
 
 

MODELLING AND EXPERIMENTAL VALIDATION OF 
GROWTH AND ETHANOL PRODUCTION IN CONTINUOUS 

CULTURES OF SCHEFFERSOMYCES (PICHIA) STIPITIS 

 

 

 

 

BIJU JACOB 

 

 

 
 

 
 
 
 
 
 
 
DEPARTMENT OF BIOCHEMICAL ENGINEERING AND 

BIOTECHNOLOGY  

 

 

  
 
INDIAN INSTITUTE OF TECHNOLOGY DELHI  

DECEMBER 2024 

 



© Indian Institute of Technology Delhi (IITD), New Delhi, 2024



MODELLING AND EXPERIMENTAL VALIDATION OF 
GROWTH AND ETHANOL PRODUCTION IN CONTINUOUS 

CULTURES OF SCHEFFERSOMYCES (PICHIA) STIPITIS 

 

by 

 

BIJU JACOB 

 

 
DEPARTMENT OF BIOCHEMICAL ENGINEERING AND BIOTECHNOLOGY 

 
Submitted in partial fulfilment of the requirements for the degree of the  

Doctor of Philosophy  

to the  

 

 
 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

 

 

DECEMBER 2024 

 



 

 

 

 

 

 

 

 

 

 

To my beloved father 

Late Shri D. Jacob  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

CERTIFICATE 

 
This is to certify that the thesis titled Modelling and experimental validation of growth and 

ethanol production in continuous cultures of scheffersomyces (pichia) stipitis submitted by 

Mr. BIJU JACOB, to the Indian Institute of Technology Delhi, for the award of the degree of 

Doctor of Philosophy, is a bonafide record of the research work done by him under my 

supervision and guidance. The contents of this thesis, in full or in parts, have not been submitted 

to any other institute or university for the award of any degree or diploma, whatsoever. 

 

 

     Dr. Atul Narang 
                   Professor 

                                                                             Dept. of Biochemical Engg. & Biotechnology 
     Indian Institute of Technology Delhi 

                       Hauz Khas, New Delhi-110016 
 
New Delhi 

April 2024 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Library
Typewritten Text
i



ACKNOWLEDGEMENTS 
 

Words are inadequate to express the gratitude which I owe to many for the remarkable support 

offered to me in completing this thesis. At the outset, I would like to place on record, my sincere 

gratitude to my research supervisor, Dr. Atul Narang. The insightful discussions which I had 

with him over the past 8 years have helped me shape the thesis in its present form. His 

philosophical and holistic view of research shall continue to inspire my journey on the 

academic career which I am actively pursuing at the moment.  I am also grateful to the SRC 

members, Dr. T.R. Sreekrishnan, Dr. Anurag Rathore and Dr. Ashish Misra for the 

valuable suggestions and feedback offered at various stages of this work. I am indebted to many 

of my fellow research scholars, especially those from the Bioprocess lab at the department of 

Biochemical Engineering and Biotechnology (DBEB), who had supported me with their 

suggestions for ensuring the smooth and effective conduct of the experiments. The names of 

my research colleagues, Mr. Adarsh Madhu, Dr. Sasi Kumar, Mr. Navodit Kumar Singh, 

Dr. Ritesh Agarwal and Dr. Shraddha Maitra deserve a special mention. I am also thankful 

to Dr. D. Sundar, former head of DBEB and Dr. Ritu Kulshreshta, incumbent head of DBEB 

for the administrative support. Thanks are due to the technical staff of DBEB, especially Mr. 

Rajeev Kumar Dahiya, Mr. Anish Raju, Mr. Prashant Goswami, Dr. Himanshu Verma 

and Mr. Yogesh Kumar for the immense help rendered in pursuing my laboratory work.  

I am also thankful to my friend Dr. Rafeek.T, who had been immensely supportive on the 

personal side, all through my stay at IIT Delhi.  

Thanks are due to Dr. Shaji Senadhipan, Dr. Jayasudha J.S and Dr. K. Prabhakaran Nair, 

former Principals of my parent institution (Sree Chitra Thirunal College of Engineering) and 

Dr. K.B. Radhakrishnan, Professor for the administrative support provided at various stages 

of my Ph.D work.  

I am indebted to my family members, especially my father, late Shri D. Jacob; my mother, 

Smt. Chandrika Kumari; my wife, Mrs. Ancy Yohannan and my son, Master Juann Biju 

without whom, I could have never reached thus far. Finally, my prayerful gratitude to GOD 

almighty, who was my sole source of strength, and has been the invisible force which guided 

me along the bumpy path of research to its thriving conclusion.  

 

                            BIJU JACOB 

April 2024 

Library
Typewritten Text
ii



ABSTRACT 
The ascomycetous yeast, Scheffersomyces stipitis (formerly known as Pichia stipitis) has 

received considerable research attention, owing to its propensity for fermenting a wide variety 

of sugars (both hexoses and pentoses) to produce ethanol. Owing to its abundance in nature, 

lignocellulosic biomass is considered as a potential feedstock for industrial ethanol 

fermentation. Nonetheless, its wide adaptation as a raw material is limited by the fact that the 

most efficient industrial producer of ethanol i.e. Saccharomyces cerevisiae, is incapable of 

fermenting pentose sugars, which constitutes 10-40 % of the carbohydrate fraction in 

lignocellulosic feedstocks. Thus, pentose fermenting yeasts, like S. stipitis hold the key for 

fermentative production of ethanol from lignocellulose hydrolyzates. Nonetheless, due to its 

requirement for tight control of aeration, S. stipitis has not found much favour as a prospective 

industrial producer of ethanol. Systematic attempts have been made in the past to quantify the 

parametric sensitivity of ethanol production in S. stipitis, which demonstrated the existence of 

a dual-nutrient limited regime in which growth is simultaneously limited by both carbon and 

oxygen. The width of the dual-limited regime has been shown to be a quantitative indicator of 

the robustness of ethanol production in yeasts-the broader the regime, the more robust the 

ethanol production by the organism. An understanding of the kinetics and physiology of dual-

limited growth is a pre-requisite for undertaking any strain improvement program aimed at 

enhancing ethanol production in S. stipitis. To this end, we developed a simple unstructured 

model which precisely describes the kinetics of growth in the dual-limited regime, while 

overcoming the limitations implicit in classical Monod-type models. Our model was 

subsequently validated through experiments undertaken in a chemostat operated at 

progressively increasing feed substrate (glucose) concentrations at fixed values of various 

combinations of  the operating parameters, dilution rate (𝐷) and oxygen mass transfer 

coefficient (𝑘𝑙𝑎). A quantitative comparison of ethanol production in S. stipitis relative to S. 

cerevisiae could be achieved when the variables of the model were scaled suitably and the 

experimental data were analysed on a dimensionless plot. The model was found to have 

universal applicability in describing dual-nutrient limited growth in a variety of model 

microbial systems, as demonstrated from a fit of available experimental data in published 

literature. The insights provided by the current work are expected to stimulate further research 

into the physiology of dual-limited growth in S. stipitis, which could in turn aid in the 

development of novel genetic tools for improving its ethanol production capacity.  
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सार 

एस्कोमाइसेटस यीस्ट, शेफ़रसोमाइसेस स्टस्टपिपटस (पिसे िहले पिपिया स्टस्टपिपटस के नाम से िाना िाता था) िर 

काफी शोध ध्यान पिया गया है, क्ोोंपक इसमें इथेनॉल का उत्पािन करने के पलए पिपिन्न प्रकार की शकक रा (हेक्सोि 

और िेंटोस िोनोों) को पकस्टित करने की प्रिृपि है। प्रकृपत में इसकी प्रिुरता के कारण, पलग्नोसेलू्यलोपसक बायोमास 

को व्यािसापयक इथेनॉल पकिन के पलए सोंिापित फीडस्टॉक माना िाता है। बहरहाल, कचे्च माल के रूि में 

इसका व्यािक अनुकूलन इस तथ्य से सीपमत है पक इथेनॉल का सबसे कुशल  व्यािसापयक उत्पािक यानी 

सैक्रोमाइसेस सेरेपिपसया िेंटोस शकक रा को पकस्टित करने में असमथक है, िो पलग्नोसेलू्यलोपसक फीडस्टॉक्स में 

काबोहाइडर ेट अोंश का 10-40% होता है। इस प्रकार, एस. स्टस्टपिपटस िैसे िेंटोस पकिन यीस्ट, पलग्नोसेलू्यलोि 

हाइडर ोलाइिेट्स से इथेनॉल के पकिक उत्पािन की कुों िी रखते हैं। पफर िी, िातन के कडे पनयोंत्रण की 

आिश्यकता के कारण, एस. स्टस्टपिपटस को इथेनॉल के सोंिापित व्यािसापयक उत्पािक के रूि में अपधक समथकन 

नही ों पमला है। एस. स्टस्टपिपटस में इथेनॉल उत्पािन की िैरामीपटरक सोंिेिनशीलता को मािने के पलए अतीत में 

व्यिस्टथथत प्रयास पकए गए हैं, पिसने िोहरे िोषक तत्व सीपमत के्षत्र के मौिूिगी को प्रिपशकत पकया है पिसमें िृस्टि 

एक साथ काबकन और ऑक्सीिन िोनोों द्वारा सीपमत है। िोहरे-सीपमत के्षत्र की िौडाई को यीस्ट में इथेनॉल उत्पािन 

की मिबूती का एक मात्रात्मक सोंकेतक पिखाया गया है - के्षत्र पितना व्यािक होगा, िीि द्वारा इथेनॉल उत्पािन 

उतना ही अपधक मिबूत होगा। एस. स्टाइपिपटस में इथेनॉल उत्पािन को बढाने के उदे्दश्य से पकसी िी स्टर ेन सुधार 

कायकक्रम को शुरू करने के पलए िोहरे-सीपमत िृस्टि की गपतकी और पफपियोलॉिी की समझ एक िूिक-

आिश्यकता है। इस प्रयोिन के पलए, हमने एक सरल असोंरपित मॉडल पिकपसत पकया है िो शास्त्रीय मोनोड-

प्रकार के मॉडल में पनपहत सीमाओों को िार करते हुए िोहरे-सीपमत के्षत्र में  िृस्टि की गपतशीलता का सटीक िणकन 

करता है। हमारे मॉडल को बाि में ऑिरेपटोंग माििोंडोों, पडलू्यशन िर (𝐷) और ऑक्सीिन थथानाोंतरण गुणाोंक 

(𝑘𝑙𝑎) के पिपिन्न सोंयोिनोों के पनपित मूल्योों िर उिरोिर बढते फ़ीड सब्सटर ेट (गू्लकोि) साोंद्रता िर सोंिापलत 

केमोसे्टट में पकए गए प्रयोगोों के माध्यम से मान्य पकया गया था। एस. सेरेपिपसया के सािेक्ष एस. स्टाइपिपटस में 

इथेनॉल उत्पािन की एक मात्रात्मक तुलना तब प्राप्त की िा सकती थी िब मॉडल के िर को उियुक्त रूि से 

बढाया गया था और प्रयोगात्मक डेटा का एक आयामहीन प्लॉट िर पिशे्लषण पकया गया था। मॉडल को पिपिन्न 

प्रकार के मॉडल माइक्रोपबयल पसस्टम में िोहरे िोषक तत्वोों की सीपमत िृस्टि का िणकन करने में सािकिौपमक 

प्रयोज्यता िाई गई, िैसा पक प्रकापशत सापहत्य में उिलब्ध प्रयोगात्मक डेटा से िता िलता है। ितकमान कायक द्वारा 

प्रिान की गई अोंतर्दकपि से एस. स्टाइिाइपटस में िोहरी-सीपमत िृस्टि के पफपियोलॉिी में आगे के शोध को प्रोत्सापहत 

करने की उम्मीि है, िो बिले में इसकी इथेनॉल उत्पािन क्षमता में सुधार के पलए नए आनुिोंपशक उिकरणोों के 

पिकास में सहायता कर सकता है। 
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𝑟𝑥 Specific biomass formation rate (g.g dw-1.h-1) 

𝜇 Specific growth rate (h-1) 

𝑟𝑜 Specific oxygen consumption rate (g.g dw-1.h-1) 

𝑟𝑝 Specific product formation rate (g.g dw-1.h-1) 

𝑟𝑠 Specific substrate consumption rate (g.g dw-1.h-1) 

𝑆 Substrate 

𝑞𝑠,𝑡𝑜𝑡𝑎𝑙 Total volumetric substrate consumption rate (g.l-1.h-1) 

𝑞𝑥 Volumetric biomass formation rate (g.l-1.h-1) 

𝑞𝑜 Volumetric oxygen consumption rate (g.l-1.h-1) 

𝑞𝑝 Volumetric product formation rate (g.l-1.h-1) 

𝑞𝑠 Volumetric substrate consumption rate (g.l-1.h-1) 

𝑌𝑥𝑜 Yield of oxygen over biomass 

𝑌𝑠𝑜 Yield of oxygen over substrate 

𝑌𝑥𝑝 Yield of product over biomass 

𝑌𝑥𝑠 Yield of substrate over biomass 

𝐺 Volumetric flow rate of  gas (l.min-1) 

𝑇 Temperature of gas (0C) 

𝑃 Pressure of influent gas (atm) 

𝑦𝑂2 Mole fraction of 𝑂2 in gas phase 

𝑦𝐶𝑂2 Mole fraction of 𝐶𝑂2 in gas phase 

𝑦𝐼 Mole fraction of inerts (N2 or Ar) in gas phase 

𝑁 Molar flow rates of gas (mol.min-1) 

𝑂𝑇𝑅 Oxygen uptake rate by the cells (mol O2.min-1) 

𝐶𝑃𝑅 Carbon dioxide production rate by the cells (mol CO2.min-1) 

𝑁𝑀𝐹𝑅𝑂2 Net molar flow rate of oxygen (mol.min-1) 
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LIST OF ACRONYMS/ABBREVIATIONS  

 
C-limited Carbon-limited 

C-source Carbon source 

DO Dissolved oxygen  

DOT Dissolved oxygen tension 

GHG Greenhouse gas 

N-limited Nitrogen-limited 

N-source Nitrogen source 

O-limited Oxygen-limited 

PHA Polyhydroxy alkanoates 

S. cerevisiae Saccharomyces cerevisiae 

S. stipitis Scheffersomyces stipitis 
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