources and concentrations: 50 g/L glucose, 100 g/L glucose, 50 g/L glycerol, 100 g/L glycerol and 25 g/L glucose + 25 g/L glycerol. Error bars represent the standard deviation of three biological replicates. 
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Figure 3. Batch growth of Aurantiochytrium sp. AF0043 strain, with different N sources, at a normalized N concentration of 150 mM. (A) MT1 with ammonium sulfate (AS), monosodium glutamate (MSG) and yeast extract (YE). (B) MT1 with cheese whey (CW), corn steep powder (CSP) and an organic liquid medium made from fertilizers and agricultural wastes (MNBIO). Error bars represent the standard deviation between three biological replicates. 
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Figure 4. Batch growth of Aurantiochytrium sp. AF0043, with MB10 medium (control), inorganic optimized medium (IOM), and waste-based optimized medium (WOM). Error bars represent the standard deviation between three biological replicates. 
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Table 1. Conditions of the final assay comparing the initial and optimized conditions with strain AF0043.
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	Condition
	Base Medium
	N Source
	C Source





	Control
	MB10
	Ammonium sulfate and Glutamate
	Glucose



	IOM
	MT1
	Glutamate
	Glucose



	WOM
	MT1
	Corn steep powder
	Glycerol
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Table 2. Proximate composition of Aurantiochytrium sp. AF0043 biomass strain cultures, grown in MB10 medium (control), inorganic optimized medium (IOM), and waste-based optimized medium (WOM). Values are the mean and corresponding standard deviation of three biological replicates. Different letters indicate significant differences between biomass grown in different media.






Table 2. Proximate composition of Aurantiochytrium sp. AF0043 biomass strain cultures, grown in MB10 medium (control), inorganic optimized medium (IOM), and waste-based optimized medium (WOM). Values are the mean and corresponding standard deviation of three biological replicates. Different letters indicate significant differences between biomass grown in different media.





	Medium
	Proteins (%)
	Lipids (%)
	Carbohydrates (%)
	Ashes (%)





	MB10
	23.57 ± 0.65 a
	22.78 ± 0.20 a
	28.13 ± 0.69 a
	25.52 ± 2.46 a



	IOM
	14.02 ± 0.04 c
	14.74 ± 0.15 c
	59.05 ± 3.47 b
	12.19 ± 0.05 b



	WOM
	20.55 ± 0.33 b
	31.14 ± 3.41 b
	32.99 ± 2.71 a
	15.31 ± 0.36 b
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Table 3. Fatty acid methyl esters profile of Aurantiochytrium sp. AF0043 cultures, grown in MB10 medium (control), inorganic optimized medium (IOM), and waste-based optimized medium (WOM). Values are given as the mean ± standard deviation percentage of the total FAME detected.
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	FAME
	MB10
	IOM
	WOM





	C14:0
	14.53 ± 0.52
	8.22 ± 4.14
	9.40 ± 0.49



	C15:0
	0.58 ± 0.05
	1.71 ± 1.71
	2.96 ± 0.18



	C16:1
	2.73 ± 1.07
	2.20 ± 0.91
	3.12 ± 0.10



	C16:0
	72.26 ± 0.27
	64.21 ± 8.31
	46.32 ± 1.22



	C17:0
	0.04 ± 0.04
	0.33 ± 0.33
	1.16 ± 0.14



	C18:0
	0.24 ± 0.20
	0.55 ± 0.55
	1.68 ± 0.58



	C22:5 (DPA)
	0.19 ± 0.11
	5.74 ± 3.93
	5.98 ± 5.98



	C22:6n-3 (DHA)
	10.12 ± 2.13
	17.05 ± 11.10
	29.66 ± 3.28
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