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                    Abstract
Itaconic acid is a five-carbon dicarboxylic acid with an unsaturated alkene bond, frequently used as a building block for the industrial production of a variety of synthetic polymers. It is also one of the major products of fungal “overflow metabolism” which can be produced in submerged fermentations of the filamentous fungus Aspergillus terreus. At the present, molar yields of itaconate are lower than those obtained in citric acid production in Aspergillus niger. Here, we have studied the possibility that the yield may be limited by the oxygen supply during fermentation and hence tested the effect of the dissolved oxygen concentration on the itaconic acid formation rate and yield in lab-scale bioreactors. The data show that a dissolved oxygen concentration of 2% saturation was sufficient for maximal biomass formation. Raising it to 30% saturation had no effect on biomass formation or the growth rate, but the itaconate yield augmented substantially from 0.53 to 0.85 mol itaconate/mol glucose. Furthermore, the volumetric and specific rates of itaconic acid formation ameliorated by as much as 150% concurrent with faster glucose consumption, shortening the fermentation time by 48 h. Further increasing the dissolved oxygen concentration over 30% saturation had no effect. Moreover, we show that this increase in itaconic acid production coincides with an increase in alternative respiration, circumventing the formation of surplus ATP by the cytochrome electron transport chain, as well as with increased levels of alternative oxidase transcript. We conclude that high(er) itaconic acid accumulation requires a dissolved oxygen concentration that is much higher than that needed for maximal biomass formation, and postulate that the induction of alternative respiration allows the necessary NADH reoxidation ratio without surplus ATP production to increase the glucose consumption and the flux through overflow metabolism.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1[image: ]


Fig. 2[image: ]


Fig. 3[image: ]


Fig. 4[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Metabolic responses of Aspergillus terreus under low dissolved oxygen and pH levels
                                        
                                    

                                    
                                        Article
                                        
                                         07 March 2018
                                    

                                

                                Pajareeya Songserm, Aphichart Karnchanatat, … Nuttha Thongchul

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Two-stage oxygen supply strategy for enhancing fed-batch production of pyrroloquinoline quinone in Hyphomicrobium denitrificans FJNU-6
                                        
                                    

                                    
                                        Article
                                        
                                         12 June 2020
                                    

                                

                                Mengsu Liu, Xinwei Yang, … Chongrong Ke

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Citric acid and itaconic acid accumulation: variations of the same story?
                                        
                                    

                                    
                                        Article
                                         Open access
                                         13 February 2019
                                    

                                

                                Levente Karaffa & Christian P. Kubicek

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	Bafana R, Pandey RA (2018) New approaches for itaconic acid production: bottlenecks and possible remedies. Crit Rev Biotechnol 38(1):68–82. https://doi.org/10.1080/07388551.2017.1312268
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bai Z, Harvey LM, McNeil B (2003) Oxidative stress in submerged cultures of fungi. Crit Rev Biotechnol 23(4):267–302. https://doi.org/10.1080/07388550390449294
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Batti ME (1967) Process for producing citric acid. US Patent 3,335,067

	Batti ME, Schweiger LB (1963) Process for the production of itaconic acid. US Patent 3,078,217

                    Google Scholar 
                

	Bovier E, Sellem CH, Humbert A, Sainsard-Chanet A (2014) Genetic and functional investigation of Zn2Cys6 transcription factors RSE2 and RSE3 in Podospora anserina. Eukaryot Cell 13(1):53–65. https://doi.org/10.1128/EC.00172-13
                        
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Cárdenas-Monroy CA, Pohlmann T, Piñón-Zárate G, Matus-Ortega G, Guerra G, Feldbrügge M, Pardo JP (2017) The mitochondrial alternative oxidase Aox1 is needed to cope with respiratory stress but dispensable for pathogenic development in Ustilago maydis. PLoS One 12(3):e0173389. https://doi.org/10.1371/journal.pone.0173389
                        
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Cunha da Cruz J, Machado de Castro A, Camporese Sérvulo EF (2018) World market and biotechnological production of itaconic acid. 3 Biotech 8(3):138. https://doi.org/10.1007/s13205-018-1151-0
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	de Vries RP, Riley R, Wiebenga A, Aguilar-Osorio G, Amillis S, Uchima CA, Anderluh G, Asadollahi M, Askin M, Barry K, Battaglia E, Bayram Ö, Benocci T, Braus-Stromeyer SA, Caldana C, Cánovas D, Cerqueira GC, Chen F, Chen W, Choi C, Clum A, Correa dos Santos RA, de Lima Damásio AR, Diallinas G, Emri T, Fekete E, Flipphi M, Freyberg S, Gallo A, Gournas C, Habgood R, Hainaut M, Harispe ML, Henrissat B, Hildén KS, Hope R, Hossain A, Karabika E, Karaffa L, Karányi Z, Kraševec N, Kuo A, Kusch H, LaButti K, Lagendijk EL, Lapidus A, Levasseur A, Lindquist E, Lipzen A, Logrieco AF, MacCabe A, Mäkelä MR, Malavazi I, Melin P, Meyer V, Mielnichuk N, Miskei M, Molnár ÁP, Mulé G, Ngan CY, Orejas M, Orosz E, Ouedraogo JP, Overkamp KM, Park HS, Perrone G, Piumi F, Punt PJ, Ram AFJ, Ramón A, Rauscher S, Record E, Riaño-Pachón DM, Robert V, Röhrig J, Ruller R, Salamov A, Salih NS, Samson RA, Sándor E, Sanguinetti M, Schütze T, Sepčić K, Shelest E, Sherlock G, Sophianopoulou V, Squina FM, Sun H, Susca A, Todd RB, Tsang A, Unkles SE, van de Wiele N, van Rossen-Uffink D, Velasco de Castro Oliveira J, Vesth TC, Visser J, Yu JH, Zhou M, Andersen MR, Archer DB, Baker SE, Benoit I, Brakhage AA, Braus GH, Fischer R, Frisvad JC, Goldman GH, Houbraken J, Oakley B, Pócsi I, Scazzocchio C, Seiboth B, van Kuyk PA, Wortman J, Dyer PS, Grigoriev IV (2017) Comparative genomics reveals high biological diversity and specific adaptations in the industrially and medically important fungal genus Aspergillus. Genome Biol 18:28. https://doi.org/10.1186/s13059-017-1151-0
                        
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Dwiarti L, Otsuka M, Miura S, Yaguchi M, Okabe M (2007) Itaconic acid production using sago starch hydrolysate by Aspergillus terreus TN484-M1. Bioresour Technol 98(17):3329–3337. https://doi.org/10.1016/j.biortech.2006.03.016
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Fekete E, Karaffa L, Sándor E, Seiboth B, Bíró S, Szentirmai A, Kubicek CP (2002) Regulation of the intracellular beta-galactosidase activity of Aspergillus nidulans. Arch Microbiol 179:7–14. https://doi.org/10.1007/s00203-002-0491-6
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Fekete E, Orosz A, Kulcsár L, Kavalecz N, Flipphi M, Karaffa L (2016) Characterization of a second physiologically relevant lactose permease gene (lacpB) in Aspergillus nidulans. Microbiology 162(5):837–847. https://doi.org/10.1099/mic.0.000267
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Garcia-Neto W, Cabrera-Orefice A, Uribe-Carvajal S, Kowaltowski AJ, Alberto Luévano-Martínez L (2017) High osmolarity environments activate the mitochondrial alternative oxidase in Debaryomyces hansenii. PLoS One 12(1):e0169621. https://doi.org/10.1371/journal.pone.0169621
                        
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Garcia-Ochoa F, Gomez E (2009) Bioreactor scale-up and oxygen transfer rate in microbial processes: an overview. Biotechnol Adv 27(2):153–176. https://doi.org/10.1016/j.biotechadv.2008.10.006
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Grahl N, Dinamarco TM, Willger SD, Goldman GH, Cramer RA (2012) Aspergillus fumigatus mitochondrial electron transport chain mediates oxidative stress homeostasis, hypoxia responses and fungal pathogenesis. Mol Microbiol 84(2):383–399. https://doi.org/10.1111/j.1365-2958.2012.08034.x
                        
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hattori T, Kino K, Kirimura K (2009) Regulation of alternative oxidase at the transcription stage in Aspergillus niger under the conditions of citric acid production. Curr Microbiol 58(4):321–325. https://doi.org/10.1007/s00284-009-9369-z
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Higgins VJ, Alic N, Thorpe GW, Breitenbach M, Larsson V, Dawes IW (2002) Phenotypic analysis of gene deletant strains for sensitivity to oxidative stress. Yeast 19(3):203–214. https://doi.org/10.1002/yea.811
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Honda Y, Hattori T, Kirimura K (2012) Visual expression analysis of the responses of the alternative oxidase gene (aox1) to heat shock, oxidative, and osmotic stresses in conidia of citric acid-producing Aspergillus niger. J Biosci Bioeng 113(3):338–342. https://doi.org/10.1016/j.jbiosc.2011.10.026
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hossain AH, Li A, Brickwedde A, Wilms L, Caspers M, Overkamp K, Punt PJ (2016) Rewiring a secondary metabolite pathway towards itaconic acid production in Aspergillus niger. Microb Cell Factories 15(1):130. https://doi.org/10.1186/s12934-016-0527-2
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Karaffa L, Kubicek CP (2003) Aspergillus niger citric acid accumulation: do we understand this well working black box? Appl Microbiol Biotechnol 61(3):189–196. https://doi.org/10.1007/s00253-002-1201-7
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Karaffa L, Díaz R, Papp B, Fekete E, Sándor E, Kubicek CP (2015) A deficiency of manganese ions in the presence of high sugar concentrations is the critical parameter for achieving high yields of itaconic acid by Aspergillus terreus. Appl Microbiol Biotechnol 99(19):7937–7944. https://doi.org/10.1007/s00253-015-6735-6
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kirimura K, Yoda M, Usami S (1999) Cloning and expression of the cDNA encoding an alternative oxidase gene from Aspergillus niger WU-2223L. Curr Genet 34(6):472–477
Article 
    CAS 
    
                    Google Scholar 
                

	Kirimura K, Yoda M, Shimizu H, Sugano S, Mizuno M, Kino K, Usami S (2000) Contribution of cyanide-insensitive respiratory pathway, catalyzed by the alternative oxidase, to citric acid production in Aspergillus niger. Biosci Biotechnol Biochem 64(10):2034–2039. https://doi.org/10.1271/bbb.64.2034
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kozma J, Karaffa L (1996) Effect of oxygen on the respiratory system and cephalosporin-C production in Acremonium chrysogenum. J Biotechnol 48(1–2):59–66. https://doi.org/10.1016/0168-1656(96)01400-9
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kubicek CP, Zehentgruber O, El-Kalak H, Röhr M (1980) Regulation of citric acid production by oxygen: the effect of dissolved oxygen tension on adenylate levels and respiration in Aspergillus niger. Eur J Appl Microbiol Biotechnol 9:101–115. https://doi.org/10.1007/BF00503505
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Kubicek CP, Punt P, Visser J (2010) Production of organic acids by filamentous fungi. In: Hofrichter M (ed) The Mycota X: Industrial applications. Springer, Berlin, Heidelberg, New York, pp 215–234

                    Google Scholar 
                

	Kuenz A, Krull S (2018) Biotechnological production of itaconic acid—things you have to know. Appl Microbiol Biotechnol 102(9):3901–3914. https://doi.org/10.1007/s00253-018-8895-7
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kuenz A, Gallenmüller Y, Willke T, Vorlop KD (2012) Microbial production of itaconic acid: developing a stable platform for high product concentrations. Appl Microbiol Biotechnol 96:1209–1216. https://doi.org/10.1007/s00253-012-4221-y
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Lai L-ST, Hung C-S, Lo C-C (2007) Effects of lactose and glucose on production of itaconic acid and lovastatin by Aspergillus terreus ATCC 20542. J Biosci Bioeng 104(1):9–13. https://doi.org/10.1263/jbb.104.9
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Li A, van Luijk N, ter Beek M, Caspers M, Punt P, van der Werf M (2011a) A clone-based transcriptomics approach for the identification of genes relevant for itaconic acid production in Aspergillus. Fungal Genet Biol 48(6):602–611. https://doi.org/10.1016/j.fgb.2011.01.013
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Li Q, O’Donnell A, Harvey LM, Hoskisson PA, McNeil B (2011b) Oxidative stress in fungal fermentation processes: the roles of alternative respiration. Biotechnol Lett 33(3):457–467. https://doi.org/10.1007/s10529-010-0471-x
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Li A, Pfelzer N, Zuijderwijk R, Brickwedde A, van Zeijl C, Punt P (2013) Reduced by-product formation and modified oxygen availability improve itaconic acid production in Aspergillus niger. Appl Microbiol Biotechnol 97(9):3901–3911. https://doi.org/10.1007/s00253-012-4684-x
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Manfredini R, Cavallera V, Marini L, Donati G (1983) Mixing and oxygen transfer in conventional stirred fermentors. Biotechnol Bioeng 25:3115–3131. https://doi.org/10.1002/bit.260251224
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	McDonald AE, Gospodaryov DV (2018) Alternative NAD (P) H dehydrogenase and alternative oxidase: proposed physiological roles in animals. Mitochondrion pii S1567-7249(17):30107–30101. https://doi.org/10.1016/j.mito.2018.01.009
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Molnár ÁP, Németh Z, Fekete E, Flipphi M, Keller NP, Karaffa L (2018) Analysis of the relationship between alternative respiration and sterigmatocystin formation in Aspergillus nidulans. Toxins (Basel) 10(4):168. https://doi.org/10.3390/toxins10040168
                        
Article 
    
                    Google Scholar 
                

	Saha B, Borovskii G, Panda SK (2016) Alternative oxidase and plant stress tolerance. Plant Signal Behav 11(12):e1256530. https://doi.org/10.1080/15592324.2016.1256530
                        
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Saha BC, Kennedy GJ, Qureshi N, Bowman MJ (2017) Production of itaconic acid from pentose sugars by Aspergillus terreus. Biotechnol Prog 33(4):1059–1067. https://doi.org/10.1002/btpr.2485
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Selinski J, Scheibe R, Day DA, Whelan J (2018) Alternative oxidase is positive for plant performance. Trends Plant Sci 23(7):588–597. https://doi.org/10.1016/j.tplants.2018.03.012
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Steiger MG, Blumhoff ML, Mattanovich D, Sauer M (2013) Biochemistry of microbial itaconic acid production. Front Microbiol 4(23). https://doi.org/10.3389/fmicb.2013.00023
                        

	Traeger M, Quazi GN, Onken U, Chopra CL (1991) Contribution of endo- and exocellular glucose oxidase to gluconic acid production at increased dissolved oxygen concentrations. J Chem Technol Biotechnol 50:1–11. https://doi.org/10.1002/jctb.280500102
                        
Article 
    CAS 
    
                    Google Scholar 
                

	van der Straat L, Vernooij M, Lammers M, van den Berg W, Schonewille T, Cordewener J, van der Meer I, Koops A, de Graaff LH (2014) Expression of the Aspergillus terreus itaconic acid biosynthesis cluster in Aspergillus niger. Microb Cell Factories 13:11. https://doi.org/10.1186/1475-2859-13-11
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Wang L, Zhang J, Cao Z, Wang Y, Gao Q, Zhang J, Wang D (2015) Inhibition of oxidative phosphorylation for enhancing citric acid production by Aspergillus niger. Microb Cell Factories 14:7. https://doi.org/10.1186/s12934-015-0190-z
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Wu X, Liu Q, Deng Y, Li J, Chen X, Gu Y, Lv X, Zheng Z, Jiang S, Li X (2017) Production of itaconic acid by biotransformation of wheat bran hydrolysate with Aspergillus terreus CICC40205 mutant. Bioresour Technol 241:25–34. https://doi.org/10.1016/j.biortech.2017.05.080
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Yabe K, Nakajima H (2004) Enzyme reactions and genes in aflatoxin biosynthesis. Appl Microbiol Biotechnol 64(6):745–755. https://doi.org/10.1007/s00253-004-1566-x
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Yin X, Shin HD, Li J, Du G, Liu L, Chen J (2017) Pgas, a low-pH-induced promoter, as a tool for dynamic control of gene expression for metabolic engineering of Aspergillus niger. Appl Environ Microbiol 83(6). https://doi.org/10.1128/AEM.03222-16
                        

	Young L, Shiba T, Harada S, Kita K, Albury MS, Moore AL (2013) The alternative oxidases: simple oxidoreductase proteins with complex functions. Biochem Soc Trans 41(5):1305–1311. https://doi.org/10.1042/BST20130073
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Zehentgruber O, Kubicek CP, Röhr M (1980) Alternative respiration of Aspergillus niger. FEMS Microbiol Lett 8(2):71–74. https://doi.org/10.1111/j.1574-6968.1980.tb05052.x
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Zhao M, Lu X, Zong H, Li J, Zhuge B (2018) Itaconic acid production in microorganisms. Biotechnol Lett 40(3):455–464. https://doi.org/10.1007/s10529-017-2500-5
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                


Download references




Acknowledgements
The authors are grateful to Anita Mizsák, Andor Kántor, Dóra Szegvári, and Zoltán Fekete (all at the University of Debrecen) for their help. EF is a recipient of a Bólyai János Research Scholarship.


Funding
This study was funded by EU and European Regional Development Fund (GINOP-2.3.2-15-2016-00008), European Union and the European Social Fund (EFOP-3.6.1-16-2016-00022), Hungarian Scientific Research Fund (NN116519 to LK), and János Bolyai Research Scholarship of the Hungarian Academy of Science (BO/00093/18/8 to EF).


Author information
Authors and Affiliations
	Department of Biochemical Engineering, Faculty of Science and Technology, University of Debrecen, H-4032, Egyetem tér 1, Debrecen, Hungary
Ákos P. Molnár, Zoltán Németh, István S. Kolláth, Erzsébet Fekete, Michel Flipphi, Norbert Ág & Levente Karaffa

	Institute of Food Science, Faculty of Agricultural and Food Science and Environmental Management, University of Debrecen, H-4032, Böszörményi út 138, Debrecen, Hungary
Áron Soós, Béla Kovács & Erzsébet Sándor

	Microbiology and Applied Genomics Group, Research Area Biochemical Technology, Institute of Chemical, Environmental & Bioscience Engineering, TU Wien, 1060, Getreidemarkt 9/166.5, Vienna, Austria
Christian P. Kubicek


Authors	Ákos P. MolnárView author publications
You can also search for this author in
                        PubMed Google Scholar



	Zoltán NémethView author publications
You can also search for this author in
                        PubMed Google Scholar



	István S. KolláthView author publications
You can also search for this author in
                        PubMed Google Scholar



	Erzsébet FeketeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Michel FlipphiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Norbert ÁgView author publications
You can also search for this author in
                        PubMed Google Scholar



	Áron SoósView author publications
You can also search for this author in
                        PubMed Google Scholar



	Béla KovácsView author publications
You can also search for this author in
                        PubMed Google Scholar



	Erzsébet SándorView author publications
You can also search for this author in
                        PubMed Google Scholar



	Christian P. KubicekView author publications
You can also search for this author in
                        PubMed Google Scholar



	Levente KaraffaView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Levente Karaffa.


Ethics declarations

              
              
                Conflict of interest

                The authors declare that they have no competing interests.

              
              
                Ethical approval

                This article does not contain any studies with human participants or animals performed by any of the authors.

              
            

Electronic supplementary material

ESM 1
(PDF 7718 kb)





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Molnár, Á.P., Németh, Z., Kolláth, I.S. et al. High oxygen tension increases itaconic acid accumulation, glucose consumption, and the expression and activity of alternative oxidase in Aspergillus terreus.
                    Appl Microbiol Biotechnol 102, 8799–8808 (2018). https://doi.org/10.1007/s00253-018-9325-6
Download citation
	Received: 11 July 2018

	Revised: 07 August 2018

	Accepted: 09 August 2018

	Published: 24 August 2018

	Issue Date: October 2018

	DOI: https://doi.org/10.1007/s00253-018-9325-6


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	
                Aspergillus terreus
              
	Itaconic acid
	Alternative oxidase
	Respiration
	Submerged fermentation
	Dissolved oxygen








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					18.207.232.152
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    