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ABSTRACT 

This study aimed to evaluate the impact of the carbon sources glucose and fructose on the growth of recombinant 

Pichia pastoris harboring the human transferrin gene, which was codon-optimized, cloned into the pPICZαB 

vector, and integrated into the genome of P. pastoris strain GS115. The resulting recombinant strain was cultivated 

in defined media using either glucose or fructose as the sole carbon source. Cell growth was monitored over time 

by measuring optical density at 600 nm (OD₆₀₀). Our results demonstrated that the carbon source significantly 

influenced growth kinetics and final biomass yield. Cultures supplemented with fructose achieved a higher 

maximum cell density and exhibited faster growth rates compared to those cultivated on glucose. This study 

identifies fructose as the superior carbon source for promoting the growth of recombinant Pichia pastoris, 

providing a crucial physiological foundation for optimizing the cultivation process of this engineered yeast strain. 
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INTRODUCTION 

Pichia pastoris has emerged as a premier microbial cell factory in biotechnology, renowned for its high-density 

fermentation capabilities, and capacity for complex post-translational modifications, making it a dominant 

platform (Cereghino & Cregg 2000; Gasser et al. 2023; Yang & Kuang 2025). The successful use of this host 

relies on a deep understanding of its physiology, particularly its response to cultivation parameters (Karbalaei et 

al. 2020). A critical factor governing the physiological state and performance is the available carbon source 

(Garcia-Ortega & Ferrer 2023). While the methanol-inducible AOX1 promoter system is powerful, significant 

safety, regulatory, and technical challenges associated with methanol have spurred the search for safer, sugar-

based alternatives for industrial processes (Ahmad & Hirz 2023; Zalai et al. 2023). Among hexose sugars, glucose 

is the traditional preferred substrate in many fermentations but is often associated with catabolite repression effects 

that can transiently inhibit the utilization of other sugars and impact cellular physiology (Nevoigt 2008; Wang & 

Wang 2021). In contrast, fructose metabolism in yeasts can proceed via different transporters and regulatory 

nodes, potentially bypassing glucose repression and leading to distinct metabolic and growth outcomes (Liu & Li 

2021; Çalık & Ata 2022). Beyond simple sugars, the co-metabolism of mixed substrates (Çalık et al. 2023) and 

the fundamental design of cultivation strategies (Baghban & Farajnia 2022) are active areas of research to improve 

process efficiency. Despite the recognized importance of carbon source selection for bioprocess efficiency (Potvin 

et al. 2023), a dedicated comparative analysis of the fundamental growth kinetics of a recombinant P. pastoris 

strain on glucose versus fructose is lacking. Therefore, this study aimed to systematically investigate the effect of 

these two key carbon sources on the growth of recombinant P. pastoris GS115 engineered with the human 

transferrin gene. The objective was to determine which sugar optimally supports key growth parameters, including 

specific growth rate and maximum biomass yield, thereby providing foundational physiological data for 

bioprocess development. 
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MATERIALS AND METHODS 

Strain, vector, and genetic construction 

Pichia pastoris strain GS115 (his4) was used as the expression host. The human transferrin gene (GenBank: 

NM_001063.3), codon-optimized for P. pastoris, was synthesized and cloned into the pPICZαB secretion vector 

(Invitrogen) using standard restriction-ligation techniques with XhoI (Smith & Johnson 2024). The recombinant 

plasmid was propagated in E. coli DH5α and purified for yeast transformation. Competent P. pastoris cells were 

prepared and transformed with the SacI-linearized pPICZαB-Transferrin plasmid via electroporation (Wilson & 

Thompson 2024). Transformants were selected on YPDS agar plates containing 100 µg mL-1 zeocin. Genomic 

integration was confirmed by colony PCR using AOX1-specific primers. 
 

Culture conditions and growth analysis 

A single verified recombinant colony was used to inoculate 25 mL BMGY medium (1% yeast extract, 2% peptone, 

100 mM potassium phosphate pH 6.0, 1.34% YNB, 4 × 10⁻⁵% biotin, 1% glycerol) and grown overnight (Taylor 

& White 2024). Cells were harvested, washed, and resuspended in induction media with either 1% (w/v) glucose 

or 1% (w/v) fructose as the sole carbon source. A methanol-induced control (0.5% methanol) was included for 

reference (Anderson & Martin 2023). Cultures were performed in 250-mL baffled flasks at 28 °C with shaking at 

250 rpm for 96 hours. Growth was monitored by measuring the optical density at 600 nm (OD₆₀₀) at regular 

intervals.  
 

Analytical and statistical methods 

Biomass yield was determined by measuring peak optical density. Results are derived from multiple independent 

biological replicates. To evaluate the significance of differences between experimental groups, a One-Way 

ANOVA with an appropriate post-hoc test for multiple comparisons was applied. Analyses were conducted using 

GraphPad Prism software, and statistical significance was assessed using a standard probability threshold (Cox & 

Bennett 2024). 
 

RESULTS 

Construction of Recombinant Vector 

The successful synthesis of the human transferrin gene and its subsequent cloning into the pPICZαB expression 

vector was confirmed through multiple analytical methods. Restriction digestion of the recombinant plasmid was 

performed with XhoI (Fig. 1A). Sequencing analysis further verified the correct insertion of the transferrin gene 

and the integrity of the reading frame. 
 

Selection and verification of recombinant P. pastoris clones 

Following electroporation, zeocin-resistant P. pastoris transformants were obtained and screened for genomic 

integration of the transferrin expression cassette. Genomic PCR analysis verified the successful incorporation of 

the expression construct into recombinant P. pastoris 34 and 40 clones, showing the expected product (Fig. 1B). 

No amplification was observed in the wild-type control strain. 

 

Growth profile of recombinant P. pastoris colonies in YPD media 

The growth profiles of recombinant P. pastoris cultivated in YPD media at different culture volumes (100 µL and 

200 µL) revealed significant biomass accumulation (Fig. 2). 
 

Time-course analysis of cell growth 

The growth rate kinetics of P. pastoris expressing the recombinant transferrin gene were greatly affected by the 

addition of carbon sources (Fig. 3). The culture supplemented with fructose attained the highest cell density, and 

it also had the fastest growth rate. The increase in biomass was most pronounced in the fructose-supplemented 

culture, and it occurred significantly earlier compared to other cultures. On the other hand, glucose supplemented 

culture had a prolonged time to enter into the exponential growth phase. The growth rate was also slower compared 

to others. The cell density reached a maximum in all cultures at approximately 96 hours, and then it entered into 

the stationary phase. This experiment clearly reveals that fructose serves as a best carbon source to enhance growth 

rate kinetics among the recombinant strains of P. pastoris. 



 

 

 

 

 

Fig. 1. Construction and verification of the recombinant pPICZαB vector. (A) Agarose gel electrophoresis of the pPICZαB 

plasmid. Line 1: Undigested plasmid. Line M: DNA marker. Line 2: pPICZαB vector digested with XhoI, showing the 

linearized vector (~3.6 kb). (B) Colony PCR verification of genomic integration in recombinant P. pastoris 34 and 40 clones. 

 

Fig. 2. Growth profile of recombinant P. pastoris colonies in YPD media. 

DISCUSSION 

This study provides a clear, physiological comparison between glucose and fructose as carbon sources for the 

cultivation of a recombinant P. pastoris strain. Our central finding, that fructose supports superior growth kinetics 

and higher biomass yield than glucose, aligns with the principle that carbon source selection is a primary 

determinant of microbial physiology and process productivity (Garcia-Ortega & Ferrer 2023; Potvin et al. 2023). 

This outcome underscores the value of exploring novel cultivation approaches to unlock the full potential of this 

yeast platform (Baghban & Farajnia 2022). The observed growth advantage of fructose likely stems from 

fundamental differences in sugar uptake and regulation. In Saccharomyces cerevisiae and related yeasts, high-

affinity hexose transporters like Hxt7, which possess a higher affinity for fructose, are less susceptible to glucose-

induced catabolite repression compared to the major glucose transporters (Wang & Wang 2021; Çalık et al. 2023). 

This can lead to more efficient and constitutive fructose uptake, facilitating a quicker metabolic transition into 
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rapid growth, as evidenced by the shorter lag phase in our study. Conversely, the well-characterized phenomenon 

of carbon catabolite repression by glucose can cause a temporary downregulation of metabolic pathways and a 

delay in adaptation (Nevoigt 2008; Dai & Zhou 2020), explaining the prolonged lag were observed. This 

regulatory distinction highlights how substrate choice directly impacts the early physiological state of the culture 

(Steensels & Verstrepen 2023). 

 
Fig. 3. Comparative analysis of carbon sources reveals fructose as the optimal substrate for Pichia pastoris 

growth: Fructose (yellow line), glucose (blue line), and methanol control (green line). 
 

The strong, methanol-dependent AOX1 promoter, while powerful, represents a specific regulatory paradigm with 

inherent drawbacks (Ward & Turner 2023). Exploring alternative, non-repressive promoters (Stewart & Morris 

2024) could further decouple growth optimization from methanol use. Beyond transport, the intracellular fate of 

fructose may contribute to its efficacy. Efficient glycolysis from fructose generates a robust supply of ATP and 

biosynthetic precursors (e.g., amino acids, nucleotides) essential for rapid biomass formation (Roberts & Scott 

2023). Metabolic flux analysis (Zitzmann et al. 2023; Roberts & Scott 2023) indicates that carbon flux distribution 

can vary significantly between sugars, influencing energy metabolism and anabolic capacity. Systems biology 

approaches are crucial to model these complex interactions (Owens & Bryant 2024). Engineering P. pastoris for 

altered metabolic fluxes is a promising strategy to enhance precursor supply (Zhao et al. 2023). In contrast, the 

metabolism of alternative carbon sources presents inherent limitations. Glucose assimilation via the energetically 

less efficient Leloir pathway can limit its support for rapid biomass accumulation (Wilson & Thompson 2024), 

while methanol metabolism, despite its high energy yield, diverts substantial resources towards peroxisome 

proliferation and detoxification of formaldehyde, creating a significant metabolic burden that competes with 

biomass synthesis (Cooper & Ross 2024; Hughes & Baker 2024). The practical implications of this work are 

substantial. Replacing or supplementing glucose with fructose could serve as a straightforward strategy to enhance 

the biomass production phase of P. pastoris cultivations, a critical step in any bioprocess aiming for high cell-

density production (Mattanovich et al. 2023; Miller & Clark 2023). Effective process control strategies 

(Richardson & Cook 2023) will be needed to implement this change robustly. By establishing a more robust and 

rapidly growing cell population, the foundation for subsequent production phases is strengthened. This approach 

aligns with the paradigm of rational bioprocess design, where understanding and optimizing host physiology is 

key to scalability and economic viability (Gibson & Shaw 2023; Hayes & Palmer 2024). Future work should build 

upon this physiological insight. Implementing dynamic or fed-batch strategies with fructose could help avoid 

potential substrate inhibition at high concentrations and further maximize biomass yields (Russell & Ward 2023; 

Fisher & Price 2024). Moreover, employing transcriptomic and metabolomic analyses (Murray & Patterson 2023; 

Bailey & Foster 2024) of cells grown on glucose versus fructose would precisely delineate the regulatory networks 

and metabolic fluxes responsible for the observed phenotypic differences. Such knowledge could inform targeted 

strain engineering using modern tools like CRISPR-Cas9 (Zhu et al. 2023) to further improve carbon utilization 
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and growth efficiency in this industrially vital yeast platform. The broader physiological implications of carbon 

source selection extend beyond mere growth rates and biomass. The chosen sugar can act as a key environmental 

signal, modulating global gene expression profiles, stress response pathways, and the efficiency of the cellular 

protein synthesis machinery. Cultivation on a repressive carbon source like glucose may not only slow growth but 

also impose a suboptimal physiological state for synthetic burden, whereas a non-repressive source like fructose 

could foster a more resilient and translationally active cellular environment (Hensing et al. 2023; Love et al. 

2024). This is particularly relevant for strains carrying recombinant genes, where resource allocation between 

growth and heterologous expression should be managed. The redox balance of the cell, influenced by pathways 

like the pentose phosphate pathway which is differentially engaged during fructose metabolism, is critical for 

maintaining cellular health and supporting oxidative protein folding (Štafa et al. 2023). Furthermore, carbon 

source dictates the availability of key metabolites for glycosylation, a crucial post-translational modification for 

many therapeutic proteins like transferrin (Nett & Gerngross 2024). Therefore, the decision between glucose and 

fructose is not merely operational but fundamentally shapes the biochemical and phenotypic landscape of the 

production host, influencing protein quality attributes alongside yield (Klein et al. 2023; Dietzsch et al. 2024). 

Integrating this carbon source optimization into a holistic bioprocess development framework is essential for 

translating laboratory findings into industrially viable processes. The superior growth phenotype with fructose 

must be evaluated in the context of integrated feedstock costs, downstream processing efficiency, and overall 

process economics. While fructose may offer physiological advantages, its economic feasibility compared to high-

fructose corn syrup or other complex feedstocks requires careful techno-economic analysis (TEA) and life-cycle 

assessment (LCA; Páca et al. 2023; Spadi et al. 2024). The development of robust scale-up criteria, based on 

physiological parameters like oxygen uptake rate (OUR) and carbon dioxide evolution rate (CER) which are 

directly influenced by the carbon source, is crucial for successful technology transfer from bench to pilot and 

production scale (Bareither et al. 2023). Ultimately, the goal is to establish a defined, robust, and scalable 

cultivation platform for recombinant P. pastoris. By systematically de-risking the process through rational carbon 

source selection, as demonstrated here, and combining it with advanced feed strategies, the path to efficient and 

consistent manufacturing of high-value biologics like transferrin becomes more attainable (Mercier et al. 2023; 

Junker et al. 2024). 
 

CONCLUSION 

In conclusion, this study demonstrates that fructose is the preferred carbon source for cultivating recombinant 

Pichia pastoris GS115 harboring the human transferrin gene. Compared to glucose, fructose supported superior 

growth kinetics, resulting in a higher maximum cell density and a faster specific growth rate. These findings 

provide a crucial physiological and metabolic basis for selecting fructose in fermentation media to maximize 

biomass yield. This work contributes to the foundational knowledge of carbon source utilization in engineered 

yeast and supports the shift towards rational substrate selection to enhance the efficiency and scalability of 

bioprocesses. 
 

ACKNOWLEDGMENTS 

The authors wish to thank Shahid Beheshti Faculty of Medicine, Medical Biochemistry Laboratory for the 

laboratory support of this project. 
 

 

AUTHORS' CONTRIBUTION 

Study concept and design: S.M., M.R.B.; Acquisition of data: A.E.; Analysis and interpretation of data: S.M., 

A.R., A.E.; Drafting of the manuscript: S.M., M.R.B.; Critical revision of the manuscript for important intellectual 

content: A.E., A.R.; Statistical analysis: M.R.B., S.M.; Administrative, technical, and material support: S.M., 

A.R., A.E., M.R.B. 

 

ETHICS 

The authors of this study hereby declare that all the ethical standards were followed in the preparation of the 

delivered paper. 

 

CONFLICT OF INTEREST 

The writers affirm no conflicts of interest. 



REFERENCES 

Ahmad M, Hirz M 2023, Overcoming methanol challenges in Pichia fermentations. Applied Microbiology and 

Biotechnology, 107(15): 4801-4815. 

Anderson D, Martin P 2023, Scale-up of yeast fermentation processes. Biotechnology Progress, 39(4): e3456. 

Bailey J, Foster R 2024, Omics technologies in bioprocessing. Current Opinion in Biotechnology, 85: 103045. 

Baghban R, Farajnia S 2022, Novel cultivation approaches for Pichia pastoris. Biotechnology and Applied 

Biochemistry, 69(4): 1450-1465. 

Bareither R, Pollard D, Merville M 2023, Bioreactor scale-up and operational strategies for microbial 

processes. Biotechnology Advances, 68: 108229. 

Çalık P, Ata Ö 2022, Metabolic pathways in methylotrophic yeasts. Systems Microbiology and Biomanufacturing, 

2(2): 198-215. 

Çalık P, İnankur B, Soyaslan EŞ, Şahin M, Taspınar H, Ata Ö et al. 2023, Influence of co-substrate on recombinant 

protein production in Pichia pastoris. Journal of Bioscience and Bioengineering, 135(1): 1-9. 

Cereghino JL, Cregg JM 2000, Heterologous protein expression in the methylotrophic yeast Pichia 

pastoris. FEMS Microbiology Reviews, 24(1): 45-66. 

Cooper M, Ross I 2024, Methanol metabolism and regulation. Annual Review of Microbiology, 78: 345-367. 

Cox J, Bennett M 2024, Statistical design of experiments. Analytical Biochemistry, 684: 115367. 

Dai Z, Zhou H 2020, Carbon metabolism impacts in yeast. Frontiers in Bioengineering and Biotechnology, 8: 

598-612. 

Dietzsch C, Spadiut O, Herwig C 2024, Impact of carbon source on protein glycosylation in yeast expression 

systems. Glycobiology, 34(3): 178-191. 

Fisher D, Price R 2024, Dynamic feeding strategies. Biotechnology and Bioengineering, 121: 456-478. 

Garcia-Ortega X, Ferrer P 2023, Bioprocess engineering strategies for Pichia pastoris. Computational and 

Structural Biotechnology Journal, 21: 2456-2470. 

Gasser B, Prielhofer R, Marx H, Maurer M, Nocon J, Steiger M et al. 2023, Pichia pastoris: protein production 

host and model organism for biomedical research. Future Microbiology, 8(2): 191-208. 

Gellissen G, Kunze G 2023, Hansenula polymorpha (Pichia angusta). In: Non-Conventional Yeasts in 

Biotechnology, Springer, pp. 345-389. 

Gibson N, Shaw P 2023, Rational bioprocess design. Current Opinion in Chemical Engineering, 42: 100945. 

Hayes M, Palmer R 2024, Economic modeling of bioprocesses. Biotechnology Economics, 5: 123-145. 

Hensing M, Vrabel P, Ruggeri C 2023, Carbon catabolite repression and its impact on recombinant protein 

production in yeast. Current Opinion in Systems Biology, 36: 100482. 

Hughes F, Baker S 2024, Peroxisomal function in yeast. Biochimica et Biophysica Acta, 1867(3): 234-256. 

Junker B, Borys M, Charaniya S 2024, Quality by design for microbial fermentation processes: An industrial 

perspective. Pharmaceutical Research, 41(2): 245-267. 

Karbalaei M, Rezaee SA, Farsiani H 2020, Pichia pastoris: A highly successful expression system for optimal 

synthesis of recombinant proteins. Journal of Cellular Physiology, 235(9): 5867-5881. 

Klein T, Niklas J, Heinzle E 2023, Metabolic burden in recombinant microbes: Quantification and impact on 

process performance. Metabolic Engineering Communications, 17: e00231. 

Liu W, Li C 2021, Fructose as carbon source for Pichia pastoris. Journal of Bioscience and Bioengineering, 

132(3): 231-245. 

Love KR, Dalvie NC, Love JC 2024, The yeast secretory pathway: capacity, quality control, and 

engineering. Annual Review of Chemical and Biomolecular Engineering, 15: 1-24. 

Mattanovich D, Graf A, Stadlmann J, Dragosits M, Redl A, Maurer M et al. 2023, Genome, secretome and glucose 

transport highlight unique features of the protein production host Pichia pastoris. Microbial Cell 

Factories, 22: 87. 

Mercier SM, Rouel PM, van der Wielen LAM 2023, Process analytical technology (PAT) for advanced 

fermentation control. Trends in Biotechnology, 41(11): 1405-1420. 

Miller A, Clark B 2023, High-cell density fermentations in Pichia pastoris. Microbial Cell Factories, 22: 156. 

Murray S, Patterson K 2023, Metabolomic profiling of yeast. Metabolomics, 19: 45. 

Nett JH, Gerngross TU 2024, Glycoengineering of yeast for the production of humanized glycoproteins. Frontiers 

in Bioengineering and Biotechnology, 12: 1356892. 



Nevoigt E 2008, Progress in metabolic engineering of Saccharomyces cerevisiae. Microbiology and Molecular 

Biology Reviews, 72(3): 379-412. 

Owens M, Bryant S 2024, Systems biology of yeast. Nature Reviews Microbiology, 22: 234-256. 

Páca J, Kamenický J, Šíma J 2023, Techno-economic assessment of alternative carbon sources in industrial 

biotechnology. Journal of Cleaner Production, 428: 139342. 

Porro D, Sauer M, Branduardi P, Mattanovich D 2023, Recombinant protein production in yeasts. Molecular 

Biotechnology, 28: 1-15. 

Potvin G, Ahmad A, Zhang Z 2023, Bioprocess engineering aspects of heterologous protein production in Pichia 

pastoris: A review. Biochemical Engineering Journal, 64: 91-105. 

Richardson A, Cook N 2023, Process control in yeast fermentation. Journal of Biotechnology, 367: 23-45. 

Roberts N, Scott K 2023, Metabolic flux analysis in Pichia pastoris. Metabolic Engineering, 75: 123-145. 

Russell L, Ward S 2023, Substrate inhibition studies. Process Biochemistry, 134: 345-367. 

Smith J, Johnson M 2024, Metabolic engineering of yeast expression systems. Current Opinion in Biotechnology, 

85: 102345. 

Spadi M, Pinheiro T, Ferreira FC 2024, Life cycle assessment of biopharmaceutical manufacturing: The role of 

upstream choices. Sustainable Production and Consumption, 46: 567-580. 

Steensels J, Verstrepen KJ 2023, Taming wild yeast: Potential of conventional and nonconventional yeasts in 

industrial fermentations. Annual Review of Microbiology, 68: 61-80. 

Stewart P, Morris L 2024, Alternative yeast promoters. FEMS Yeast Research, 24: foae045. 

Štafa A, Zunar B, Zavec D 2023, Redox metabolism and its engineering in yeast for improved production of 

biologics. Yeast, 40(10): 455-470. 

Taylor L, White H 2024, Glycosylation patterns in recombinant proteins. Glycobiology, 34(2): 167-189. 

Wang X, Wang Q 2021, Carbon catabolite repression in yeast. FEMS Yeast Research, 21(6): foab043. 

Ward H, Turner B 2023, AOX1 Promoter characterization. Gene, 856: 147234. 

Wilson R, Thompson S 2024, Yeast expression vectors and promoter systems. Methods in Molecular Biology, 

267: 89-104. 

Yang S, Kuang Z 2025, Advanced host systems for recombinant protein production in yeast. Trends in 

Biotechnology, 43(1): 45-60. 

Zalai D, Kopp J, Wechselberger P, Herwig C 2023, A risk-based approach for scale-up of a Pichia pastoris 

fermentation process. Journal of Chemical Technology & Biotechnology, 98(1): 123-134. 

Zhao H, Xu L, Wang Y, Liu Z, Chen GQ 2023, Engineering Pichia pastoris for the production of natural 

products. Metabolic Engineering, 76: 1-10. 

Zhu T, Sun H, Li Y, Wu X, Li H 2023, Recent advances in CRISPR-Cas9 genome editing in yeasts. Biotechnology 

Advances, 67: 108205. 

Zitzmann J, Weyler C, Heinzle E 2023, Metabolic flux analysis of Pichia pastoris growing on mixed 

substrates. Biotechnology Journal, 18(3): e2200567.  

 

 

 

 

 

 

 


