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Resumo 

A produção industrial de β-farneseno é alcançada através da fermentação semi-

contínua de Saccharomyces cerevisiae, principalmente utilizando xarope de cana-de-açúcar 

como matéria-prima. No entanto, a presença de fenóis no xarope de cana-de-açúcar pode 

impactar o desempenho da levedura. Esta tese teve como objetivo estudar a evolução dos 

fenóis ao longo da produção de β-farneseno por S. cerevisiae em fermentações de biorreator 

utilizando xarope de cana-de-açúcar, avaliar o impacto dos fenóis neste processo, e explorar 

o potencial de xarope de beterraba, uma matéria-prima alternativa com menos fenóis, na 

produção de β-farneseno através de um processo similar. 

Os fenóis presentes no xarope e no caldo fermentativo foram identificados e 

quantificados. O xarope de cana-de-açúcar apresentou 50.7 mg/L de conteúdo fenólico total 

(CFT), compreendendo ácidos hidroxibenzóicos, ácidos hidroxicinámicos e flavonoides.  

Entre os dois modelos cinéticos avaliados, o modelo Weibull exibiu um ajuste superior (R2 

≥ 0.85) e descreveu com precisão a acumulação fenólica durante a fermentação semi-

contínua de 13 dias em biorreatores de 2 L. A concentração da maioria dos fenóis aumentou 

até ao dia 3, estabilizando até ao fim da fermentação. No entanto, hidroxibenzaldeído e os 

ácidos protocatecuico, cafeico, ferúlico e p-cumárico diminuíram após o segundo dia, 

indicando a sua metabolização pela levedura. Este trabalho fornece um modelo que pode ser 

aplicado para descrever a acumulação fenólica em processos similares. 

Para investigar a influência dos fenóis na fermentação, os fenóis do xarope de cana-

de-açúcar foram removidos com carvão ativado. O processo de purificação de xarope foi 

otimizado com um desenho composto central, alterando o tempo de contacto e o tipo e a 

concentração de carvão. A otimização da purificação convergiu na condição com pastilhas 

de carvão a 115 g/L e com 12.5 h de tempo de contacto, e removeu 96.7 % dos fenóis e 

recuperou 43.7 % da massa de xarope. A introdução de xarope purificado em fermentações 

apresentou resultados divergentes em função da escala. Apesar de em frascos ter havido uma 

melhoria de 11 % na produtividade de β-farneseno, em biorreatores não foi detetado nenhum 

aumento. Em contraste, um aumento de 12 % na produtividade de biomassa foi exclusivo 

dos biorreatores. Portanto, para as condições testadas, os fenóis não influenciaram a 

produção de β-farneseno em grande escala. 
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Para além disso, a produção de β-farneseno utilizando uma matéria-prima alternativa, 

xarope de beterraba, foi bem-sucedida. Apesar de apresentar CFT menor (21.3 mg/L) 

comparado com o xarope de cana-de-açúcar (50.7 mg/L), o xarope de beterraba apresentou 

elevada concentração de glucose (193 g/L) e hidroximetilfurfural (HMF; 1.4 g/L). A 

preparação do inóculo no segundo passo em reator necessitou de otimização devido ao 

crescimento lento da levedura e a densidade celular desejada foi atingida em fermentação 

semi-contínua com 40 g/L de açúcares de xarope de beterraba e com pulsos de 10 g/L. Após 

8 dias, a fermentação semi-contínua resultou em 127 g/L de concentração de β-farneseno, 

com 19.44 % de rendimento acumulado e 1.70 g/L/h de produtividade acumulada, 

demonstrando a viabilidade de usar xarope de beterraba nesta fermentação. 

Em conclusão, esta tese destacou a relação entre os fenóis e o processo de 

fermentação semi-contínuo de β-farneseno destacando o aumento fenólico no caldo 

fermentativo. Notavelmente, fenóis específicos foram metabolizados pela levedura. Os 

efeitos dos fenóis do xarope de cana-de-açúcar em S. cerevisiae foram dependentes da escala 

de fermentação. Mesmo sendo valiosos para a mitigação do stress oxidativo na levedura, a 

remoção dos fenóis não melhorou a produtividade da fermentação em biorreator. Por outro 

lado, a utilização do xarope de beterraba como matéria-prima pode permitir a produção de 

β-farneseno em climas amenos sem cultivo extensivo de cana-de-açúcar, fomentando a 

produção sustentável em regiões diversificadas. 

 

Palavras-chave: Saccharomyces cerevisiae, fenóis, β-farneseno; fermentação em 

biorreator, atividades antioxidante e antimicrobiana, xarope de cana-de-açúcar, xarope de 

beterraba. 
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Abstract 

The industrial production of β-farnesene is traditionally achieved through 

Saccharomyces cerevisiae fed-batch fermentation, often employing sugarcane syrup as the 

feedstock. However, the presence of phenolic compounds in sugarcane syrup potentially 

impacts yeast performance. This thesis aimed to study the evolution of phenolic compounds 

over β-farnesene production by S. cerevisiae in bioreactor fermentations with sugarcane 

syrup, assess the phenolic compounds’ impact on this process, and explore the potential of 

beet syrup, a lower phenolic content alternative feedstock, for β-farnesene production via a 

similar fermentation process. 

The phenolic compounds present within both the sugarcane syrup and the 

fermentation broth were systematically identified and quantified. Sugarcane syrup presented 

50.7 mg/L of total phenolic content (TPC), comprising hydroxybenzoic acids, 

hydroxycinnamic acids and flavonoids. Among two kinetic models assessed, the Weibull 

model exhibited superior fitting capacity (R2 ≥ 0.85) and accurately depicted phenolic 

compounds’ accumulation during the 13-day fed-batch fermentation in 2 L bioreactors. The 

concentration of most phenolic compounds ascended until day three, stabilizing until the end 

of the fermentation process. Nevertheless, hydroxybenzaldehyde and protocatechuic, 

caffeic, ferulic and p-coumaric acids declined after the second day, indicating yeast 

metabolism. This work provides a model that can be applied to describe the phenolic 

accumulation during similar fed-batch processes. 

To investigate the phenolic influence on the fermentation, sugarcane syrup phenolic 

compounds were effectively removed with activated charcoal. The syrup purification 

process was optimized with a central composite design, varying the type of charcoal, 

concentration of charcoal and contact time. Optimization yielded purification conditions 

with charcoal pellets at 115 g/L and 12.5 h of contact time, while removing 96.7 % of 

phenolic compounds and recovering 43.7% of syrup mass. Purified syrup introduction into 

fermentations displayed divergent scale-dependent outcomes. Although in shake-flasks 

there was an 11 % enhancement in β-farnesene productivity, no significant increase was 

detected in bioreactors. In contrast, an increment in biomass productivity was exclusive to 

bioreactors, registering an increase of 12 %. Therefore, for the conditions tested, the phenolic 

compounds did not influence the β-farnesene production at large-scale. 
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Moreover, β-farnesene production using an alternative feedstock, sugarbeet syrup, 

was successful. Despite presenting lower TPC (21.3 mg/L) compared to sugarcane syrup 

(50.7 mg/L), beet syrup contained high glucose (193 g/L) and hydroxymethylfurfural (HMF; 

1.4 g/L) concentrations. Inoculum production in the second bioreactor step required 

optimization due to slow growth and the desired cell density was achieved with a fed-batch 

mode with initial 40 g/L of sugars from beet syrup and 10 g/L of sugar pulses. Over 8 days, 

fed-batch fermentation yielded 127 g/L β-farnesene concentration, with 19.44 % cumulative 

yield and 1.70 g/L/h cumulative productivity, affirming the viability of using beet syrup as 

the fermentation feedstock. 

In conclusion, this thesis showcased the dynamic relationship between phenolic 

content and β-farnesene fed-batch process highlighting an increase in the fermentation 

broth's phenolic content. Notably, specific phenolic compounds were metabolized by the 

yeast. The effects of sugarcane syrup phenolic compounds on S. cerevisiae were dependent 

on the fermentation scale. While valuable for mitigating yeast oxidative stress, phenolic 

compounds’ removal did not enhance bioreactor fermentation productivity. On the other 

hand, the utilization of beet syrup as feedstock may enable β-farnesene production in mild 

climates without extensive sugarcane cultivation, fostering sustainable production across 

diverse regions. 

 

 

Keywords: Saccharomyces cerevisiae, phenolic compounds, β-farnesene; bioreactor 

fermentation, antioxidant and antimicrobial activities, sugarcane syrup; sugarbeet syrup. 
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Chapter 1 

 

Background 

The present thesis was developed within the scope of the Alchemy Project, a 

collaboration between the Centre of Biotechnology and Fine Chemistry (Universidade 

Católica Portuguesa) and the biotechnology company Amyris Inc. The work of Amyris is 

specialized in the fermentation of the engineered yeast Saccharomyces cerevisiae to produce 

value-added molecules, with β-farnesene being their primary product. This is achieved 

through industrial fed-batch fermentation, where sugarcane syrup serves as the feedstock. 

This syrup contains phenolic compounds in its composition, which have proven antioxidant 

and antimicrobial activities. Thus, it was hypothesized that the phenolic compounds in 

sugarcane syrup may have influence on the yeast metabolism and, consequently, on the 

fermentation performance. Therefore, the study of the impacts of phenolic compounds on 

the β-farnesene fermentation may contribute to exploit new paths for improving this 

established fermentation process. 

Introduction 
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Scope and outline 

This thesis aimed to study the evolution of phenolic compounds over β-farnesene 

production by S. cerevisiae in bioreactor fermentations supplied with sugarcane syrup, the 

impact of phenolic compounds on this process, and explore the potential of a lower phenolic 

content alternative feedstock, beet syrup, for β-farnesene production through a similar 

fermentation method. To study the effect of these compounds on the fermentation and to 

scale-up the solutions proposed, both shake-flask and bioreactor fermentations were 

performed. The specific objectives of this work were: the characterization of phenolic 

compounds in sugarcane syrup and in the fermentation broth of the β-farnesene fed-batch 

fermentation process; the identification of the impact of these phenolic compounds on the 

yeast fermentation through the removal of the phenolic compounds from sugarcane syrup 

and its supply to the fermentation process; and evaluation of the feasibility in the utilization 

of a feedstock with decreased phenolic composition, beet syrup, in the β-farnesene 

production process. 

The thesis outline is depicted in Figure 1. Briefly, the introductory section (Chapter 

1) provides a literature review on the current knowledge regarding the effects of phenolic 

compounds on S. cerevisiae, with the point of view of the fermentation process and, 

additionally, the strategies for the mitigation of the growth and production inhibition by 

phenolic compounds. To attain the objectives described, the experimental side of this thesis 

was divided into three different parts: i) phenolic compounds modulation in β-farnesene fed-

batch fermentation using sugarcane syrup as feedstock (Chapter 2); ii) removal of phenolic 

compounds from sugarcane syrup and impact on S. cerevisiae fermentation (Chapter 3); 

and iii) production of β-farnesene from sugarbeet syrup by S. cerevisiae in fed-batch 

fermentation (Chapter 4). Finally, the overall conclusions and future perspectives are 

presented in the section of the final remarks (Chapter 5). 
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Figure 1. Outline of the thesis. 

 

To start this work, the phenolic compounds of the sugarcane syrup were identified 

and quantified (Chapter 2). Then, the same quantification was performed for the 

fermentation broth during the 13 days of the Amyris fed-batch fermentation process 

simulated in the laboratory in 2 L bioreactors. The phenolic evolution was modulated 

according to two mathematical calculations: a mass balance and the Weibull model. 

Afterward, the aim was to assess the effects of the sugarcane syrup phenolic 

compounds on the yeast. For this, the phenolic compounds were removed from the syrup 

using activated charcoal and the purification process was optimized using a central 

composite design (Chapter 3). Then, the purified syrup was added to β-farnesene 

fermentations alongside non-purified syrup. This allowed to identify the effects of the 

removal of phenolic compounds on the yeast and the fermentation parameters. 

Lastly, to diversify the feedstock options and lower the carbon emissions for the β-

farnesene fermentation process, the use of a different feedstock in the β-farnesene production 
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was evaluated (Chapter 4). Sugarbeet syrup was selected due to the availability of sugarbeet 

in milder climates, such as in Europe. This feedstock was expected to have a different 

phenolic profile than sugarcane syrup, and the viability of using beet syrup as an alternative 

feedstock was assessed. 
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Literature review 

1. Definition and classification of phenolic compounds 

Phenolic compounds are a diverse group of thousands of natural molecules resulting 

from the secondary metabolism of plants (Albuquerque et al., 2021). These molecules are 

essential to the plants because they provide structural support and protect them against solar 

radiation, pathogens and predators, such as parasites and insects (Albuquerque et al., 2021; 

de la Rosa et al., 2019; Vuolo et al., 2019). Moreover, the color and aroma of fruits and 

vegetables originate from the abundance of phenolic compounds (Vuolo et al., 2019). They 

are ubiquitous molecules and can be found in high quantities in the seeds, skins of fruits or 

leaves of vegetables and either exist in a soluble or a bound form (Gan et al., 2019; Kumar 

and Goel, 2019). 

The structure of phenolic compounds is characterized by having one or more 

hydroxyl groups attached directly to an aromatic ring and the molecules can be simple or 

polymerized (Vuolo et al., 2019). Based on their chemical structure, phenolic compounds 

are divided into classes (Figure 2), which include phenolic acids, flavonoids, xanthones, 

stilbenes, tannins, lignins, and quinnones (Gan et al., 2019; Vuolo et al., 2019). In addition, 

the classification of phenolic compounds is divided into monophenols, when one hydroxyl 

group is present, or polyphenols, when multiple hydroxyl groups are connected to the 

aromatic ring.  

 

 

Figure 2. Classification of phenolic compounds based on the phenolic rings and their connecting 

elements and examples of the main phenolic acids commonly encountered (adapted from Gan et al., 2019). 
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Phenolic acids represent a principal phenolic class, comprising compounds 

characterized by the presence of a carboxylic group connected to an aromatic ring (Kumar 

and Goel, 2019). Typically, they are found with additional amide, ester, or glycoside groups 

attached. Most phenolic acids can be categorized into two primary subclasses: 

hydroxybenzoic and hydroxycinnamic acids (Vuolo et al., 2019). Hydroxybenzoic acids 

(HBA) have the basic structure of C6-C1. Some examples of HBA are 4-hydroxybenzoic 

acid, protocatechuic acid, gentisic acid, vanillic acid, syringic acid and gallic acid (Vuolo et 

al., 2019). On the other hand, hydroxycinnamic acids (HCA) have a C6-C3 carbon backbone, 

with a double bond in the chain. Examples of HCA encompass p-coumaric acid, ferulic acid 

and caffeic acid (Kumar and Goel, 2019). 

Flavonoids, the most abundant and diverse class of phenolic compounds, are 

characterized by a fundamental chemical structure known as C6-C3-C6, comprising a three-

carbon connection that links two aromatic rings. This unique carbon connection gives rise 

to a third benzoic ring, which becomes attached to one of the two primary rings. Subclasses 

of flavonoids include flavonols, flavones, flavanones, flavanols, isoflavones, and 

anthocyanidins (Dias et al., 2020; Vuolo et al., 2019). Flavonoids are biosynthesized in 

plants through the phenylpropanoid or the polyketide pathways. The composition of 

flavonoids in each plant depends on multiple factors, such as environmental conditions, 

physical injuries and which hormones are present (Dwivedi et al., 2020). Additionally, most 

flavonoids occur linked to sugar glycosides. Flavonoid glycosides have improved cell 

membrane solubility and present increased plant protection (Šamec et al., 2021). Flavonoids 

universally possess antioxidant properties, and a considerable portion of them present 

protective effects against human diseases, including anti-inflammatory, neuroprotective, 

antiviral, and anticancer properties (Albuquerque et al., 2021). Moreover, specific flavonoids 

such as catechin, naringin, and anthocyanins have been found to exhibit notable 

antimicrobial activity (Albuquerque et al., 2021). 

Other groups of phenolic compounds include xanthonoids, stilbenoids, tannins, 

lignins, and quinnones. Xanthonoids have the basic structure of C6-C1-C6, with the rings 

directly connected with each other. They can have antimicrobial, antioxidant, and antiviral 

activities (Maphetu et al., 2022). Stilbenoids are represented with a C6-C2-C6 basic 

chemical structure. The best-known stilbene is resveratrol, present in grapes and blueberries, 

but other examples include α-viniferin, and astringin (Niesen et al., 2013). They can occur 
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naturally in the form of monomers, oligomers or with glycoside groups. Stilbenoids have 

antioxidant and antimicrobial properties and help fight inflammation and cancer in humans 

(Niesen et al., 2013). Tannins are phenolic compounds that bind to proteins, precipitate, or 

shrink them. They are known for their astringency and are large molecules with many 

hydroxyl and carboxyl groups (Ashok and Upadhyaya, 2012). Lignins are polymers that 

provide structure to the cell walls of plants. They are composed of three phenylpropane units 

with phenolic rings (guaiacyl, syringyl, and p-hydroxyphenyl) (Maphetu et al., 2022). 

Quinones have a benzoquinone as their base structure - a benzoic ring with two carbonyl 

groups on opposite sides. They can occur in multiple organisms besides plants, such as fungi, 

bacteria, and arthropods (Dulo et al., 2021). 

 

2. Fermentation with food crop feedstocks 

Fermentation has been used to produce food and beverages for thousands of years 

(Parapouli et al., 2020). This natural transformation involves the conversion of raw materials 

by living organisms into the desired end products. Traditionally, the yeast S. cerevisiae has 

held paramount importance in the field of fermentation, playing a pivotal role in the 

production of essential staples like bread and beer. In the modern era, S. cerevisiae has been 

applied to produce several compounds of interest at industrial scale, such as bioethanol. 

Through genetic manipulation of its genome, the ethanol productivities and tolerance to 

fermentation products have been successfully increased. Moreover, the introduction of 

heterologous genes (genes not native to S. cerevisiae) has enabled the yeast to metabolize 

sugars that it does not naturally consume, such as xylose from hydrolyzed lignocellulosic 

materials (Baptista et al., 2020). Additionally, genetic engineering has opened doors to the 

industrial production of other valuable molecules, including insulin, β-farnesene, and 

artemisinin. These advancements showcase the potential of S. cerevisiae as a versatile 

microorganism for biotechnological applications, including the synthesis of valuable 

compounds for various industries (Gomes et al., 2018; Kwak and Jin, 2017; Leavell et al., 

2016; Meadows et al., 2016). 

Farnesene, particularly β-farnesene, is a versatile molecule with a wide range of 

applications in industries such as cosmetics, surfactants, adjuvants, biofuels, and biogas 

(Benjamin et al., 2016; Carsanba et al., 2021; Jacobs et al., 2017). The production of β-

farnesene can be derived from plant extraction. However, the low concentrations of β-
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farnesene in plants render the economic feasibility of this process challenging (Liu et al., 

2022). Additionally, efforts to pursue chemical synthesis of β-farnesene have been hindered 

by high production costs and low production efficiency, rendering large-scale production 

economically unfeasible (Yu et al., 2012). Thus, biosynthesis through microbial 

fermentation has emerged as the methodology for industrial production of β-farnesene. 

Currently, β-farnesene is produced by the company Amyris Inc, through the fermentation of 

sugarcane syrup in Brazil (Hill et al., 2020). 

In a fermentation process, the carbon source stands as one of the primary ingredients, 

typically supplied by sugars such as glucose or sucrose. Currently, in industrial 

fermentations, plant sugars are mainly used to provide the carbon source for the 

microorganisms to grow and biosynthesize the desired compounds. Examples of these 

feedstocks are food crops or lignocellulosic materials. During the fermentation of food crop 

feedstocks, microorganisms possess the ability to directly consume sugars from materials 

like sugarcane juice and syrup. This grants them an advantage over the use of lignocellulosic 

materials, since the latter require the use of a pretreatment process to release the sugars from 

the cellulose or hemicellulose fractions (Jönsson and Martín, 2016; Ortega et al., 2021). 

There are three modes of fermentation available for the industrial biosynthesis of 

value-added molecules. These include batch, fed-batch and continuous fermentations. In a 

batch fermentation, the carbon source is supplied in its entirety at the start of the incubation 

period. In a fed-batch fermentation, a relatively smaller amount of the carbon source is 

initially supplied at the beginning of the fermentation process, with additional quantities 

being continuously supplied over the course of the incubation period. Continuous 

fermentation involves the continuous addition of the carbon source over time, but 

simultaneously, fermentation broth is withdrawn at a corresponding rate, thereby 

maintaining a steady-state condition (Carsanba et al., 2021). In the industrial production of 

terpenoids, including β-farnesene, the fed-batch mode of fermentation is commonly 

employed since it combines the advantages of both batch and continuous fermentation 

modes (Mesquita et al., 2019; Zabed et al., 2014). This operating mode mitigates issues 

associated with high substrate concentrations present in a batch fermentation, by reducing 

inhibition arising from the Crabtree effect. Moreover, fed-batch fermentation offers other 

distinct advantages, including the ability to achieve high cell density, extended cell lifespan, 

maximum cell viability, and enhanced control over oxygen saturation. These factors 
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collectively contribute to increased product formation, leading to elevated yield and 

enhanced productivity (Zabed et al., 2014). 

Food crop feedstocks typically serve as intermediate products derived from the sugar 

industry. For instance, sugarcane (Saccharum officinarum L.) is extensively utilized to 

produce sucrose (also called table sugar) in vast quantities. For sucrose production, the 

sugarcane is harvested and crushed, which results in the extraction of a juice that contains 

the sugars. Then, this juice is evaporated to concentrate the sugars and it is crystallized to 

remove impurities (Alarcón et al., 2020). Food crop feedstocks (juices and syrups) do not 

usually require crystallization or even the evaporation step. And, in fermentation, the direct 

use of sugarcane juice, syrup and molasse has been extensively studied (Carsanba et al., 

2021; Sánchez and Cardona, 2008). A similar process occurs for other food crops, such as 

sugarbeet (Beta vulgaris L.), sorghum (Sorghum bicolor L.) and corn (Zea mays L.) 

(Joannis-Cassan et al., 2014; Renouf et al., 2008). In the case of starchy materials, like corn, 

there is also the need to hydrolyze the starch to obtain fermentable glucose (Sánchez and 

Cardona, 2008). 

Sugarcane has been cultivated on a wide scale for many decades, primarily 

concentrated in regions with warm climates that suit the plant's environmental requirements. 

Brazil and India are the leading global producers of sugarcane, with Brazil growing 715.7 

million tons and India growing 405.4 million tons in 2021, collectively accounting for 60 % 

of the world's sugarcane production that year (Figure 3). Consequently, the industrial 

production of sugarcane juices and syrups for fermentation predominantly takes place in 

these regions, and it is noteworthy that Amyris' biomanufacturing of β-farnesene is situated 

in Brazil. In this fermentation process, sugarcane syrup is supplied over time to bioreactors 

with the yeast S. cerevisiae. 
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Figure 3. Sugarcane production by country during 2021 (source: FAOSTAT). 

 

However, food crop feedstocks like sugarcane syrup contain more than just 

fermentable sugars within their composition. These feedstocks also encompass various 

substances that can influence the fermentation process, including organic acids, furans, and 

phenolic compounds. These additional components can have both positive and negative 

effects on the overall fermentation process (Adeboye et al., 2014; Cunha et al., 2018). The 

presence of these additional substances can increase the complexity of purifying the final 

product, leading to an increase in manufacturing costs (Yankov, 2022). Furthermore, 

substances like phenolic compounds can exert inhibitory effects on microorganisms, 

resulting in slowed growth and metabolism. 

The antimicrobial activity of certain compounds contributes to a reduction in 

industrial efficiency, leading to escalated costs, and consequently, the fermentation 

consumes more resources and yields more expensive molecules. Conversely, most phenolic 

compounds possess remarkable antioxidant capacity. This attribute enhances the resistance 

of microorganisms to oxidative stress, enabling them to thrive and produce for extended 

periods (Wu et al., 2022). 

The total phenolic content (TPC) in a sample is usually determined using the Folin-

Ciocalteu methodology, a colorimetric assay employing gallic acid as the standard. Despite 

potential interferences, this method provides valuable estimations of the phenolic 

compounds' overall concentration. Studies have found the TPC of sugarcane juice to range 
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from approximately 160 to 460 mg of gallic acid equivalents per liter (mg GAE/L) (Brochier 

et al., 2016; Maurício Duarte-Almeida et al., 2006; Singh et al., 2015). 

Conversely, specific phenolic compounds can be identified and quantified through 

chromatographic techniques such as high-performance liquid chromatography (HPLC) and 

liquid chromatography mass spectrometry (LC-MS) (Çayan et al., 2020; Oliveira et al., 

2015). By employing these methods, the predominant phenolic compounds in sugarcane 

juice and syrup, which mainly comprise flavonoids and phenolic acids, have been identified. 

For instance, apigenin, luteolin and tricin are the more predominant flavonoids whereas 

hydroxycinnamic acid, caffeic acid, sinapic acid and chlorogenic acid are the main cinnamic 

acids (Duarte-Almeida et al., 2011; Maurício Duarte-Almeida et al., 2006; Singh et al., 

2015). These studies revealed that sugarcane syrup contains approximately 200 mg/L of total 

phenolic content (TPC), with p-coumaric acid being the most abundant compound, present 

at 71.2 mg/L. Among the flavonoids, apigenin and tricin were found to be the most 

concentrated, at 29.6 mg/L and 27.6 mg/L, respectively. 

Although numerous phenolic compounds have been identified and quantified in 

sugarcane juices and syrups, the impact of their combination on the fermentation process of 

S. cerevisiae remains largely unexplored. Hence, it becomes crucial to comprehend the 

interactions between these phenolic compounds from the feedstock and the yeast during the 

fermentation process. Understanding these interactions can provide valuable insights to 

optimize and enhance the fermentation process, ultimately leading to improved efficiency 

and production outcomes. 

 

3. Effects of phenolic compounds in microorganisms 

3.1.Antioxidant activity 

Every aerobic cell, whether it is in a multicellular or unicellular organism, is 

subjected to oxygen, which is an oxidant. Oxygen, in a molecular state, is relatively 

unreactive. However, organic compounds and their structures are thermodynamically 

unstable in an oxygen-containing atmosphere. This leads to the formation and accumulation 

of free radicals and other reactive oxygen species (ROS) (Bednarska et al., 2008). These 

molecules continuously accumulate during the lifetime of a cell, causing oxidative stress, 

and are ultimately correlated with aging (Sadowska-Bartosz and Bartosz, 2014). Oxidative 
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damage can be found on a molecular level as oxidized lipids, proteins, or DNA. Many types 

of ROS have been shown to induce a certain type of damage in the subjected cells. Examples 

of ROS are: the radicals superoxide (O2
∙-), hydroxyl (OH∙), alkoxyl (RO∙), peroxyl (RO2

∙), 

nitric oxide (NO∙), nitrogen dioxide (NO2
∙) and the non-radicals hydrogen peroxide (H2O2), 

hypochlorous acid (HOCl) and singlet oxygen (Mehta et al., 2015). 

Oxidative stress can play a critical role in yeast fermentation processes, representing 

a significant area of investigation in the field of yeast physiology and metabolism. During 

aerobic fermentation, yeast cells encounter various stressors that can disrupt cellular redox 

homeostasis, leading to the generation of ROS and subsequent oxidative damage (Sadowska-

Bartosz and Bartosz, 2014). Therefore, antioxidants play a pivotal role in mitigating the 

detrimental effects of oxidative stress in yeast fermentation processes.  

Protection against damage induced by oxidative stress can be achieved through three 

mechanisms: a preventive, a chain-breaking or a repair mechanism (Murkovic, 2003). The 

preventive method involves the suppression of free-radical formation by antioxidants, which 

may include inhibiting enzymes responsible for catalyzing the formation of these harmful 

radicals. The chain-breaking method operates by interrupting oxidation chain reactions 

through various manners. This includes quenching singlet oxygen, chelating metals to 

convert pro-oxidative metal ions (e.g., iron and copper) into stable products, and inhibiting 

pro-oxidative enzymes like lipoxygenases. These actions collectively contribute to the 

prevention of oxidative damage and help maintain cellular integrity. The repair method 

involves the regeneration of ROS back into their non-reactive state (Murkovic, 2003). 

Singlet oxygen quenching is essential to counteract the naturally occurring reactions, 

in which a photosensitizer is illuminated with a light with a specific wavelength and is then 

raised into an excited state. Then, the photosensitizer returns to the grounded state by 

transferring the excitation energy to the oxygen molecule, creating singlet oxygen. This 

molecule can cause damage to the cells by reallocating excitation energy to a co-reactant, 

resulting in detrimental effects on cellular components (Ďuračková, 2014; Hur et al., 2014). 

Transition metal chelation is another mechanism utilized by the cells to avoid 

oxidative stress. Naturally, free ions of metals, such as iron and copper, react with H2O2 

generating ROS, as described by the Fenton reaction. However, due to the presence of 

chelators, the metals relate to ligands, inhibiting this reaction and lowering the reactivity of 

these molecules (Ďuračková, 2014; Hur et al., 2014). 
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Most antioxidants are polyphenolic compounds, serving as versatile agents in various 

ways. They act as reducing agents, effectively terminating free radicals, chelate metals, 

quench singlet oxygen, and donate hydrogen to neutralize harmful reactive species. This 

multifaceted nature of polyphenolic antioxidants makes them highly effective in combating 

oxidative stress and protecting cells from damage (Hur et al., 2014). Monophenols are less 

effective than polyphenols due to the absence of the second hydroxyl group at either ortho 

or para position, which considerably increases the antioxidant activity. For instance, 

protocatechuic acid, a polyphenol, is a more effective antioxidant than its respective 

monophenol, p-hydroxybenzoic acid. However, with the addition of one or two methoxylic 

substituents, the antioxidant activity of monophenols can be further improved (Merkl et al., 

2010). 

Polyphenols, such as flavonoids, are excellent antioxidants because they have two 

hydroxyl groups in their B ring and a galloyl ester in the C ring, which are also important 

structures in metal ion chelation (Hur et al., 2014). For instance, trolox and quercetin show 

great antioxidant activities. The antioxidant activity of flavonoids also comes from the 

presence of an o-diphenolic group (a 2–3 double bond conjugated with the 4-oxo function 

and hydroxyl groups in positions 3 and 5) (Hur et al., 2014). Flavonoids can effectively 

scavenge hydroxyl and peroxyl radicals, constitute complexes with metals, and inhibit lipid 

oxidation initiated by metals. 

Moreover, phenolic acids have also been recognized for their significant antioxidant 

activity, with protocatechuic acid being identified as the most potent simple phenolic acid in 

terms of antioxidant capacity, followed by caffeic and chlorogenic acids (Terpinc and 

Abramovič, 2010). Indeed, studies have revealed that protocatechuic acid exhibits 

remarkable potency in inhibiting free radical formation (IC50), surpassing the inhibitory 

activity of certain flavonoids (Chen et al., 2013; Erkan et al., 2011). This highlights the 

significant antioxidant potential of protocatechuic acid, making it a valuable candidate for 

oxidative stress mitigation and cellular protection (Table 1). 
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Table 1. Antioxidant activity of phenolic compounds assessed by DPPH and ORAC methodologies. 

IC50 values are presented, indicating the concentration required to inhibit 50 % of free radical formation. DPPH: 

2,2-diphenyl-1-picrylhydrazyl; ORAC: oxygen radical absorbance capacity. 

Phenolic compound Method IC50 (mM) Reference 

Chlorogenic acid DPPH 0.025 Terpinc and Abramovič, 2010 

DPPH 0.100 Erkan et al., 2011 

ORAC 0.028 Chen et al., 2013 

Protocatechuic acid DPPH 0.022 Terpinc and Abramovič, 2010 

ORAC 0.017 Chen et al., 2013 

Caffeic acid DPPH 0.026 Terpinc and Abramovič, 2010 

DPPH 0.069 Erkan et al., 2011 

ORAC 0.024 Chen et al., 2013 

p-Coumaric acid DPPH 2.550 Terpinc and Abramovič, 2010 

DPPH 0.641 Erkan et al., 2011 

Ferulic acid DPPH 0.049 Terpinc and Abramovič, 2010 

DPPH 0.255 Erkan et al., 2011 

(-)-Epicatechin ORAC 0.020 Chen et al., 2013 

Quercetin DPPH 0.045 Erkan et al., 2011 

ORAC 0.013 Chen et al., 2013 

Apigenin DPPH 1.474 Erkan et al., 2011 

 

In the context of high cell density industrial fermentations, the provision of a constant 

and elevated oxygen supply poses a significant challenge (Li et al., 2011). It has been found 

that increasing oxygen concentration leads to more ROS formation, which leads to cell 

metabolic responses through enzymatic production of superoxide dismutase, catalase and 

NADH dehydrogenase (Bai et al., 2003; O’Donnell et al., 2007). Consequently, cultures with 

high oxygen supply have decreased ATP generation and carbon uptake rates (O’Donnell et 

al., 2007). 

In fact, there is compelling evidence to support the notion that reducing oxidative 

stress during fermentation not only reduces the enzymatic and non-enzymatic oxidative 

cellular response, but also enhances fermentation productivity. This has been demonstrated 

through the incorporation of antioxidant polypeptides as supplements in the culture medium 

during the malic acid production process (Wu et al., 2022). Hence, incorporating additional 

antioxidants, such as phenolic compounds, into the culture medium can lead to similar 

outcomes in terms of mitigating oxidative stress. This can attenuate both enzymatic and non-
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enzymatic oxidative responses in cells, thereby potentially enhancing fermentation 

productivity. By providing a protective environment against oxidative damage, these 

antioxidants can positively impact the overall performance and efficiency of the 

fermentation process. 

 

3.2.Pro-oxidant activity 

Maintaining a redox balance within a yeast cell is of utmost importance for its overall 

cellular health and functionality. Proper redox regulation ensures the preservation of 

essential cellular processes, including metabolism, growth, and defense against oxidative 

stress. Besides antioxidant activity, some phenolic compounds have been associated with 

pro-oxidant activities. This phenomenon has the potential to disrupt the cellular redox 

balance and consequently impact yeast fermentation processes (Castaneda-Arriaga et al., 

2018). For instance, hydroxybenzoic acid, a monophenol, has been shown to have more pro-

oxidant than antioxidant activity (Castaneda-Arriaga et al., 2018). This has been shown for 

p-hydroxybenzoic acid, as well as for its polyphenol derivatives (dihydroxybenzoic acids) 

containing two hydroxyl groups in the 2-6, 3-4 and 3-5 positions (Castaneda-Arriaga et al., 

2018; Kalinowska et al., 2021). 

Furthermore, it is noteworthy that certain flavonoids can also exhibit pro-oxidant 

activity when present in excessive concentrations or in the presence of reduced metals (Sotler 

et al., 2019). For example, quercetin and kaempferol can cause DNA damage and lipid 

peroxidation when exposed to transition metals. In the presence of iron or copper, phenolic 

compounds can undergo redox cycling, resulting in the formation of phenolic radicals (Sotler 

et al., 2019). These radicals possess the capability to disrupt cellular integrity, potentially 

leading to cellular damage. Furthermore, studies have demonstrated that catechin and 

epigallocatechin gallate (EGCG) can induce a cellular oxidative stress response in S. 

cerevisiae, indicating their impact on cellular health and redox balance (Kim et al., 2006). 

 

3.3.Inhibition of microbial growth and toxicity 

Phenolic compounds can significantly impact the yeast fermentation process through 

their antimicrobial activity, which arises from their ability to damage the cell membrane. 
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The diminished integrity of the cell membrane disrupts its essential dual function as a 

selective barrier, hindering the controlled passage of molecules, and as an enzyme matrix, 

compromising the organization and functionality of enzymes within the membrane structure 

(Adeboye et al., 2014; Kim et al., 2013; Zhang et al., 2016). High concentrations of certain 

phenolic compounds can become toxic to the yeast and cause cell death (Fosso-Kankeu et 

al., 2015; Gu et al., 2015; Teymennet-Ramírez et al., 2022). Some studies reported that the 

modifications in the composition of the cell membrane are related to the release of saturated 

fatty acids from the cell membrane (Gu et al., 2015; Wang et al., 2015; Xie et al., 2016). The 

interaction of phenolic compounds with the lipids and membrane-embedded proteins causes 

the change in the cell membrane. In addition, a permeable cell membrane produces an 

electrochemical imbalance caused by an undesired efflux of K+ ions (Gu et al., 2015; Wang 

et al., 2015; Xie et al., 2016). Furthermore, high cell membrane permeability has been shown 

to inhibit the growth of the yeast S. cerevisiae (Galant et al., 2017; López et al., 2021; 

Thevissen et al., 1999). 

It has been found that reduced molecule polarity of phenolic compounds increases 

the antimicrobial activity. Thus, alkyl esters of phenolic acids have increased antimicrobial 

activities than pure acids. Lower polarity increases hydrophobicity, which improves 

solubility in oil and facilitates the access of the phenolic compounds to the lipophilic cell 

wall of the targeted microorganisms (Almeida et al., 2007; Gu et al., 2015; Xie et al., 2016). 

The antimicrobial effect of these phenolic compounds also increases with the length of the 

alkyl chain. For example, butyl esters of phenolic acids inhibit the growth of S. cerevisiae 

more than methyl esters (Guil-Guerrero et al., 2016; Merkl et al., 2010). Moreover, 

according to the study conducted by Pizzolitto et al., 2015, vanillin, a phenolic compound 

known for its high hydrophobicity, exhibited greater activity against the fungus Aspergillus 

parasiticus when compared to m-cresol and phenol. 

Phenolic acids, aldehydes, alcohols, and ketones have been shown to exert inhibitory 

effects on cellular activity. Multiple studies have reported the inhibitory impact of phenolic 

compounds on S. cerevisiae, with lower molecular weight monophenols exhibiting greater 

inhibitory effects compared to polyphenols. Examples of inhibitory monophenols are 4-

hydroxybenzoic acid, syringaldehyde, syringic acid, coniferyl aldehydes, p-coumaric acid, 

ferulic acid and vanillin (Almeida et al., 2007; Kim et al., 2013; Lin et al., 2015; Wang et 

al., 2017). Furthermore, the toxicity of phenolic compounds can be influenced by the 
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presence of a hydroxyl group (-OH) in the ortho position (as depicted in Figure 4 with 

vanillin). However, toxicity is not observed when the hydroxyl group is situated in the para 

or meta positions (Almeida et al., 2007). Moreover, the same condition can form an 

intramolecular hydrogen bond within phenolic aldehydes, contributing to membrane 

permeability and toxicity (Xie et al., 2016). 

  

 

Figure 4. Vanillin structure with hydroxyl group (-OH) in the ortho position. 

 

The inhibitory effect of phenolic compounds is a result of the combination of the 

functional groups (such as methoxy and hydroxyl groups) and the presence of unsaturated 

bonds in the structure of a phenolic compound (Adeboye et al., 2014). For instance, ferulic 

acid and p-coumaric acid possess a double bond between two carbon atoms, which links the 

carboxylic group to the aromatic ring. In contrast, syringic acid lacks this double bond in its 

structure (Figure 4). The toxicity limits for these compounds are as follows: ferulic acid has 

a limit of 1.8 mM, p-coumaric acid has a limit of 9.7 mM, and syringic acid exhibits a higher 

limit, exceeding 22 mM (Adeboye et al., 2014). Ferulic acid is the most toxic of the three 

molecules, which contains the hydroxyl group in the ortho position and the double bond 

linking the carboxyl group to the aromatic ring (Figure 5). Furthermore, the inhibitory effect 

of the same molecule on a specific microorganism can change with its concentration, 

displaying a dose-dependent inhibition (Cola et al., 2020). 

 

 

Figure 5. Ferulic acid (A), p-coumaric acid (B) and syringic acid (C) structures. 
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In addition, Adeboye et al., 2014 reported coniferyl aldehyde as the most toxic 

phenolic compound, with total inhibition of S. cerevisiae growth at 1.4 mM (Table 2). This 

compound also contains both the hydroxyl group in the ortho position and the double bond 

linking the carboxyl group to the aromatic ring (Figure 6). On the other hand, Gu et al., 2015 

reported that cinnamic acid completely inhibits growth at lower concentrations (1.0 mM). 

 

Table 2. Inhibitory effects of phenolic compounds on the yeast S. cerevisiae. 

Phenolic compound 
Concentration 

(mM) 
Reported effects Reference 

Coniferyl aldehyde 
1.4 Decreased growth rate by 80 % (Adeboye et al., 2015) 

6.7 Decreased growth rate by 91 % (Gu et al., 2015) 

p-Coumaric acid 

9.7 Decreased growth rate by 80 % (Adeboye et al., 2015) 

9.7 Total growth inhibition (Cola et al., 2020) 

7.3 Decreased growth rate by 96 % (Gu et al., 2015) 

Phenol 30 Total growth inhibition (Li et al., 2017) 

Acetosyringone 5.1 Decreased growth rate by 22 % (Colombi et al., 2018) 

Syringaldehyde 

5.5 Decreased growth rate by 56 % (Colombi et al., 2018) 

6.6 Decreased growth rate by 5 % (Gu et al., 2015) 

30 Delayed cell growth by 24 h (Li et al., 2017) 

Syringic acid 5.0 Decreased growth rate by 33 % (Colombi et al., 2018) 

Vanillin 

6.5 Decreased growth rate by 63 % (Colombi et al., 2018) 

7.9 Decreased growth rate by 71 % (Gu et al., 2015) 

20 Total growth inhibition (Li et al., 2017) 

Vanillic acid 
11.9 Decreased growth rate by 44 % (Gu et al., 2015) 

10 Total growth inhibition (Merkl et al., 2010) 

Ferulic acid 
>20 Total growth inhibition (Merkl et al., 2010) 

5.1 Decreased growth rate by 76 % (Gu et al., 2015) 

2-Furoic acid 10.7 Decreased growth rate by 96 % (Gu et al., 2015) 

Caffeic acid 20 Total growth inhibition (Merkl et al., 2010) 

p-Hydroxybenzoic acid 20 Total growth inhibition (Merkl et al., 2010) 

p-Hydroxybenzaldehyde 9.8 Decreased growth rate by 67 % (Gu et al., 2015) 

Protocatechuic acid >20 Total growth inhibition (Merkl et al., 2010) 

Cinnamic acid 1.0 Total growth inhibition (Gu et al., 2015) 

Guaiacol 8 Decreased growth rate by 17 % (Gu et al., 2015) 
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Figure 6. Coniferyl aldehyde structure. 

 

Besides the individual effect of each molecule, mixtures of phenolic compounds can 

elicit negative synergistic effects on S. cerevisiae. When combined, phenolic compounds 

have the capability to amplify their collective antimicrobial activities, surpassing the sum of 

the activities exhibited by the individual phenolic compounds. This has been demonstrated 

regarding the inhibitory activity of certain phenolic compounds, such as gallic acid, caffeic 

acid, vanillic acid, p-hydroxybenzoic acid, syringic acid and dihydroxybenzaldehyde 

(Ansari et al., 2013; Gu et al., 2019; Lima et al., 2016). When multiple phenolic compounds 

were present simultaneously, their inhibition was amplified. Furthermore, when other 

inhibitors such as acetic acid or furans are present in the culture medium, they can also 

synergistically interact with phenolic compounds, resulting in combined effects that exceed 

the additive impact of these compounds individually (Cunha et al., 2018; Ding et al., 2011; 

Gu et al., 2019). 

On the other hand, the antimicrobial effect of phenolic compounds varies with the 

scale of the fermentation process. Some studies have demonstrated that the outcomes of 

antimicrobial assays can differ depending on the experimental systems, such as microplates, 

shake-flasks, or bioreactors (Adeboye et al., 2015). The observed difference between scales 

suggests that fermentations conducted on larger scales may display reduced antimicrobial 

effects compared to those carried out on smaller scales. For example, at a smaller scale, the 

growth of S. cerevisiae was completely inhibited using just 1.4 mM of coniferyl aldehyde. 

However, in bioreactor fermentations, there was no decrease in growth rate with 1.1 mM of 

coniferyl aldehyde. In fact, the growth rate increased 11 % compared to the control. 

Additionally, when 9.7 mM of p-coumaric acid was used in shake flask fermentations, the 

growth of the yeast was completely inhibited, however the same concentration in the 

bioreactor experiments resulted in only 22 % of decrease in the growth rate (Adeboye et al., 

2015, 2014). This observation has been attributed to improved agitation, aeration, and pH 

control in large-scale fermentations, as well as the presence of higher cell density, which 
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collectively contribute to a less favorable environment for the manifestation of antimicrobial 

effects by phenolic compounds (Adeboye et al., 2015). Culture aeration has been shown to 

increase the conversion rate of phenolic compounds (He et al., 2016). In addition, 

fermentations conducted at high cell densities result in increased cell survival, elevated 

conversion rates of inhibitors, and subsequent decrease in their inhibitory effects (Almeida 

et al., 2007; Guo and Olsson, 2016; Soares et al., 2020). Thus, high cell density can reduce 

the duration of the lag phase, shorten the fermentation time, and increase productivity. 

 

4.  Strategies for mitigating phenolic compounds’ inhibition in fermentation 

The presence of phenolic compounds at inhibitory concentrations can lead to 

inefficient fermentation processes. Consequently, it becomes imperative to adopt strategies 

aimed at mitigating the inhibition of growth and production caused by these compounds. 

Fortunately, several viable approaches are available for this purpose. Phenolic content can 

be effectively removed from the feedstock through adsorption onto specific materials. 

Examples of such materials include activated charcoal and bead resins (Ahmaruzzaman, 

2008; Bazrafshan et al., 2016; Rahmanian et al., 2014; Raza et al., 2019). For instance, 

activated charcoal has been applied in the removal of phenolic compounds from corn stover, 

resulting in a detoxified feedstock that allowed for a successful fermentation of itaconic acid, 

with 33.6 g/L of final concentration (Liu et al., 2020). On the other hand, Amberlite XAD-4 

resin has been used to remove phenolic compounds from oil pam frond juice, a material later 

used to increase the fermentation production of biobutanol by 3-fold (Abubakar et al., 2023).  

Other strategies available to remove phenolic compounds from feedstocks include 

ozone treatment and membrane filtration (Rahmanian et al., 2014; Raza et al., 2019). For 

instance, ozone has been used to remove phenolic compounds from palm oil mill effluent, 

improving the fermentation process of methane by improving the yield by 48 % (Krishnan 

et al., 2023). In addition, membrane filtration has improved bioethanol production from rice 

straw, with 1.7-fold more final ethanol concentration (Pan et al., 2019). 

Another methodology for reducing the phenolic content of the feedstock is the use of 

organic solvents. This chemical extraction is possible because the non-polar phenolic 

compounds are more soluble in non-polar solvents, such as ethanol and methanol 
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(Rahmanian et al., 2014). However, these methods are usually applied for the recovery of 

phenolic compounds for other applications. 

On the other hand, biological strategies can also be employed for the removal of 

phenolic compounds. This can be achieved by utilizing microorganisms capable of 

converting the phenolic compounds into other non-inhibitory compounds. For instance, S. 

cerevisiae can naturally convert certain phenolic aldehydes into alcohols. Coniferyl 

aldehyde, for example, undergoes conversion to coniferyl alcohol and dihydroconiferyl 

alcohol, a process likely facilitated by an oxidoreductase enzyme (Adeboye et al., 2015; Gu 

et al., 2015; Jönsson and Martín, 2016). In addition, phenolic conversion can be directly 

performed with the use of the enzymes, in immobilized form (Raza et al., 2019). 

Another effective strategy to minimize phenolic inhibition involves optimizing the 

fermentation process. Rather than using batch fermentation, where all feedstock is added at 

the beginning, a fed-batch fermentation approach can be employed. This method allows for 

the gradual addition of feedstock during the process, leading to a reduced initial 

concentration of phenolic compounds. As a result, the inhibitory effects of these compounds 

are decreased, enhancing the overall fermentation efficiency (Rawoof et al., 2020). 

Secondly, the use of high cell density cultures to initiate the fermentation process can be 

advantageous, as they exhibit greater resistance to the toxicity caused by phenolic 

compounds and possess the ability to convert them into non-toxic molecules. As a result, 

shorter lag phases are observed, and the overall productivity of the fermentation is 

significantly increased (Almeida et al., 2007; Guo and Olsson, 2016; Soares et al., 2020). 

In addition to reducing the concentration of phenolic compounds in the culture 

medium, implementing strategies to enhance inhibition tolerance during fermentation can be 

highly beneficial. This can be achieved by utilizing industrial strains of microorganisms, 

particularly S. cerevisiae, that have been specially adapted to thrive in the presence of 

inhibitory compounds. These industrial strains have demonstrated superior performance 

compared to laboratory strains due to their increased tolerance to the stress conditions 

prevalent in industrial fermentation environments. As a result, these robust industrial strains 

can effectively overcome inhibitory challenges and lead to more efficient and successful 

fermentation processes (Cola et al., 2020). 

Apart from natural mechanisms that S. cerevisiae contains to tolerate phenolic 

compounds, efforts have been made to develop strains that possess increased tolerance to 
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some phenolic compounds by identifying and overexpressing endogenous genes, or 

expressing heterologous genes, that code for enzymes of interest (Adeboye et al., 2017, 

Jönsson et al., 2013). These genetic engineering strategies increase the concentrations on 

detoxifying enzymes in the cytoplasm, which results in the conversion of phenolic 

compounds into less toxic metabolites. 

Overexpression of some genes in S. cerevisiae has been reported, such as for genes 

coding the enzymes Yap1p, Atr1p, and Flr1p. These modifications contributed to the cellular 

defense against the naturally occurring compound coniferyl aldehyde (Sundström et al., 

2010). Another example is phenylacrylic acid decarboxylase (PAD), which is an aromatic 

acid decarboxylase that converts cinnamic, p-coumaric and ferulic acids. Some authors have 

demonstrated that the overexpression of this enzyme can result in improved growth 

parameters (Adeboye et al., 2015; Almeida et al., 2007; Gu et al., 2015; Larsson et al., 2001; 

Richard et al., 2015). Additionally, it has been shown that overexpressing the genes ALD5, 

ATF1 and ATF2 (alcohol acetyltransferases) in S. cerevisiae was a feasible strategy to 

increase resistance to coniferyl aldehyde, ferulic acid and p-coumaric (Adeboye et al., 2017). 

Lastly, the conversion of vanillin has been extensively studied. It was found that 

overexpression of many genes has effects on increasing vanillin resistance and detoxification 

in S. cerevisiae - ADH6, YNL134C, YJR09W, ALD6, ZWF1, MCH2, SNG1, GPH1 and 

TMA10 (Ďuračková, 2014; García-López et al., 2010; Grey et al., 1995; Park and Kim, 

2014; Wang et al., 2016; Wohler Sunnarborg et al., 2001). 

Regarding the addition of heterologous expression, some enzymes, such as phenol 

oxidase laccase and lignin peroxidase from polypore mushroom Trametes versicolor, have 

been reported to increase sugar consumption and ethanol production rates in a fermentation 

of spruce hydrolysate (Larsson et al., 2001). 

Furthermore, it has been demonstrated that the ALD5 gene, which encodes a 

mitochondrial aldehyde dehydrogenase, plays a crucial role in the conversion of coniferyl 

aldehyde in S. cerevisiae (Adeboye et al., 2017). 

 

5. Conclusions 

Food crop feedstocks, such as the juices and syrups from sugarcane, are supplied to 

fermentation to produce multiple valuable molecules. Their phenolic content is mainly 
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composed of phenolic acids and flavonoids. The most predominant flavonoids in sugarcane 

juices and syrups are apigenin, luteolin and tricin and they have great antioxidant activity. 

On the other hand, the most concentrated phenolic acids are hydroxycinnamic, caffeic, 

sinapic, chlorogenic and p-coumaric acids. Phenolic acids can present both antioxidant and 

antimicrobial activities. Antioxidant activity provides protection against oxidative stress 

present in S. cerevisiae fermentations, while antimicrobial activity hinders the fermentation 

process by inhibiting enzyme activity, and the growth and production rates. In addition, the 

impact of phenolic compounds on the yeast depends on its concentration. 

Multiple strategies are available to mitigate the inhibition of phenolic compounds 

from feedstocks in fermentation. These strategies have successfully been used to remove the 

phenolic compounds and improve fermentation processes, and include the adsorption of 

phenolic compounds into activated charcoal or bead resins, ozone treatment and membrane 

filtration. On the other hand, the use of high cell density cultures in the beginning of the 

fermentation and the application of a fed-batch mode during the fermentation also decrease 

the inhibition of phenolic compounds. In addition, genetic engineering is also a viable 

strategy to increase the tolerance of S. cerevisiae to phenolic compounds. 

Juices and syrups from sugarcane contain low concentrations of phenolic compounds 

compared to lignocellulosic materials. However, it is not yet understood if these levels of 

phenolic compounds can produce a harmful or a beneficial effect on the fermentation. 

Therefore, further studies are required to comprehensively evaluate the actual impact of 

phenolic compounds in the fermentation utilizing food crops feedstocks. For instance, it is 

necessary to characterize and evaluate the phenolic compounds during fermentation 

processes. This would allow the identification of the specific phenolic compounds present 

in the fermentation broth and enable quantification of their respective concentrations. 

Additionally, conducting fermentation using a feedstock with reduced phenolic compounds 

would provide valuable insights into their influence on yeast physiology and metabolism. 

Furthermore, the strategic supplementation of phenolic compounds during yeast 

fermentation may also present a viable avenue for assessing if there are benefits in increasing 

the concentrations of antioxidant phenolic compounds on the fermentation process. 
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Chapter 2 

 

Abstract 

Sugarcane syrup is the feedstock used in the industrial production of β-farnesene 

through Saccharomyces cerevisiae fermentation. However, it contains phenolic compounds, 

which may interfere with yeast performance. The aim of this work was to modulate the 

transfer of phenolic compounds from sugarcane syrup to the broth, throughout 13 days of β-

farnesene fed-batch fermentation in 2-L bioreactors. This was accomplished by applying two 

mathematical calculations: a mass balance and the Weibull kinetic model. The 

concentrations of most phenolic compounds increased until day 3 of fermentation and then 

remained constant until the end of the process. However, quantities of 

hydroxybenzaldehyde, protocatechuic, caffeic, ferulic and p-coumaric acids decreased after 

day 2. The Weibull model exhibited a better fit to the data, with an R2 of 0.85 or higher. This 

work provides for the first time a model describing phenolic accumulation in β-farnesene 

fermentation, which can be a valuable tool to apply in similar processes. 

 

Keywords: sugarcane syrup; phenolic compounds; Saccharomyces cerevisiae; β-
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1. Introduction 

Sugarcane syrup is a product of the sugarcane (Saccharum officinarum L.) industry, 

resulting from the crushing of peeled sugarcane, followed by the evaporation of the juice 

obtained in the crush (Abdel-Aleem, 2020). Sugarcane is mainly grown in tropical locations, 

such as India and Brazil, and its processed syrup can be used for human consumption and in 

the production of value-added molecules through fermentation. Syrup contains highly 

concentrated sugars (from 33 to 75 %) in the form of sucrose, glucose and fructose, is low 

cost, and is produced from a renewable source (Abdel-Aleem, 2020). All these 

characteristics contributed to its application as carbon feedstock in industrial fermentations 

with engineered yeast Saccharomyces cerevisiae, and an example of that is the production 

of the terpenoids β-farnesene, artemisinin, and patchoulol (Carsanba et al., 2021; Paddon et 

al., 2013). 

In the industrial production of terpenoids, the mode of fermentation employed is fed-

batch since it combines the advantages of both batch and continuous fermentation modes 

(Mesquita et al., 2019; Zabed et al., 2014). It avoids high substrate concentrations, with 

lower inhibition from the Crabtree effect. Furthermore, this operating mode is superior to 

the other two as it can present high cell density, extended cell lifespan, maximum cell 

viability and more control over oxygen saturation. All these factors result in the increase of 

product formation, and lead to high yield and productivity (Zabed et al., 2014). 

However, the fact that sugarcane syrup is not a pure form of substrate implies that 

other substances, which come from the sugarcane plant, are also supplied to the 

microorganisms during feeding. Phenolic compounds are an example of these molecules. In 

fact, in the broth of fed-batch fermentations, the concentrations of these compounds may be 

increasingly high because the feedstock is added over time, instead of being supplied in a 

limited and single quantity in the beginning of the culture, as is done in the batch mode 

(Qureshi et al., 2008). Phenolic compounds, also known as phenols or polyphenols, are 

secondary metabolites of plants, involved in their defense against pathogens (Huang et al., 

2018). These compounds can influence a fermentation process in a positive way, by 

controlling the reactive oxygen species (ROS), or in a negative way, by exerting 

antimicrobial activity (Adeboye et al., 2014; Baptista et al., 2020; Duarte-Almeida et al., 

2011). 
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During aerobic growth of microorganisms, which includes yeast fermentation, there 

is the formation of free radicals and other ROS, due to the contact between oxygen and 

organic compounds. ROS, which are oxidant agents, accumulate during the lifetime of a cell, 

cause oxidative stress and promote cell aging (Sadowska-Bartosz & Bartosz, 2014). Many 

phenolic compounds show capacity to neutralize ROS, indicating that they have antioxidant 

capacity (Hur et al., 2014; Murkovic, 2003). However, they have also antimicrobial activity, 

which is not desired in microbial fermentations because these molecules may inhibit cell 

growth, reduce sugar consumption and lead to poor productivity (Adeboye et al., 2014). In 

fact, some molecules strongly inhibit the growth of S. cerevisiae, which is the case of p-

coumaric acid (96 % inhibition at 1200 mg/L), ferulic acid (76 % inhibition at 1000 mg/L), 

caffeic acid (total inhibition at 3600 mg/L) or p-hydroxybenzoic acid (total inhibition at 2700 

mg/L) (Gu et al., 2015; Merkl et al., 2010). Many phenolic compounds cause inhibition 

through damaging the integrity of the cell membrane, affecting the ability of the membrane 

i) to function as a selective barrier, by allowing inhibitory molecules to pass through, and ii) 

to function as an enzyme matrix, by conditioning the support for the anchoring of enzymes 

(Adeboye et al., 2014; Kim et al., 2013; Zhang et al., 2016). 

Since phenolic compounds that are present in sugarcane syrup may impact the 

industrial fermentation performance, the current work has as specific aims to: i) characterize 

the phenolic content of sugarcane syrup used in the industrial production of β-farnesene; ii) 

characterize the evolution of phenolic content in 13 days β-farnesene fed-batch 

fermentations with engineered S. cerevisiae; iii) apply two different mathematical 

calculations (a theoretical mass balance and the Weibull kinetic model) to describe the 

transfer of phenolic compounds from this feedstock to the culture broth, throughout the 

fermentation time. 

 

2. Materials and Methods 

2.1. Sugarcane syrup characterization 

The sugarcane syrups studied in this work were two batches obtained from Amyris 

Inc. (a Biotechnology Company with presence in Brazil), with both batches being produced 

from sugarcane harvested in the beginning of spring in Brazil (September). These syrups 

were characterized by total reducing sugars (TRS) content, density, pH, individual phenolic 
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compounds and total phenolic content (TPC). Triplicate of analysis was used. TRS content 

was determined using Ion Chromatography High-Performance Anion-Exchange 

Chromatography coupled with Pulse Electrochemical Detection (IC HPAE-PAD). 

The analysis of all phenolic compounds was performed by Liquid Chromatography 

– Electrospray Ionization – Ultrahigh-Resolution - Quadrupole Time of Flight – Mass 

Spectrometry (LC-ESI-UHR-QqTOF-MS) (Oliveira et al., 2015). The separation was 

performed in a Bruker Elute series equipped with a UHR-QqTOF mass spectrometer (Impact 

II, Bruker Daltonics, Bremen, Germany) and a BRHSC18022100 intensity Solo 2 C18 

column (100 × 2.1 mm, 2.2 μm, Bruker). Separation was carried out at a flow rate of 0.25 

mL/min with the following elution gradient: 0 min, 0 % B; 10 min, 21.0 % B; 14 min, 27 % 

B; 18.30 min, 58 %; 20.0 min, 100 %; 24.0 min, 100 %; 24.10 min, 0 %; 26.0 min, 0 % and 

mobile phase A (0.1 % aqueous formic acid) and B (acetonitrile with 0.1 % formic acid). 

The MS acquisition was set using negative ionization mode with the selected parameters: 

end plate off set voltage, 500 V; capillary voltage, 3.0 kV; drying gas temperature, 200 °C; 

drying gas flow, 8.0 L/min; nebulizing gas pressure, 2 bar; collision radio frequency (RF), 

from 250 to 1000 Vpp; transfer time, from 25 to 70 μs; collision cell energy, 5 eV. The 

internal mass calibration used sodium formate clusters.  

The elemental composition was confirmed according to accurate mass and isotope 

rate calculations designated mSigma (Bruker Daltonics) and phenolic compounds were 

identified based on its accurate mass [M-H]−. Vitexin, diosmetin, naringenin, isoschaftoside, 

orientin, viexin-2-O-rhamnoside (Extrasynthése, France), tricin, naringenin-7-O-glucoside, 

luteolin, protocatechuic acid, vanillic acid, p-coumaric acid, caffeic acid, ferulic acid, 

chlorogenic acid, gentisic acid, 4-hydroxybenzaldehyde, 4-hydroxybenzoic acid, 3,4-

dihydroxybenzalhedyde, syringic acid (Sigma-Aldrich) were used as external standards and 

the results were expressed in mg/L. 

 

2.2.Microorganisms and inoculum preparation 

S. cerevisiae used in this study was a recombinant strain that is a precursor of the 

yeast strains that have been used for farnesene manufacturing in recent years by Amyris, Inc. 

This strain presents constitutive and stable expression of the β-farnesene production 



 

 

67 

pathway. In this study, the Amyris industrial fermentation process was simulated, from seed 

growth to the production fermentation. This process consists of two seed-flask steps, two 

batch bioreactor steps and main fed-batch bioreactor fermentation. 

The yeast was activated from two cryovials (each with 1 mL of glycerol stock 

culture), in an Erlenmeyer flask with 65 mL of culture medium (inoculum of 3 %) and 

incubated for approximately 46 h. After that, 150 mL medium of second seed flask was 

inoculated with 12 mL of the first seed flask culture (inoculum of 8%) and incubated for 

approximately 23 h. The culture medium of seed flasks contained trace metals, vitamins 

(according to van Hoek et al. (2000)), ammonium phosphate monobasic (7 g/L), potassium 

phosphate monobasic (1 g/L), magnesium sulfate heptahydrate (0.5 g/L), yeast extract (5 

g/L), succinate buffer at pH 5.0 (6 g/L) and sucrose (70 g/L). After inoculation, the seed 

flasks were incubated at 30 °C and 200 rpm in an incubator (Eppendorf, New Brunswick™ 

Innova® 44/44R) with 5 cm of orbital diameter. 

After two seed flask steps, 1 L medium of the first step of batch bioreactor was 

inoculated with 2 mL of the second seed flask culture (inoculum of 0.2%). Then, 65.2 mL 

inoculum from the first step batch bioreactor was used to inoculate 1.2 L culture of second 

batch bioreactor (inoculum of 4.2%). The batch bioreactor steps were incubated for 

approximately 48 hours in a reactor (Eppendorf, reference 76DR03F) with 2.7 L of working 

volume. Process conditions were set at a temperature of 30 °C, pH of 5.0 (regulated by using 

a solution of 25 % ammonium hydroxide) and dissolved oxygen (DO) percentage of at least 

30 % (regulated by agitation ramp ranging between 300 rpm and 1200 rpm). The airflow 

was 0.5 L/min in the first and 0.75 L/min in the second seed bioreactor. The first seed step 

bioreactor medium contained 1 L of culture medium with trace metals, vitamins, ammonium 

phosphate monobasic (7 g/L), yeast extract (2 g/L), 70 g/L of TRS provided with Brazilian 

sugarcane syrup and Tergitol L-81 as an anti-foam agent. The second seed bioreactor step 

consisted of 1.5 L of culture medium containing trace metals, vitamins, 160 g/L of sugarcane 

syrup TRS and Tergitol L-81. 

 

2.3.Fed-batch fermentation 

After the two seed bioreactor passages, the main fermentation process was performed 

according to Meadows et al. (2016). The bioreactors, containing a final volume of 1.2 L of 
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culture media with 3 g/L of ammonium phosphate monobasic, the same trace metals and 

vitamins solutions as in previous steps and 10 g/L of sugarcane syrup TRS, were inoculated 

with 353 mL of inoculum from the second reactor step (inoculum of 29.4 %). Four bioreactor 

fermentations were conducted, with two independent runs using syrup batch A and two runs 

using batch B. The results were presented as an average of 4 independent fermentations. The 

main fermentation process was performed as a fed-batch fermentation, since sugarcane syrup 

was fed to the yeast culture throughout the process, according to a feedback-controlled pulse 

feeding algorithm, in the form of pulses (Meadows et al., 2016). In summary, once all sugars 

and ethanol were consumed by the yeast culture, a spike in the DO occurred, triggering the 

algorithm to deliver more syrup into the culture media at a defined feed rate and pulse dose. 

Thus, repeated pulses increased the fermentation broth volume, which was removed daily 

from the bioreactor, by reducing the excess volume to 1.1 L. As volume was removed from 

the bioreactor, a post sterile addition (PSA) solution, containing a known concentration of 

trace metals, vitamins, and ammonium phosphate monobasic, was added to the culture. 

Aeration was applied at 1 L/min, pH was controlled at 5.0, by addition of a solution of 25 % 

ammonium hydroxide, and the temperature was maintained at 30 ºC. The fed-batch 

fermentation was conducted for 13 days. 

 

2.4.Cell density and total reducing sugars (TRS) 

Yeast cell density was analyzed through washed optical density (wOD). The whole 

cell broth (WCB), aliquoted from the bioreactor, was centrifuged at maximum speed (12300 

g) for 5 min in a microtube, the supernatant was removed, the walls of the microtube were 

cleaned with a cotton swab and the volume was replaced with water. Absorbance was 

measured at 600 nm in a spectrophotometer (Shimadzu UV-1900 UV-VIS 

Spectophotometer) and dilutions were performed to read absorbance values between 0.1 and 

0.6. 

The concentrations of total reducing sugars (TRS) in the supernatants of fermentation 

broth were determined by photometry in a ThermoScientific Gallery™ Discrete Analyzer 

instrument, using the reagent kit 984317, which contains betafructosidase, hexokinase, 

glucose-6-phosphate isomerase and glucose-6-phosphate dehydrogenase enzymes. 

Standards containing sucrose, glucose and fructose were used for the construction of 
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calibration curves. The absorbance of samples was measured at a wavelength of 340 nm and 

temperature of 37 °C, and the results were expressed in g/L. 

 

2.5.β-Farnesene quantification through gas chromatography 

β-farnesene was quantified by Gas chromatography (GC) using an Agilent 8890 GC 

System with a flame ionization detector (FID). The autosampler was the Agilent 7693A 

Autosampler. Separation column was Phenomenex ZB-5HT Inferno, with 30+5 m guardian, 

0.25 mm and 0.25 µm film (reference: 7HG-G015-11-GGA). Sample carrier gas was 

hydrogen, 1 µL of injection volume was used and the column temperature ranged from 60 

to 325 ºC. Farnesene from the WCB was extracted by using a methanol solution. A set of β-

farnesene standard dilutions was used for constructing the calibration curves. 

Farnesene yield (%) and productivity (g/L/h) were determined according to Equation 

1 and 2, respectively. For calculating the yield, the mass of farnesene (g) produced 

(𝑚𝑓𝑎𝑟𝑛𝑒𝑠𝑛𝑒 ) and the mass of TRS (g) consumed (𝑚𝑇𝑅𝑆) were used. For the determination of 

productivity, 𝑚𝑓𝑎𝑟𝑛𝑒𝑠𝑛𝑒 , the volume of broth (L) inside the bioreactor (Vbroth) and the 

incubation time (t, in h) were used. 

 

𝐹𝑎𝑟𝑛𝑒𝑠𝑒𝑛𝑒 𝑦𝑖𝑒𝑙𝑑 =
𝑚𝑓𝑎𝑟𝑛𝑒𝑠𝑒𝑛𝑒

𝑚𝑇𝑅𝑆
     (1) 

𝐹𝑎𝑟𝑛𝑒𝑠𝑒𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑚𝑓𝑎𝑟𝑛𝑒𝑠𝑛𝑒 ÷ 𝑉𝑏𝑟𝑜𝑡ℎ

𝑡
   (2) 

 

2.6.Weibull kinetic model 

The Weibull model was applied for describing mathematically the accumulation 

kinetics of phenolic compounds during 13-days of β-farnesene fermentation (Equation 3; 

Weibull (1951)). In this model, Ct represented the predicted concentration of phenolic 

compounds (mg/L) at incubation time equal to t. C∞ represented the equilibrium 

concentration (mg/L) of each phenolic compound along the 13 days of fermentation. β 

represented the scale parameter a behavior index, the exponent n indicated the shape of the 

phenolic accumulation curve and t represented the incubation time. 
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𝐶𝑡 = 𝐶∞ × (1 − 𝑒−𝛽𝑡𝑛
)                            (3) 

The estimation of the kinetics parameters was carried out by non-linear regression by 

using Excel (Microsoft Office 365). The adequacy of the kinetic model proposed was 

evaluated by two goodness-of-fit criteria, namely coefficient of determination (R2) and root 

mean square error (RMSE), following Equation 4. 𝐶𝑖𝑒𝑥𝑝 and 𝐶𝑖𝑐𝑎𝑙𝑐  were the experimental 

and calculated phenolic concentration (mg/L), respectively, and 𝑛 was the number of 

experimental data points in each quantification. The results were presented as the mean ± 

standard deviation of four bioreactor fermentations. 

 

𝑅𝑀𝑆𝐸 = √∑ (𝐶𝑖𝑒𝑥𝑝−𝐶𝑖𝑐𝑎𝑙𝑐)
2𝑛

𝑖=1

𝑛
                              (4) 

 

2.7.Theoretical mass balance 

The theoretical content of phenolic compounds inside the bioreactor 

(𝐶𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑏𝑟𝑜𝑡ℎ) was determined by applying a mass balance approach (Equations 5, 6 and 

7). This mass balance was performed for the main fermentation times. TPC and the 

concentration of each identified phenolic compound class were calculated with Equation 5 

for each analyzed time, in which 𝑉𝑏𝑟𝑜𝑡ℎ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 represented the volume of culture broth at 

that time. The mass of phenolic compounds from the previous fermentation time 

(𝑚𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑏𝑟𝑜𝑡ℎ) was calculated with Equation 6, by using the volume of broth that 

was transferred to the subsequent fermentation time (𝑉𝑏𝑟𝑜𝑡ℎ 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑒𝑑) and the concentration 

of phenolic compounds in the broth of the previous estimation (𝐶𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑏𝑟𝑜𝑡ℎ). 

The mass of phenolic compounds added to the fermentation broth (𝑚𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑠𝑦𝑟𝑢𝑝 𝑓𝑒𝑑) was 

determined according to equation 7, where 𝐶𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑠𝑦𝑟𝑢𝑝 and 𝑉𝑠𝑦𝑟𝑢𝑝 𝑓𝑒𝑑 represented the 

concentration of phenolic compounds in the syrup and the volume of syrup supplied, 

respectively. 

 

𝐶𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑏𝑟𝑜𝑡ℎ =
𝑚𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑏𝑟𝑜𝑡ℎ+𝑚𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑠𝑦𝑟𝑢𝑝 𝑓𝑒𝑑

𝑉𝑏𝑟𝑜𝑡ℎ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡
                (5) 
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𝑚𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑏𝑟𝑜𝑡ℎ = 𝑉𝑏𝑟𝑜𝑡ℎ 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑒𝑑 × 𝐶𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑏𝑟𝑜𝑡ℎ  (6) 

𝑚𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑠𝑦𝑟𝑢𝑝 𝑓𝑒𝑑 = 𝑉𝑠𝑦𝑟𝑢𝑝 𝑓𝑒𝑑 × 𝐶𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑖𝑛 𝑠𝑦𝑟𝑢𝑝    (7) 

 

2.8.Statistical analysis 

The results obtained were analyzed by using the statistical program STATISTICA 

version 14.0.0.15 for Windows. Normality of data distribution was tested by Shapiro-Wilk 

method. The determination of statistical significance was calculated by one-way analysis of 

variance (ANOVA) with Fisher LSD post hoc test to compare groups’ means and student’s 

t-test. The results were considered statistically significant when p < 0.05. 

 

3. Results and discussion 

3.1.Sugarcane syrup characterization 

Two batches of sugarcane syrup were characterized by determining TRS, density, pH 

and TPC (Table 3). The batches presented significant differences (p < 0.05) in all parameters 

measured. The average of TPC in both batches was 50.66 mg/L, with 17.6 % higher (p < 

0.05) concentration in batch A than in batch B, corresponding to a difference of 8.22 mg/L. 

This variation in the properties of the sugarcane syrup may be attributed to the seasonality 

of the raw material. In fact, the difference in seasons has been found to change the condition 

of the soil and climate, which are responsible for altering the composition of the sugarcane 

(Agu & Oduola, 2021). However, since both batches were produced from sugarcane 

harvested in the beginning of spring in Brazil (September), the differences found may not be 

due to the harvesting timing.   
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Table 3. Characterization of sugarcane syrup used in fermentations in terms of TRS, density, pH, TPC 

and each class of phenolic compounds. Different letters in the same row - (a) or (b) - represent the significant 

differences from a t-test (n = 3) between syrup batches for each parameter. 

 

A detailed characterization of the phenolic compounds identified by LC-ESI-

QqTOF-HRMS showed the presence of three chemical classes, including hydroxybenzoic 

acids, hydroxycinnamic acids and flavonoids (Table 4). The hydroxycinnamic acids were 

the dominant class of phenolic compounds with 13 different compounds identified, 

representing 49.6 % of all the compounds quantified. The molecule with the highest 

concentration identified in both batches of sugarcane syrup was trans-3-feruloylquinic acid 

(m/z 367 [M-H]- (C17H19O9)), with an average of 7.22 ± 0.15 mg/L. On the other hand, p-

coumaric acid, isoferulic acid, chlorogenic acid, 5-O-feruloylquinic acid and a 

caffeoylquinic acid derivative presented lower concentrations, ranging between 1.28 and 

3.85 mg/L. The prevalence of these phenolic compounds is in accordance with the literature, 

where Duarte-Almeida et al. (2011) described sugarcane stalks to contain mainly 

phenylpropanoids, which englobe compounds such as caffeic, chlorogenic and coumaric 

acids. Other works also described the presence of compounds like trans-3-feruloylquinic, 

coumaroylquinic, trans-4-caffeoylquinic, chlorogenic, caffeic, coumaric and ferulic acids in 

sugarcane plants (Barrera et al., 2020; Coutinho et al., 2016; Payet et al., 2006). Chlorogenic 

acid has previously been detected in sugarcane juices and molasses, and a relation with 

enzymatic browning was established (Duarte-Almeida et al., 2011). Many of the identified 

hydroxycinnamic acids have been described to have antimicrobial activity against S. 

cerevisiae: caffeoylquinic acid, with an IC80 at 10000 mg/L (Bajko et al., 2015), caffeic acid, 

with a MIC at 3600 mg/L (Merkl et al., 2010), p-coumaric acid, with total inhibition at 1200 

mg/L (Adeboye et al., 2015; Gu et al., 2015) and ferulic acid, with 76 % growth inhibition 

at 1000 mg/L (Gu et al., 2015; Merkl et al., 2010). (Gu et al., 2015; Merkl et al., 2010). On  

Parameter Batch A Batch B Average 

TRS (%) 57.68 ± 0.28 (a) 58.66 ± 0.04 (b) 58.17 ± 0.20 

Density (g/mL) 1.28 ± 0.00 (a) 1.30 ± 0.00 (b) 1.29 ± 0.01 

pH 5.93 ± 0.01 (a) 5.75 ± 0.03 (b) 5.84 ± 0.09 

TPC (mg/L) 54.77 ± 0.57 (a) 46.55 ± 0.74 (b) 50.66 ± 4.16 

Hydroxybenzoic acids (mg/L) 14.20 ± 0.15 (a) 15.12 ± 0.14 (b) 14.66 ± 0.48 

Hydroxycinnamic acids (mg/L) 28.22 ± 0.07 (a) 22.19 ± 0.35 (b) 25.21 ± 3.03 

Flavonoids (mg/L) 12.35 ± 0.88 (a) 9.24 ± 0.25 (b) 10.80 ± 1.62 
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Table 4. LC-ESI-UHR-QqTOF-MS results of phenolic compounds detected in sugarcane syrup. ND – Not 

detected. Different letters in the same row - (a) or (b) - represent the significant differences from a t-test (n = 

2) between syrup batches. 
 

 

 

Proposed compound 

Retention 

time 

(min) 

Molecular 

Formula -H 

m/z 

Measured 

[M-H]- 

 

MS/MS fragments 
Error 

(ppm) 

mSigma 

(Da) 

Sugarcane syrups concentration 

(mg/L) 

Batch A Batch B 

Hydroxybenzoic acids 

4-Hydroxybenzaldehyde 8.7 C7H5O2  121.0295 121 2.7 3.4 1.41 ± 0.03 (a) 4.47 ± 0.04 (b) 

o-Hydroxybenzoic acid 4.7 C7H5O3 137.0244 108 1.3 5.4 ND 0.91 ± 0.01 

4-Hydroxybenzoic acid 7.2 C7H5O3 137.0221 93, 137 2.9 1.7 1.68 ± 0.05 ND 

Protocatechuic acid 5.7 C7H5O4 153.0193 109, 153 3.2 5.4 0.94 ± 0.01 (a) 0.66 ± 0.02 (b) 

2,6-Dihydroxybenzoate 8.5 C7H5O4 153.0194 109 1.7 7.2 ND 1.31 ± 0.05 

Gentisic acid 9.2 C7H5O4 153.0193 65, 109 2.2 2.5 1.73 ± 0.01 ND 

Hydroxybenzoic-4-B-glucoside 4.8 C13H15O8 299.0717 108, 152 2.1 3.1 1.64 ± 0.03 (a) 2.66 ± 0.07 (b) 

Gentisic acid derivatives 5.4 C13H15O9 315.0722 108, 152 1.7 4.7 5.87 ± 0.04 (a) 4.91 ± 0.09 (b) 

Hydroxycinnamic acids 

p-Coumaric acid 10.3 C9H7O3 163.0401 119 1.9 8.0 3.85 ± 0.15 (a) 3.05 ± 0.06 (b) 

p-Coumaric acid derivative 10.9 C9H7O3 163.0401 119 1.9 8.0 0.24 ± 0.02 (a) 0.11 ± 0.00 (b) 

Caffeic acid 8.5 C9H8O4 179.0317 135, 179 3.0 6.3 0.89 ± 0.01 (a) 0.79 ± 0.03 (a) 

Ferulic acid 9.7 C10H9O4 193.0506 134 2.8 9.3 0.77 ± 0.05 (a) 0.35 ± 0.02 (b) 

Isoferulic acid 11.2 C10H9O4 193.0479 134, 161, 193 3.5 5.8 2.19 ± 0.08 (a) 1.50 ± 0.05 (b) 

4-p-Coumaroylquinic acid 7.4 C16H17O8 337.0929 119, 163 1.9 2.6 0.68 ± 0.01 (a) 0.54 ± 0.02 (b) 

p-Coumaroylquinic acid 9.2 C16H17O8 337.0929 93, 163, 173, 191 2.1 2.5 1.54 ± 0.01 (a) 1.63 ± 0.05 (a) 

Neochlorogenic acid 6.3 C16H17O9 353.0878 135, 179, 191 1.6 4.1 1.59 ± 0.03 (a) 0.47 ± 0.03 (b) 

Chlorogenic acid 7.8 C16H17O9 353.0878 191 1.7 3.2 2.14 ±0.01 (a) 1.99 ± 0.05 (a) 

4-Caffeoylquinic acid 8.0 C16H17O9 353.0878 135, 173, 179, 191 2.2 2.0 1.10 ± 0.00 (a) 0.41 ± 0.00 (b) 

5-O-Feruloylquinic acid 8.1 C17H19O9 367.1035 134, 193 0.0 ND 3.49 ± 0.02 (a) 3.01 ± 0.07 (b) 

trans-3-Feruloylquinic acid 9.8 C17H19O9 367.0596 173 1.6 2.7 7.09 ± 0.11 (a) 7.36 ± 0.00 (a) 

caffeoylquinic acid 9.9 C25H24O12 515.1195 515 3.2 7.3 2.66 ± 0.04 (a) 1.28 ± 0.00 (b) 

Flavonoids 

Tricin/ 3',5'-O-Dimethyltricetin 17.7 C17H13O7 329.0667 299 2.2 1.2 0.14 ± 0.01 ND 

Vitexin/Apigenin-8-C-glucoside 

derivative a 
8.6 C21H19O10 431.0984 89, 179 1.7 8.5 ND 0.02 ± 0.02 

Vitexin/Apigenin-8-C-glucoside 

derivative b 
9 C21H19O10 431.0984 311, 341, 431 0.8 10.0 1.09 ± 0.03 (a) 0.89 ± 0.04 (b) 

Vitexin/Apigenin-8-C-glucoside c 11.2 C21H19O10 431.0984 311, 341 2.8 18.9 0.27 ± 0.01 (a) 0.12 ± 0.00 (b) 

Vitexin/Apigenin-8-C-glucoside d 11.4 C21H19O10 431.0984 311, 341 2.4 8.1 ND 0.14 ± 0.00 

Isoorientin/ Luteolin-8-C-glucoside 10.3 C21H19O11 447.0933 327, 357 3.9 14.3 0.12 ± 0.01 ND 

Orientin/Luteolin-8-C-glucoside 1 10.4 C21H19O11 447.0933 327, 357 3.5 10.8 0.07 ± 0.00 ND 

6-Methoxyluteolin 7-rhamnoside 

derivative a 
10.5 C22H21O11 461.1089 461 3.1 6.1 0.12 ± 0.00 (a) 0.11 ± 0.01 (a) 

6-Methoxyluteolin 7-rhamnoside 

derivative b 
11.8 C22H21O11 461.1089 341, 371 4.4 12.8 0.16 ± 0.00 ND 

tricin-7-O-glucoside 12.4 C25H31O10 491.1826 329 4.2 13.5 0.94 ± 0.02 (a) 0.55 ± 0.02 (b) 

Isovitexin 2''-O-arabinoside 9.5 C26H27O14 563.1406 353, 443 2.9 5.3 0.24 ± 0.01 (a) 0.06 ± 0.01 (b) 

Isoschaftoside 10.1 C26H27O14 563.1406 353, 473 1.9 3.3 5.33 ± 0.05 (a) 4.21 ± 0.07 (b) 

Neoschaftoside 10.5 C26H27O14 563.1406 399, 473 3.2 10.4 0.81 ± 0.07 (a) 0.44 ± 0.04 (b) 

Apigenin 7-O-neohesperidoside 11.3 C27H29O14 577.1563 293, 413 1.3 6.9 0.22 ± 0.03 (a) 0.05 ± 0.00 (b) 

Tricin-O-neohesperoside isomer 13.4 C29H33O16 637.1638 329 1.1 11.5 0.27 ± 0.00 (a) 0.12 ± 0.00 (b) 

Tricin-7-O-rhamnosyl-glucuronide 13.1 C29H31O17 651.1567 329 2.9 4.7 0.83 ± 1.06 (a) 1.50 ± 0.01 (a) 

Tricin diglucuroniside 11.5 C29H29O19 681.1322 351 1.0 15.7 1.43 ± 0.28 (a) 0.90 ± 0.03 (a) 

tricin-4-(O-erythro) ether glucoside 14.5 C33H35O16 687.1786 195, 329, 491, 525 1.5 6.3 0.05 ± 0.00 ND 
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the other hand, all phenolic compounds have also been identified as antioxidant agents, such 

as feruloylquinic acids, with an ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid)) IC50 between 4 and 13 mg/L (Yang et al., 2013), caffeoylquinic acids, with DPPH 

IC50 between 24 and 51 µg (Karamać et al., 2012) and coumaroylquinic acids, with DPPH 

at around 600 mg ascorbic acid equivalent per g (Hammoda et al., 2013). 

The second most represented class of phenolic compounds in the sugarcane syrup 

was the class of hydroxybenzoic acids, with a mean prevalence of 29.2 % in both batches 

analyzed. Eight different compounds within this class were identified (Table 4). Among 

them, 4-hydroxybenzaldehyde and hydroxybenzoic-4-β-glucoside were detected by the 

presence of the ions m/z 121 [M−H]− (C7H5O2) and m/z 299 [M−H]− (C13H15O8). In addition, 

two peaks with a m/z 315 [M−H]− (C13H15O9) were identified as gentisic acid-2-O-β-

glucoside and gentisic acid-5-O-β-glucoside and were described as gentisic acid derivatives. 

Gentisic acid derivatives were found to be the predominant hydroxybenzoic acid (5.39 ± 

0.48 mg/L), followed by 4-hydroxybenzaldehyde (2.94 ± 1.53 mg/L), and hydroxybenzoic-

4-β-glucoside (2.15 ± 0.51 mg/L). Many hydroxybenzoic acids have been previously found 

in the sugarcane plant, including protocatechuic, p-hydroxybenzoic and gentisic acids, and 

hydroxybenzoic-4-β-glucoside (Coutinho et al., 2016; Payet et al., 2006). 

Hydroxybenzaldehyde and protocatechuic acid have been reported to have both antioxidant 

and antimicrobial activities on S. cerevisiae, with growth inhibition at 300 and 3100 mg/L, 

respectively (Farhoosh et al., 2016; Gu et al., 2015; Merkl et al., 2010; Nobsathian et al., 

2017). Merkl et al. (2010) have also reported antimicrobial activity of 4-hydroxybenzoic 

acid at 690 mg/L. 

Another class of phenolic compounds identified in the syrup was flavonoids, in which 

18 different peaks were recognized in LC-ESI-QqTOF-HRMS (Table 4) and represented 

21.2 % of TPC. This class was represented by isoschaftoside (m/z 563 [M-H]- (C26H27O14), 

which was the second most concentrated phenolic compound with a concentration of 4.77 ± 

0.56 mg/L, and has been linked to antioxidant activity (Vila et al., 2008). Apigenin, 

isoschaftoside and neoschaftoside (apigenin derivatives), tricin-O-neohesperoside isomer, 

tricin-7-O-rhamnosyl-glucuronide and tricin-4-(O-erythro) ether glucoside were previously 

detected in sugarcane (Coutinho et al., 2016; Deseo et al., 2020; Duarte-Almeida et al., 2006; 

Eggleston, 2018). Some specific compounds, namely flavonoids with C-glucoside groups, 

have been associated with antioxidant and antimicrobial activities, and the plants use them 
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to attract insects and promote mycorrhizal symbioses (McNally et al., 2003). Flavonoids 

with C-glucoside groups are important compounds for defense and if they are in the plant 

during syrup extraction season, they will be present in sugarcane syrups. Other identified 

molecules, namely tricin, apigenin and luteolin, have been associated to antimicrobial 

properties, through decreasing membrane fluidity (Tsuchiya, 2015; Zhou & Ibrahim, 2010). 

Most of the identified flavonoids have been described to have antioxidant activity, namely 

tricin (Shang et al., 2015); luteolin, with a DPPH IC50 at 90 mg/L (Wang et al., 2014); vitexin 

and isovitexin (apigenin C-glycosides isomers), with ABTS ascorbic acid equivalents 

around 80 and 8 mg/L, respectively (Khole et al., 2016). 

Overall, the phenolic composition of sugarcane syrup was in accordance with 

previous works that describe the composition of the sugarcane plant, namely the leaves, 

stalk, juice and molasses. However, these molecules are associated with different effects on 

microorganisms, providing oxidative stress reduction, by exerting antioxidant activity, 

or/and inhibiting cellular growth, by exerting antimicrobial activity. These effects are 

dependent on the phenolic concentration and fermentation conditions (Adeboye et al., 2015; 

Adeboye et al., 2014). 

 

3.2.Fermentation profile 

Fed-batch fermentations in 2 L bench bioreactors were conducted by simulating the 

industrial Amyris fermentation process of β-farnesene production. During the fermentation, 

several parameters were measured, including cell density, TRS, syrup addition and farnesene 

concentration. The results are presented as the average of 4 independent bioreactor 

fermentations. 

Cell density, which was measured through wOD (Figure 7A), increased during the 

first three days of cultivation from 18.5 to 128.5, reaching a stationary phase on day 3 and 

then varying between about 130 and 150 until the end of the fermentation. After the 3rd day, 

high cell density was achieved, which is characteristic in fed-batch fermentations, and is one 

of the requirements to achieve a high product concentration and productivity (Subramaniam 

et al., 2018). The initial TRS concentration inside the fermentation broth (Figure 7A) was 

22.02 g/L, then it decreased to about 1 g/L at the end of 24 hours and finally remained at 

residual concentrations during the rest of the process. The presence of residual amounts of 
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TRS implies that all sugars supplied through the sugarcane syrup were consumed (Figure 

7B), leading to no accumulation inside the bioreactors. Therefore, the algorithm used for 

feedstock addition was robust enough to maintain the concentration of sugars low, 

minimizing the Crabtree effect and reducing the formation of by-products (such as ethanol). 

Consequently, this allows to achieve higher product yield during the fermentation (Meadows 

et al., 2016). 

 

 

Figure 7. Washed optical density measured at 600 nm and total reducing sugars (TRS) (A), and 

normalized cumulative sugarcane syrup (B) through 13 days of fed-batch fermentations of farnesene producing 

S. cerevisiae. Results represent the average of 4 bioreactor fermentations and error bars are standard deviations. 

 

In all bioreactor fermentations performed in this work, the initial culture medium for 

the main fermentation was supplied with a pulse of syrup providing sugars to the yeast. The 

culture medium corresponded to 98.3 % of broth weight and the syrup to 1.7 % (Figure 8). 

The mass of syrup added into the bioreactors increased over time (Figure 7B). Apart from 

sugarcane syrup, the bioreactor was also fed with an ammonium hydroxide solution to adjust 

the pH and with the PSA solution to supply micronutrients to the yeast. Both solutions did 

not contribute to the weight of the broth in a significant way, with a prevalence of only 2.1 

% for the ammonium hydroxide solution and 0.3 % for PSA. On the other hand, it was 

possible to observe the increase of syrup proportion inside the bioreactor over time, reaching 

86.8 % in the end of the process. Considering this, molecules that are provided from the 

syrup, such as the sugars, that were consumed, did not accumulate inside the culture medium 
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(Figure 7A). In contrast, any substance (such as phenolic compounds) that was supplied with 

the syrup and was not degraded or metabolized by the yeast could continuously accumulate 

inside the broth. 

 

 

Figure 8. Proportional broth weight (%) of all medium components (initial medium, sugarcane syrup 

and base) during 13 days of fed-batch fermentations of farnesene producing S. cerevisiae. Results represent 

the average of 4 bioreactor fermentations and error bars are standard deviations. 

 

The concentration, yield and productivity of farnesene was determined over the 

fermentation time to evaluate the performance of farnesene production from the sugarcane 

syrup batches used. The yield of farnesene (gfarnesene/gsugar) presented a quite constant 

profile, with values above 90 % of the yield obtained in the last day, between day 1 and day 

5, and above 97 %, after day 6 of fermentation (Figure 9). The concentration of farnesene 

(g/L), and the farnesene cumulative productivity (g/L/h), increased rapidly during the first 

days of the process, stabilizing after 6/7 days of fermentation. Namely, the productivity 

increased from 30 % to more than 90 % of the productivity of the last day, from day 1 to day 

5, staying above 95 % of maximum values from day 6 to day 13 of fermentation (Figure 9). 

Furthermore, variation in farnesene parameters was below 5 % between fermentations. Thus, 

it can be concluded that the recombinant biomolecule was stably produced in the broth of 

the high cell density system generated by fed-batch mode, regardless of the syrup batch used. 
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Figure 9. Farnesene concentration (g farnesene/L broth), yield (g farnesene/ g TRS) and productivity 

(g farnesene/L broth/ h) normalized in relation to the last day of fermentation during 13 days of fed-batch 

fermentations of farnesene producing S. cerevisiae. Results represent the average of 4 bioreactor fermentations 

and error bars are standard deviations. 

 

3.3.Phenolic compounds during fed-batch fermentation 

The concentrations of the phenolic compounds identified during the 13 days of fed-

batch fermentations are presented in Figure 10. The lowest concentration of most identified 

phenolic compounds was detected in the beginning of the fermentation, starting to increase 

over time until day 3 and reaching a stable range of values. This was the evolution profile 

obtained for the most representative compounds of each class, such as gentisic acid, 

feruloylquinic acid and schaftoside. An increasing phenolic profile was expected because 

they were added semi-continuously together with the syrup. 
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Figure 10. Identified phenolic compounds measured in LC-ESI-QqTOF-HRMS during 13 days of fed-

batch fermentations of farnesene producing S. cerevisiae. A – hydroxybenzoic acids, B – hydroxycinnamic 

acids, C – flavonoids. Results represent the average of 4 bioreactor fermentations and error bars are standard 

deviations. 

 

However, for some molecules, such as hydroxybenzaldehyde and protocatechuic 

acid (two hydroxybenzoic acids), caffeic, ferulic and p-coumaric acids (three 

hydroxycinnamic acids) and diosmetin (a flavonoid), a decrease of concentration was 

observed from day 2 until the end of fermentation. Metabolization (or degradation) of 

hydroxybenzaldehyde, ferulic and p-coumaric acids by S. cerevisiae have been previously 
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reported (Fletcher et al., 2019; Gu et al., 2015; Jönsson et al., 1998; Richard et al., 2015). 

The decrease in concentration of these compounds observed from day 2 of the fermentation 

can be explained with yeast metabolization. These molecules have high antimicrobial 

activity (Gu et al., 2015; Merkl et al., 2010). Therefore, it could be beneficial for the yeast 

to metabolize these compounds into other less toxic molecules. In fact, hydroxybenzoic acid 

derivatives might have been converted into hydroxybenzoic-4-β-glucoside and caffeic acid 

into caffeoylquinic acid, which have lower antimicrobial activities (Fletcher et al., 2019; Gu 

et al., 2015). This would corroborate the increased concentrations (p < 0.05) of 

hydroxybenzoic-4-β-glucoside and caffeoylquinic acid in the end of the fermentation 

compared to their concentration in the syrup, at 1.47 and 1.93-fold, respectively. 

The results of TPC in Figure 11 are the sum of the phenolic concentrations from each 

phenolic compound class, quantified in each fermentation time point. By the end of the 

fermentation, TPC was 53.87 ± 13.79 mg/L, with hydroxybenzoic acids present at 11.43 ± 

2.47 mg/L, hydroxycinnamic at 27.93 ± 7.13 mg/L and flavonoids at 14.51 ± 4.07 mg/L. 

These concentrations are not significantly different (p > 0.05) from those detected in the 

syrup (Table 3). This means that, in the β-farnesene fermentation process, phenolic 

compounds are accumulating to the levels found in the feedstock. 
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Figure 11. Total phenolic content (TPC) (A), hydroxybenzoic acids (B), hydroxycinnamic acids (C) 

and flavonoids (D) measured in LC-ESI-UHR-QqTOF-MS during 13 days of fed-batch fermentations of 

farnesene producing S. cerevisiae. Plotted dots represent the data for the average of 4 reactor fermentations, 

error bars are standard deviations and plotted lines correspond to the values estimated from the fitted Weibull 

model and the theoretical mass balance. 

 

3.4.Predictive modulation for phenolic accumulation in fed-batch fermentation 

To describe the transfer of phenolic compounds from the sugarcane syrup into the 

bioreactors during the fed-batch fermentations, two calculations were performed. The 

Weibull kinetic model was applied to the phenolic experimental data obtained along the 13-

days of fermentation (Table 5). This model presented a good adjustment to the experimental 

data during the fermentation time (Figure 11). In TPC and all the classes identified, the 

kinetic parameter that represents concentration at equilibrium (C∞) presented no significant 

differences with the concentration of phenolic compounds detected in the syrup – using a 

different batch of syrup. The values of n of the power law model showed that the diffusion 
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of some compounds (with n > 1) was controlled by a Fickian behavior where the compounds 

absorption increased linearly as a function of the time, then reaching a plateau region and 

finally the curve became constant. On the other hand, values of n < 1 for the Weibull model 

described the parabolic shape of the curves with a high initial slope. Regarding the β 

parameter, it can be considered as the constant accumulation rate for phenolic compounds 

inside the bioreactors and the higher values were associated with the fastest accumulation 

kinetics (Alonso-Riaño et al., 2020). 

 

Table 5. Parameters for Weibull model fitting to phenolic compound experimental data. Estimates (± 

standard deviation) of Weibull model parameters used to describe total phenolic content (TPC), total 

hydroxybenzoic acids, hydroxycinnamic acids and flavonoids, as well the most predominant within each class, 

through the incubation time of fed-batch fermentation using sugarcane syrup as feedstock. C∞, β and n: kinetic 

parameters of the Weibull model. R2: coefficient of determination. RMSE: root mean square error. Difference 

in letters in superscript for each model parameter represents significant differences from an ANOVA LSD 

post-hoc test (n = 2) between TPC and phenolic classes (A) and each individual phenolic compound (a). 

Phenolic content C∞ (mg/L) β n R2 RMSE 

TPC 46.59 ± 9.59 A 0.46 ± 0.17 B 0.88 ± 0.28 AB 0.93 1.16 

Hydroxybenzoic acids 12.40 ± 4.85 C 0.97 ± 0.46 A 0.83 ± 0.64 B 0.93 0.20 

Hydroxycinnamic acids 31.36 ± 13.12 B 0.33 ± 0.09 B 0.82 ± 0.28 B 0.94 0.64 

Flavonoids 10.98 ± 0.83 C 0.36 ± 0.06 B 1.60 ± 0.56 A 0.85 0.26 

Dihydroxybenzoic acid 2.08 ± 1.02 d 0.09 ± 0.07 d 1.62 ± 0.83 a 0.92 0.05 

Gentisic acid 4.68 ± 1.37 c 0.68 ± 0.19 a 1.87 ± 0.49 a 0.92 0.17 

Hydroxybenzoic-4-β-glucoside 2.76 ± 0.01 d 0.80 ± 0.05 a 0.85 ± 0.26 a 0.88 0.05 

Chlorogenic acid 5.39 ± 2.99 bc 0.21 ± 0.10 cd 0.73 ± 0.25 a 0.92 0.10 

Caffeoylquinic acid 5.68 ± 1.63 bc 0.18 ± 0.05 cd 0.97 ± 0.22 a 0.96 0.11 

Feruloylquinic acid 12.83 ± 1.59 a 0.40 ± 0.03 b 1.22 ± 0.31 a 0.96 0.30 

Coumaroylquinic acid 2.34 ± 0.30 d 0.29 ± 0.07 bc 1.09 ± 0.25 a 0.96 0.07 

Vitexin 1.22 ± 0.29 d 0.32 ± 0.11 bc 1.14 ± 0.73 a 0.91 0.02 

Schaftoside 7.18 ± 1.43 b 0.42 ± 0.07 b 0.90 ± 0.19 a 0.95 0.14 

Tricin-7-O-rhamnosyl-glucuronide 1.63 ± 0.07 d 0.43 ± 0.20 bc 1.63 ± 0.31 a 0.80 0.06 

Tricin diglucuroniside 1.77 ± 0.01 d 0.29 ±0.06 c 1.62 ± 0.19 a 0.96 0.04 

 

Additionally, the R2 for the fitting to the TPC data was 0.93, and this was similar for 

hydroxybenzoic and hydroxycinnamic acids. The fit to the flavonoids presented a lower R2, 

at 0.85. Therefore, the Weibull model was successful at describing the evolution of the most 
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predominant molecules. This model has been previously used in other works, such as in 

modelling organism inactivation (van Boekel, 2002) and phenol extraction kinetics (Alonso-

Riaño et al., 2020). It has also been applied to study fermentation parameters, such as sugar 

consumption and product formation, in batch lactic acid fermentation (Germec et al., 2018). 

However, it has never been used to describe the accumulation of molecules, such as phenolic 

compounds, in a fed-batch process. 

The theoretical concentration of phenolic compounds inside the bioreactors was done 

by a mass balance of entries of syrup and removals of broth over time, using the 

concentration of phenolic compounds measured in the syrup (Table 6). No significant 

differences have been found between both batches of syrup. The fit of this calculation 

presented a similar profile to the experimental data, with an increase of phenolic compounds 

over the fermentation time (Figure 11). Regarding the fit to data of TPC, hydroxycinnamic 

acids and flavonoids, it presented an R2 of 0.86 or higher. However, the poorest adjustment 

to the experimental data was obtained for the hydroxybenzoic acids class, with an R2 of 0.63. 

This result can be explained by the fact that the mass balance does not consider any 

degradation of the molecules, which was clear in this phenolic class. The decrease of the 

concentration of certain phenolic compounds during the fermentation revealed that the 

evolution of phenolic compounds in the studied fed-batch fermentation does not just follow 

a mass balance profile, with the concentration being augmented as syrup is added to the 

bioreactor, but that the conversion of molecules by the yeast must be also considered. 

 

Table 6. Coefficient of determination and root mean square error for theoretical mass balance fitting 

to phenolic compounds (total phenolic content (TPC), total hydroxybenzoic acids, hydroxycinnamic acids and 

flavonoids) during the fed-batch fermentation using sugarcane syrup as feedstock. 

Phenolic compound class R2 RMSE 

TPC 0.88 1.54 

Hydroxybenzoic acids 0.63 0.94 

Hydroxycinnamic acids 0.91 0.72 

Flavonoids 0.86 0.50 

 

When comparing the adjustments of both mathematical calculations, the Weibull 

model was found to present a better fit to the experimental data. It is then possible to 

conclude that the Weibull model was more effective in describing the evolution of phenolic 
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compounds inside bioreactors during β-farnesene fed-batch fermentations, and that this 

model may be applied for estimating the levels of these molecules in industrial 

fermentations. 

 

4. Conclusions 

The concentration of most phenolic compounds increased over the 13-days of β-

farnesene fermentation until stabilizing after day 3. However, some phenolic compounds 

decreased after day 2, suggesting their metabolization by the yeast. The two mathematical 

calculations applied to modulate the phenolic profile, a theoretical mass balance and the 

Weibull kinetic model, presented good adjustments to data of total phenolic content and each 

phenolic class. However, the Weibull model presented the better fit, with an R2 ≥ 0.85, and 

thus may be applied as a practical tool to predict the phenolic compound evolution in other 

fed-batch fermentations using syrup. 
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Chapter 3 

 

Abstract 

This work aimed to study for the first time the effects of phenolic compounds from 

sugarcane syrup on Saccharomyces cerevisiae β-farnesene fermentation by removing them 

from this feedstock. Syrup purification was optimized through a central composite design 

using 5 types of activated charcoal, 3 contact times (1 to 24 h) and 3 adsorbent concentrations 

(10 to 150 g/L). The optimal purification condition - charcoal pellets at 115 g/L and contact 

time of 12.5 h - led to 96.7 % of phenolic compounds removal and 43.7 % of syrup recovery. 

The effects of reducing phenolic content from approximately 7.0 to 0.3 mg/L in sugarcane 

syrup on yeast fermentation varied with the scale. Increase in biomolecule productivity was 

only observed in shake-flasks (11 %) and in biomass productivity only in 2 L bioreactor (12 

%). Thus, phenolic compounds from sugarcane syrup do not influence β-farnesene 

production at large-scale, under the conditions tested. 

 

Keywords: Phenolic compounds; Sugarcane syrup purification; Central composite 

design; Saccharomyces cerevisiae; β-Farnesene fermentation. 
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1. Introduction 

Currently, plant syrups are widely used in industrial fermentations to biosynthesize 

value-added molecules. For instance, syrups from corn, sugarcane, sorghum and sugarbeet 

are supplied into industrial bioreactors to be used as feedstock in the production of valuable 

products, such as bioethanol and β-farnesene (Hill et al., 2020; Joannis-Cassan et al., 2014; 

Nghiem et al., 2016; Vohra et al., 2014). The use of these carbon sources makes the 

production process cheaper than using refined sucrose due to the lower cost of the 

purification process. However, since these materials contain other molecules in their 

composition rather than sugars, such as phenolic compounds, they are also transferred into 

the culture broth (Duarte-Almeida et al., 2011). 

Phenolic compounds - also referred to as phenols – comprise a large group of 

molecules produced by plants as secondary metabolites, aiding in the protection of diseases, 

such as microbial infection (Huang et al., 2018). One consequence of the chemical nature of 

phenolic compounds is their antimicrobial activity, preventing the growth and metabolism 

of microorganisms (Adeboye et al., 2014). Studies have shown that smaller molecular weight 

phenolic compounds, including monophenols, have a stronger antimicrobial activity than 

higher molecular weight polyphenols (Almeida et al., 2007; Kim et al., 2013; Lin et al., 

2015; Wang et al., 2017). Moreover, it has been discovered that lower polarity boosts 

antimicrobial activity of these compounds. For instance, Saccharomyces cerevisiae is more 

inhibited by butyl esters of phenolic acids than methyl esters (Guil-Guerrero et al., 2016; 

Merkl et al., 2010). 

On the other hand, phenolic compounds present in the culture medium prevent the 

accumulation of free radicals and reactive oxygen species (ROS) inside the microbial cells 

(Duarte-Almeida et al., 2011). Oxidative stress, which is a consequence of the generation of 

these radicals, has been correlated with cell aging. The prevention of ROS accumulation 

through antioxidant activity of these compounds can avoid cell apoptosis (Juan et al., 2021). 

However, this effect depends on which molecules are present. For instance, polyphenolic 

compounds, which contain multiple hydroxyl groups in their structure, are more effective 

antioxidants than monophenols. An example of polyphenolic compounds with excellent 

antioxidant activity is the class of flavonoids (Hur et al., 2014). 
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The phenolic compounds present in the fermentation broth may influence the process 

in two ways: lowering the fermentation performance due to their antimicrobial activity or 

improving it due to their antioxidant activity (Adeboye et al., 2014; Duarte-Almeida et al., 

2011). Consequently, industrial fermentations that use syrups containing phenolic 

compounds may be impacted by their presence. For instance, sugarcane syrup, used by S. 

cerevisiae to produce β-farnesene, was reported by our group to contain a total phenolic 

content (TPC) of around 50 mg/L (Carvalho et al., 2022). The same concentration was also 

present in the culture broth at the last stage of 13-days fed-batch fermentation (Carvalho et 

al., 2022). In this study, dozens of individual phenolic compounds were identified in the 

syrup which were divided into three classes: hydroxybenzoic acids (HBA; 14.20 mg/L), 

hydroxycinnamic acids (HCA; 28.22 mg/L) and flavonoids (12.35 mg/L). However, the 

impact of this mixture of phenolic compounds on yeast fermentation is still unknown. It 

would be important to understand if these molecules affect the fermentation process, and 

one way to elucidate this is to remove the phenolic compounds from the sugarcane syrup 

and compare the fermentation performance between the two conditions, i.e., fermentation 

with purified syrup versus fermentation with non-purified syrup. 

Several methods have been described in the literature to remove phenolic compounds 

from aqueous solutions, such as over-liming, evaporation, ion exchange resins and 

adsorption by activated charcoal (Canilha et al., 2010; Mushtaq et al., 2019). Among these 

methods, activated charcoal has shown a high adsorption capacity, while being inexpensive 

and easy to apply in the removal of the desired compounds (Kamal et al., 2011). For instance, 

adsorption through activated charcoal has been applied to purify a by-product from the 

sugarcane industry, namely sugarcane bagasse hydrolysate (Deng et al., 2018). The charcoal 

used in that study slightly reduced the content of sugar while removing inhibitory chemicals 

like phenolic compounds. However, to the best knowledge of the authors, the removal of 

phenolic compounds from sugarcane syrup has not yet been studied. 

Therefore, this work aimed to optimize the removal of phenolic compounds from 

sugarcane syrup and study the impact of the resulting purified syrup on the production 

process in yeast, in comparison to non-purified syrup, to disclose the effect of such 

compounds over this process. To achieve this, the specific objectives were to: i) optimize 

the removal process of phenolic compounds from the sugarcane syrup through adsorption 

with activated charcoal, according to a second-order polynomial model; ii) characterize the 
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purified syrup obtained under optimal conditions for its content in phenolic compounds, 

sugars and minerals and its antioxidant activity; iii) assess yeast growth, oxidative stress and 

production in batch fermentations, supplied with purified and non-purified syrup, using a 

recombinant S. cerevisiae strain producer of β-farnesene. 

 

2. Materials and Methods 

2.1.Sugarcane syrup purification 

Activated charcoal was used in the optimization of sugarcane syrup purification, 

which was performed through an experimental design obtained from the software 

STATISTICA 14. A non-factorial central composite design (CCD) was performed according 

to the conditions described in Table 7. Adsorbent type (X1), contact time (X2) and adsorbent 

concentration (X3) were studied. A total of 23 purifications were performed using 4 charcoal 

adsorbents from Sigma-Aldrich (Missouri, USA) and 1 from Proenol (Porto, Portugal): 100 

mesh, 20-40 mesh, 12-20 mesh, 4-12 mesh and Proenol Carbon Pellet. These five types of 

the independent variable X1 were coded from L1 to L5. Three levels of the independent 

variables X2 and X3 were tested and coded with -1, 0 or 1. Time of contact was 1, 12.5 or 24 

h and adsorbent concentration was 10, 80 or 150 g of charcoal per L of syrup. The 

purifications were conducted in 250 mL Erlenmeyer flasks containing 100 mL of sugarcane 

syrup and the flasks were agitated at 100 rpm in an orbital incubator with 2.5 cm orbital 

diameter (New Brunswick Innova® 40, Eppendorf, Hamburg, Germany). After purification, 

the charcoal was separated from the syrup with centrifugation at 16435 g (Thermo Scientific 

Heraeus Multifuge X1R Centrifuge, Massachusetts, USA) for 10 min followed by two 

filtrations through a paper filter (Vreis, Lisbon, Portugal). 
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Table 7. Central composite design conditions for the optimization of sugarcane syrup purification with 

activated charcoal. L1: 100 mesh; L2: 20-40 mesh; L3: 12-20 mesh; L4: 4-12 mesh; L5: Proenol pellets. 
 

Run 
X1 

Adsorbent 

X2 

Time of contact (h) 

X3 

Adsorbent concentration (g/L) 

Code 

X1 

Code 

X2 

Code 

X3 

1 L4 24.0 150 4 1 1 

2 L4 24.0 10 4 1 -1 

3 L2 24.0 150 2 1 1 

4 L2 12.5 80 2 0 0 

5 L5 1.0 150 5 -1 1 

6 L2 24.0 10 2 1 -1 

7 L1 24.0 10 1 1 -1 

8 L5 12.5 10 5 0 -1 

9 L3 12.5 80 3 0 0 

10 L5 12.5 80 5 0 0 

11 L3 1.0 10 3 -1 -1 

12 L1 12.5 80 1 0 0 

13 L5 24.0 80 5 1 0 

14 L1 1.0 10 1 -1 -1 

15 L2 1.0 150 2 -1 1 

16 L3 1.0 150 3 -1 1 

17 L5 1.0 10 5 -1 -1 

18 L3 24.0 150 3 1 1 

19 L4 1.0 10 4 -1 -1 

20 L4 12.5 80 4 0 0 

21 L1 1.0 150 1 -1 1 

22 L3 24.0 10 3 1 -1 

23 L2 12.5 80 2 0 0 

 

 

The response surface model described in the second-order polynomial equation (7) 

was used to estimate the response variables. The X1, X2 and X3 represent the independent 

variables and β0 to β9 represent the coefficient estimates. Analysis of variance and lack of fit 

tests were performed to assess the adequacy of the model. 

 

𝑌 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽4𝑋1
2 + 𝛽5𝑋2

2 + 𝛽6𝑋3
2 + 𝛽7𝑋1𝑋2 + 𝛽8𝑋1𝑋3 + 𝛽9𝑋2𝑋3        (7) 

To graphically present the data, a multi-criteria predictive model was used according 

to equations (8), (9) and (10). Derringer’s desirability function was used in the response 
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surface optimization (Suich and Derringer, 1980). Each answer variable's value was 

converted into a desirability score (d), which ranged from 0 to 1. Increased desirability is 

indicated by a higher score. A different optimization criterion (to maximize, minimize or 

obtain a fixed target) implies the use of a different equation. In these equations, i represents 

the individual response variables, yi,min and yi,max represent the minimum or maximum 

desired level of each response variable. A desirability score of 0 was given to responses 

below yi,min and a score of 1 was assigned to responses above yi,max. A linear increase in 

desirability between yi,min and yi,max was obtained by assigning a weight (wi) of 1. The 

adjustment of the response data was performed with STATISTICA 14. 

 

𝑑𝑖 = 0, 𝑖𝑓𝑦𝑖 ≪ 𝑦(𝑖,𝑚𝑖𝑛)       (8) 

𝑑𝑖 = [((𝑦𝑖 − 𝑦(𝑖,𝑚𝑖𝑛))) / ((𝑦(𝑖,𝑚𝑎𝑥) − 𝑦(𝑖,𝑚𝑖𝑛)))]
(𝑤𝑖)

    (9) 

𝑑𝑖 = 1, 𝑖𝑓𝑦𝑖 ≫ 𝑦(𝑖,𝑚𝑎𝑥)            (10) 

 

After the purifications, the syrup was recovered and separated from the activated 

charcoal through centrifugation and filtration processes. During the purification procedure, 

some quantity of syrup remained in the materials used and was not recovered. Therefore, the 

syrup recovery yield (%) was calculated according to equation (11). For this calculation, the 

initial mass of syrup (g) before the process and the mass of syrup recovered (g) after the 

purification were used. 

 

𝑆𝑦𝑟𝑢𝑝 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑠𝑦𝑟𝑢𝑝

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑦𝑟𝑢𝑝
 𝑥 100   (11) 

 

2.2.Sugarcane syrup characterization 

The Brazilian sugarcane syrup studied in this work, provided from Amyris Inc. USA, 

was characterized for its content of total reducing sugars (TRS) and phenolic compounds 
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before and after purification. The sugar content was determined by High Performance Liquid 

Chromatography (HPLC) with a Refractive Index Detector (RID) (Baptista et al., 2020). The 

compounds were separated in an Aminex HPX-87H column (300 x 7.8 mm) with a pre-

column (30 x 4.6 mm) (Bio-rad, Hercules, USA). A mobile phase of 5 mM of sulfuric acid 

(Sigma-Aldrich, Missouri, USA) eluted through the column at 0.6 mL/min and 50 ˚C, while 

the RI detector (Agilent, Santa Clara, USA) was maintained at 35 ̊ C. Concentrations ranging 

from 0.2 to 10 g/L of sucrose, glucose, and fructose standards (Sigma-Aldrich, Missouri, 

USA) were used to construct the respective calibration curves. TRS in the samples was 

expressed in g/L and calculated according to equation (12), where S, G and F represented 

the concentration of sucrose, glucose and fructose, respectively (Marques et al., 2015). 

 

𝑇𝑅𝑆 (𝑔/𝐿) =
𝑆

0.95
+ 𝐺 + 𝐹      (12) 

 

The identification and determination of all phenolic compounds were performed by 

LC-ESI-UHR-QqTOF-MS (Liquid Chromatography with Ultrahigh-Resolution, 

Electrospray Ionization, Quadrupole Time of Flight and Mass Spectrometry) (Bruker, 

Billerica, USA). The compound separation was performed in a Bruker Solo 2 C18 column 

(100 × 2.1 mm, 2.2 μm) (Bruker, Billerica, USA), with 0.1 % aqueous formic acid (mobile 

phase A) and acetonitrile with 0.1 % formic acid (mobile phase B) at a flow rate of 0.25 

mL/min, and with a gradient according to Carvalho et al., 2022. Clusters of sodium formate 

were employed to calibrate the internal mass. The elemental composition and identity of 

phenolic compounds were validated by precise mass ([M-H]) and isotope rate estimates 

(mSigma). Standards of syringic acid, vanillic acid, 4-hydroxybenzoic acid, 3,4-

dihydroxybenzalhedyde, 4-hydroxybenzaldehyde, gentisic acid, chlorogenic acid, ferulic 

acid, p-coumaric acid, caffeic acid, protocatechuic acid, luteolin, tricin, naringenin-7-O-

glucoside (Sigma-Aldrich, Missouri, USA), isoschaftoside, orientin, diosmetin, vitexin, 

vitexin-2-O-rhamnoside and naringenin (Extrasynthése, Rhône, France) were used for the 

respective calibration curves. The total phenolic content (TPC) was calculated by the sum of 

all compounds detected and results were expressed in mg/L. 

The chemical elements were analyzed in an Optima 7000 DV ICP-OES (inductively 

coupled plasma optical emission spectrometry; Perkin-Elmer, Massachusetts, USA) 
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according to the ICP methodology of Oliveira et al., 2022. Briefly, 200 µL of sugarcane 

syrup and 1.8 mL of ultrapure pure water were digested with 5 mL of nitric acid at 65 % 

(w/w; Sigma-Aldrich, Missouri, USA) and 2 mL of hydrogen peroxide at 30 % (w/w; 

CARLO ERBA, Emmendingen, Germany). Digestion occurred using a microwave-assisted 

digester XPERT (BERGHOF, Eningen, Germany) with a temperature and pressure reaching 

190 ˚C and 40 bar for 10 min. The samples were diluted in ultrapure water to be analyzed in 

the ICP-OES equipment. Calibration curves of potassium, calcium, magnesium, 

phosphorous, sodium, molybdenum, iron, aluminum, manganese, and copper were used, and 

results were expressed in mg/L. Triplicate analyzes were performed for each sample. 

The antioxidant activity of the sugarcane syrup was determined using the 2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+) method (Gonçalves et al., 2009). A 

solution with 1.92 g/L of ABTS and 0.33 g/L of potassium persulfate provided oxygen 

radicals to react with the sample and inhibition of ABTS radicals was measured. A 

calibration curve was constructed with trolox in a range of concentrations from 1.88 to 60 

mg/L. For the antioxidant activity assay, 15 µL of the sample was added to 200 µL of the 

ABTS solution and stirred for 5 min at 30 ˚C. As a negative control, 15 µL of water was 

added to the ABTS solution. The absorbance was measured at 734 nm in a microplate reader 

(BioTek Synergy H1, Agilent, Santa Clara, USA). The ABTS inhibition, measured in 

percentage, was determined according to equation (13), where AC is the absorbance obtained 

in the control and AS is the absorbance obtained in the sample. Multiple sample dilutions 

were used to obtain an absorbance inside the calibration curve and, consequently, to 

determine the accurate ABTS inhibition. 

 

𝐴𝐵𝑇𝑆 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝐴𝐶−𝐴𝑆

𝐴𝐶
 𝑥 100      (13) 

 

The sample concentration required to obtain an antioxidant effect of 50 % (EC50) was 

determined using the ABTS inhibition data. Multiple dilution experimental data with the 

ABTS inhibition and the sample concentration were plotted, and a trend line was constructed 

for each sample. The equation resulting from this trend line was used to determine the EC50 

by assuming a 50 % inhibition in the equation. 
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2.3.Microorganism and inoculum 

The yeast used in this work was a genetically engineered S. cerevisiae strain 

producing constitutively β-farnesene, provided by Amyris, Inc. Activation of the yeast was 

performed from two cryovials (with 1 mL of glycerol stock culture each) in a 250 mL 

Erlenmeyer flask with 63 mL of culture medium during 42 h of incubation. The second seed 

flask step was performed in 1 L Erlenmeyer flasks with 150 mL of culture medium, including 

5.25 mL of inoculum from the first step. The medium of both seed cultures presented the 

same composition as in Carvalho et al., 2022, using sucrose as the carbon source. During 24 

h of incubation, the seed flasks were agitated at 200 rpm and 30 °C in an incubator with 5 

cm of orbital diameter (Eppendorf, New Brunswick™ Innova® 44). 

 

2.4.Fermentation 

The fermentations with purified and non-purified sugarcane syrups were performed 

in a batch mode both in shake-flasks and in bioreactors. A filtration system with 0.2 µm 

pores was used for syrup sterilization. The components of the medium were mostly the same 

as in the seed flask steps. However, a succinate buffer was not added, and the carbon source 

was provided by the sugarcane syrup at 80 g/L of TRS. The flask fermentations were 

performed in 1 L Erlenmeyer flasks, containing 150 mL of culture medium and the cell 

density was adjusted to start the culture with a washed optical density (wOD – measured at 

600 nm) of 0.25. The flask cultures were maintained at 30 °C and 200 rpm until sugars were 

consumed by the yeast. Triplicate cultures were performed for each condition. 

The bioreactor fermentations were performed in vessels with 2.7 L of working 

volume (Eppendorf, reference 76DR03F, Hamburg, Germany), with 1.5 L of culture 

medium and an initial wOD of 1. During the incubation time, a temperature of 30 °C, a pH 

of 5.0 (with the addition of 25 % ammonium hydroxide), aeration of 0.5 L/min and dissolved 

oxygen (DO) of at least 30 % were maintained. An agitation ramp ranging between 300 and 

1200 rpm was used to provide DO higher than 30 %. Tergitol L-81 (Dow, Michigan, USA) 

was added at the start of the fermentation to avoid foam accumulation inside the reactors. 

Reactor fermentations were incubated until all sugars were consumed. Each condition was 

performed in duplicate. 
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2.5.Fermentation analysis 

During the fermentation, yeast cell density was determined by measuring wOD of 

the fermentation broth, according to Carvalho et al., 2022. The absorbance was measured in 

a cuvette at 600 nm with a spectrophotometer (Shimadzu UV-1900 UV-VIS 

Spectrophotometer). The sugar consumption was determined during the fermentations by 

analyzing the sugar content in the supernatants of the fermentation broth. This was 

performed through HPLC according to the method described in section 2.2. The β-farnesene 

was quantified by Gas Chromatography (GC) with a Flame Ionization Detector (FID) and 

according to what is described in Carvalho et al., 2022 (McWilliam and Dewar, 1958). The 

extraction of β-farnesene from the fermentation broth was performed with a methanol 

solution and β-farnesene standards were used to construct the calibration curve. The 

concentration of β-farnesene was normalized to the last sampling time of the control 

condition. 

Cell viability and reactive oxygen species (ROS) were also determined, through flow 

cytometry following the methodology of Lopes et al., 2023. For cell viability, the cells were 

incubated with a fluorescent probe, namely propidium iodide (Sigma-Aldrich, Missouri, 

USA). The fluorescence intensity was analyzed in the flow cytometer (BD Accuri™ C6 Plus 

Personal) with the fluorochrome phycoerythrin (PE). For intracellular ROS determination, 

the cells were incubated with the fluorescent probe dihydrorhodamine (Sigma-Aldrich, 

Missouri, USA). The fluorescence intensity was analyzed with the fluorochrome peridinin 

chlorophyll protein complex (Per-CP). The ROS levels were expressed in mean fluorescence 

units (MFU). 

The kinetic parameters of the shake-flask and bioreactor fermentations were 

calculated. Equations 14 to 20 were used to determine substrate consumption (S), specific 

growth rate (µ), yield of biomass to substrate (YX/S), yield of product to substrate (YP/S), 

biomass productivity (PX), substrate consumption rate (PS) and product productivity (PP), 

respectively. The S (in %) was calculated by using the initial substrate concentration (Si, in 

g/L) and the current substrate concentration at the time of analysis (Sc, in g/L). To determine 

µ, in h-1, the washed optical density at the time of analysis (wODc), the initial washed optical 

density (wOD0), the current incubation time (tc, in h) and the initial incubation time (t0, in h) 

were used. For YX/S (in g of biomass/ g of substrate consumed), the dry cell weight (DCW, 
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in g/L) and the substrate consumption (S, in g/L) were used. The YP/S (g of product/g of 

substrate consumed) determined using the current product (P, in g/L) concentration at the 

time of analysis and S, in g/L. To determine PX (in g/L/h), DCW and tc were used. For PS (in 

g/L/h), S and tc were used. And for PP (in g/L/h), P and tc were used. 

 

𝑆 =
𝑆𝑖 − 𝑆𝑐

𝑆𝑖
× 100   (14) 

µ =
ln(𝑤𝑂𝐷𝑐)−ln (𝑤𝑂𝐷0)

𝑡𝑐−𝑡0
   (15) 

𝑌𝑋/𝑆 =
𝐷𝐶𝑊

𝑆
    (16) 

𝑌𝑃/𝑆 =
𝑃

𝑆
    (17) 

𝑃𝑋 =
𝐷𝐶𝑊

𝑡𝑐
    (18) 

𝑃𝑆 =
𝑆

𝑡𝑐
     (19) 

𝑃𝑃 =
𝑃

𝑡𝑐
     (20) 

 

2.6.Statistical analysis 

The data obtained was examined with the statistical software STATISTICA 14. The 

normality of the data distribution was evaluated by the Shapiro-Wilk test. Student’s t-test 

and one-way analysis of variance (ANOVA) with Fisher LSD post hoc tests were used to 

determine the statistical significance of a result. A p-value lower than 0.05 indicated 

statistically significant differences between conditions. 
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3. Results and discussion 

3.1.Sugarcane syrup purification 

3.1.1. Design of Experiment 

To maximize the phenolic compounds removal from sugarcane syrup with activated 

charcoal, three independent variables were studied (Table 7): adsorption time (1, 12.5 and 

24 h), adsorbent type (charcoal with 100, 20-40, 12-20 and 4-12 mesh or pellets) and 

adsorbent concentration (10, 80 and 150 g/L). The relationships between the response 

variables (phenolic compound purification and syrup recovery yield) and the independent 

variables were evaluated. 

Like previously reported by our group (Carvalho et al., 2022), the LC-ESI-UHR-

QqTOF-MS analysis for the phenolic profile of the sugarcane syrup resulted in the 

identification of 39 phenolic compounds (Annex Table 1). These compounds were grouped 

into three classes, namely hydroxybenzoic acids (HBA), hydroxycinnamic acids (HCA) and 

flavonoids. The main HBA compounds identified in the sugarcane syrup were 

hydroxybenzoic-4-β-glucoside and gentisic acid derivatives, at 5.0 and 9.0 mg/L, 

respectively. The most predominant HCA were trans-3-feruloylquinic acid and 

neochlorogenic acid, at 8.2 and 6.9 mg/L, respectively. Lastly, the flavonoids with higher 

concentrations were isoschaftoside at 1.6 mg/L and tricin-7-O-rhamnosyl-glucuronide at 1.3 

mg/L. According to the polynomial second-order model, the concentrations of these 

compounds were compared in the syrup before and after purification with activated charcoal 

(Table 8). Results showed that HCA and flavonoids were removed in higher percentages 

from the syrup as compared to HBA. According to Richard et al., 2009, acidic phenolic 

compounds are absorbed by charcoal slower than non-acidic phenolic compounds, because 

of their different solubilities. This does not explain why the adsorption of the HBA and HCA 

classes, which are both phenolic acids, differs. Nonetheless, the research by Richard and co-

authors supports the higher adsorption of flavonoids than the HBA class as it was found in 

our study. 
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Table 8. Total phenolic content (TPC) and phenolic classes (identified in LC-ESI-UHR-QqTOF-MS) 

concentration, syrup recovery yield and TPC purification obtained from the central composite design for the 

optimization of sugarcane syrup purification with activated charcoal. HBA: hydroxybenzoic acids. HCA: 

hydroxycinnamic acids. 
 

Run 
HBA 

(mg/L) 

HBA 

Purification 

(%) 

HCA 

(mg/L) 

HCA 

Purification 

(%) 

Flavonoids 

(mg/L) 

Flavonoids 

Purification 

(%) 

Syrup 

Yield 

(%) 

TPC 

(mg/L) 

TPC Purification 

(%) 

Syrup 23.6 ± 3.3  45.6 ± 7.4  4.6 ± 1.6   73.4 ± 12.3  

1 9.0 ± 0.1 61.8 ± 0.1 7.6 ± 0.2 83.1 ± 0.2 0.4 ± 0.0 90.6 ± 0.0 21.9 17.1 ± 0.6 76.7 ± 0.3 

2 23.6 ± 0.6 0.0 ± 0.6 47.8 ± 0.6 0.0 ± 0.0 5.2 ± 0.1 0.0 ± 0.0 61.0 76.7 ± 2.3 0.0 ± 1.4 

3 2.3 ± 0.9 90.3 ± 0.9 0.3 ± 0.0 99.3 ± 0.0 0.0 ± 0.0 100.0 ± 0.0 19.4 2.6 ± 1.6 96.5 ± 1.0 

4 11.2 ± 0.3 52.7 ± 0.3 11.4 ± 0.4 74.8 ± 0.4 0.7 ± 0.0 84.2 ± 0.0 42.2 23.3 ± 1.2 68.3 ± 0.7 

5 10.5 ± 0.5 55.5 ± 0.5 1.8 ± 0.2 96.0 ± 0.2 0.0 ± 0.0 100.0 ± 0.0 39.8 12.3 ± 1.1 83.2 ± 0.7 

6 19.7 ± 0.2 16.7 ± 0.2 40.4 ± 1.2 10.7 ± 1.2 6.5 ± 0.2 0.0 ± 0.0 78.2 66.5 ± 2.7 9.4 ± 1.6 

7 15.3 ± 0.8 35.3 ± 0.8 14.5 ± 0.1 67.9 ± 0.1 2.0 ± 0.0 56.3 ± 0.0 49.5 31.8 ± 1.4 56.7 ± 0.8 

8 20.3 ± 0.9 14.2 ± 0.9 25.7 ± 0.7 43.2 ± 0.7 1.0 ± 0.1 78.4 ± 0.1 63.9 46.9 ± 2.7 36.1 ± 1.6 

9 12.9 ± 0.1 45.4 ± 0.1 30.2 ± 0.3 33.2 ± 0.3 1.2 ± 0.0 74.6 ± 0.0 53.9 44.3 ± 0.6 39.7 ± 0.4 

10 6.2 ± 0.1 73.8 ± 0.1 0.0 ± 0.0 100.0 ± 0.0 0.0 ± 0.0 100.0 ± 0.0 39.6 6.2 ± 0.1 91.6 ± 0.1 

11 23.8 ± 0.4 0.0 ± 0.0 45.6 ± 0.8 0.0 ± 0.0 4.4 ± 0.0 5.0 ± 0.0 82.2 73.8 ± 2.0 00.0 ± 0.0 

12 14.4 ± 0.0 38.8 ± 0.0 23.6 ± 0.4 47.9 ± 0.4 2.1 ± 0.0 54.3 ± 0.0 49.0 40.1 ± 0.7 45.4 ± 0.4 

13 7.1 ± 0.1 70.2 ± 0.1 0.0 ± 0.0 100.0 ± 0.0 0.0 ± 0.0 100.0 ± 0.0 24.8 7.1 ± 0.2 90.4 ± 0.1 

14 17.1 ± 0.0 27.4 ± 0.0 32.9 ± 0.2 27.3 ± 0.2 2.7 ± 0.0 42.1 ± 0.0 83.2 52.7 ± 0.2 28.2 ± 0.1 

15 11.3 ± .2 52.2 ± 0.2 15.4 ± 0.1 66.0 ± 0.1 1.3 ± 0.0 72.5 ± 0.0 33.7 27.9 ± 0.2 62.0 ± 0.1 

16 14.9 ± 0.0 37.0 ± 0.0 26.7 ± 0.0 40.9 ± 0.0 2.5 ± 0.0 44.7 ± 0.0 37.2 44.1 ± 0.1 39.9 ± 0.0 

17 19.6 ± 0.1 17.2 ± 0.1 38.1 ± 0.5 15.7 ± 0.5 3.6 ± 0.0 21.9 ± 0.0 49.6 61.2 ± 1.1 16.6 ± 0.6 

18 6.2 ± 0.0 73.7 ± 0.0 2.1 ± 0.0 95.4 ± 0.0 0.1 ± 0.0 96.8 ± 0.0 25.0 8.4 ± 0.0 88.5 ± 0.0 

19 23.2 ± .2 1.9 ± 0.2 45.5 ± 0.2 0.0 ± 0.0 4.3 ± 0.0 6.8 ± 0.0 80.9 72.9 ± 0.7 0.7 ± 0.4 

20 3.6 ± 0.0 84.6 ± 0.0 0.0 ± 0.0 100.0 ± 0.0 0.0 ± 0.0 100.0 ± 0.0 24.1 3.6 ± 0.0 95.0 ± 0.0 

21 3.1 ± 0.1 86.8 ± 0.1 0.0 ± 0.0 100.0 ± 0.0 0.0 ± 0.0 100.0 ± 0.0 34.2 3.1 ± 0.1 95.8 ± 0.1 

22 20.5 ± 0.5 13.2 ± 0.5 41.4 ± 0.8 8.3 ± 0.8 4.0 ± 0.1 13.9 ± 0.1 76.0 65.9 ± 2.2 10.2 ± 1.3 

23 10.0 ± 0.1 57.7 ± 0.1 8.2 ± 0.1 81.9 ± 0.1 0.5 ± 0.0 89.6 ± 0.0 47.2 18.6 ± 0.4 74.6 ± 0.3 

 

The maximum purification was obtained in run 3 (L2 charcoal at 150 g/L and 24 h 

of contact), in which 96.5 % of TPC was removed from the syrup (Table 8). On the other 

hand, the highest syrup recovery yield was obtained in run 14 (L1 charcoal at 10 g/L and 1 

h of contact), in which 83.2 % of the syrup mass was recovered after the purification process. 

In fact, the regression plot between syrup purification and syrup recovery yield (Figure 12) 

showed that these two runs were at the opposite ends of the graph: in run 3 great purification 

was observed, but only 19.4 % of syrup was recovered; while in run 14 high yield was 

obtained, but only 28.2 % of TPC was removed from the syrup. These data suggested that 

both dependent variables were inversely related. 
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Figure 12. Relationship between phenolic purification and syrup recovery yield resulting from the 23 

runs of central composite design for the optimization of sugarcane syrup purification. TPC – total phenolic 

content. The number of each data label represents the run. 

 

The results presented in Table 8 were plotted in Pareto charts to evaluate the effect 

of the operational conditions in the syrup purification process and the standardized effects 

are presented in Figure 13. It was found that higher quantities of charcoal (X3) led to 

increased adsorption of phenolic compounds from the syrup (p < 0.0001; Figure 13A), due 

to the availability of increased mass of charcoal for adsorption. However, this operational 

condition with more charcoal decreased the yields of syrup recovery (p < 0.0001; Figure 

13B). Since the syrup had high viscosity, its separation from the adsorbent with a low particle 

size (L1 at 0.149 mm compared to L5 at 4.76 mm) became more difficult especially for 

higher quantities of adsorbent. Additionally, in the TPC purification variable, the quadratic 

term of the adsorbent type (X1
2) also presented a significant effect (Figure 13A). The contact 

time (X2) between the charcoal and the syrup (X2, p > 0.05) did not show any effect on syrup 

purification or yield, with no significant increase in purification observed between 1 and 24 

h of incubation. 
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Figure 13. Pareto charts of standardized effects of central composite design for the optimization of 

sugarcane syrup purification. A: purification of phenolic compounds (%); B – syrup recovery yield (%). Bars 

past the line represent statistically significant results (p < 0.05). X1 – adsorbent type; X2 – contact time; X3 – 

adsorbent concentration. 

 

According to many works, activated charcoal has been used to remove phenolic 

compounds from several types of biomasses. For instance, Lu et al., 2013 have found that 

99.9 % of phenolic compounds were removed from wood pulping hydrolysate when using 

2 % (w/v) of charcoal at pH 2.0, at 90 ºC and stirred for 30 min. Additionally, in the work 

by Preechakun et al., 2022, 77 % of phenolic compounds were removed from a sugarcane 

bagasse hydrolysate with 10 % (w/v) of activated charcoal at 25 ºC, stirred for 4 h and 

without pH adjustment. While the study of Lu and co-workers was able to remove almost 

completely all the phenolic compounds using only 2 % (w/v) of charcoal, the pH was 

adjusted to 2.0, which requires the use of an acid during purification and, subsequently, the 

purified syrup needs to be neutralized (by addition of base) to be used in a fermentation. In 

addition, extra thermal energy is required to maintain a temperature of 90 ºC. This procedure 

undoubtedly raises the price of the purifying process. On the other hand, in the study by 

Preechakun et al., 2022 a removal of 77 % phenolic compounds from sugarcane bagasse 

hydrolysate by using 10 % (w/v) of charcoal was obtained. In the current experiment, the 

application of 15 % (w/v) charcoal at room temperature resulted in 96.5% purification of 

phenolic compounds (run 3), which was 19 % higher than the purification percentage from 

the sugarcane bagasse obtained by Preechakun et al., 2022. 

 

B A 
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3.1.2. Validation of the predicted purification conditions and 

characterization of sugarcane syrup 

The statistical analysis of the central composite design indicated that the proposed 

model was adequate (R2 = 0.82) to describe the best purification conditions for obtaining a 

syrup with fewer phenolic compounds. The predictive model was applied to the data (Table 

8) to discover the purification parameters that would result in a syrup with the least 

concentration of phenolic compounds and the most syrup mass at the end of the procedure. 

Because it was more important for this study to remove phenolic compounds rather than 

recover as much syrup as possible, the purification variable was given double the importance 

over the syrup recovery yield. The model predicted, with a desirability of 0.76, that the best 

purification condition would be obtained with the charcoal pellets from Proenol (L5) at a 

concentration of 115 g/L with 12.5 h of contact time. This condition predicted a TPC 

purification response of 93.62 ± 17.66 % and a syrup recovery yield of 31.50 ± 12.03 %. 

Among the other charcoals (L1 to L4), the main difference was the particle size, in which 

L1 presented the smallest (at 100 mesh) and L4 the largest (at 4 to 12 mesh) particle size. 

This meant that the surface area of the smallest charcoal (L1 had around 1150 m2/g) was 

higher than that of the largest charcoal (L4 with around 700 m2/g). In fact, Deng et al., 2018 

found that the charcoals with lower particle size were able to adsorb more molecules. 

However, the L5 charcoal used in our study presented a higher overall particle size but also 

contained a higher surface area than the other charcoals (around 1350 m2/g). Therefore, for 

the same mass of activated charcoal, the L5 likely had more surface points to which the 

phenolic compounds could be adsorbed than the other charcoals, leading to higher adsorption 

and removal from the syrup. 

Considering the amount of charcoal employed, the elimination of phenolic 

compounds was greater when higher content of adsorbent was used (Figure 14). A similar 

elimination rate of phenolic compounds was reported by Deng et al., 2018, in which 

sugarcane bagasse hydrolysates were treated with 12.6 % (w/w) of activated charcoal and 

98 % of phenolic compounds were removed. However, in the current work, less syrup was 

recovered when high quantity of charcoal was used. Therefore, the predicted optimal point 

was a compromise between both dependent variables, in which it was expected to obtain 

great purification with optimal syrup recovery yield. 
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Figure 14. Profiles for predicted values and desirability of central composite design for the 

optimization of sugarcane syrup purification with activated charcoal. Red dashed lines represent the predicted 

optimal condition. 

 

To validate the predictive model, three purifications were performed under the 

optimal predicted conditions (Proenol pellets at 115 g/L of syrup and 12.5 h of contact time), 

and the results are presented in Table 9. Results showed that, at this optimal condition, the 

TPC decreased by 96.73 ± 0.14 % and the syrup recovery yield was 43.65 ± 1.20 %. The 

predicted values (TPC purification of 93.62 ± 17.66 % and syrup recovery yield of 31.50 ± 

12.03 %) agreed with the experimental values (p > 0.05 using a paired t-test). Therefore, the 

predictive performance of the established model can be considered validated and most 

phenolic compounds can be efficiently removed from the syrup with this purification 

condition. 
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Table 9. Phenolic content, sugar concentration, mineral content and antioxidant activity of non-

purified and purified sugarcane syrup at optimal condition from central composite design: with charcoal pellets 

from Proenol at 115 g/L and agitated during 12.5 h. Each value represents the average from triplicates and the 
errors represent the standard deviation. Different letters in the same row - (a) or (b) - represent the significant 

differences from a t-test (n = 3) between syrup batches for each parameter. ND: not detected. 

 

Parameter group Parameter Non-purified syrup Purified syrup 

Phenolic content 

(mg/L) 

HBA 23.6 ± 3.3 (a) 2.4 ± 0.1 (b) 

HCA 45.2 ± 7.4 ND 

Flavonoids 4.6 ± 1.6 ND 

TPC 73.4 ± 12.3 (a) 2.4 ± 0.1 (b) 

Sugar content (g/L) 

Sucrose 396.3 ± 1.1 (a) 413.9 ± 0.8 (b) 

Fructose 165.2 ± 0.6 (a) 174.6 ± 0.3 (b) 

Glucose 100.1 ± 0.5 (a) 105.2 ± 0.1 (b) 

TRS 682.4 ± 2.3 (a) 715.5 ± 1.1 (b) 

Mineral content 

(mg/L) 

Potassium 6212.88 ± 113.66 (a) 5965.54 ± 269.30 (a) 

Calcium 1340.35 ± 131.71 (a) 1395.87 ± 124.01 (a) 

Magnesium 777.43 ± 58.32 (a) 953.81 ± 88.40 (a) 

Phosphorous 97.52 ± 13.69 (a) 513.86 ± 50.39 (b) 

Sodium 65.97 ± 38.97 (a) 382.49 ± 39.25 (b) 

Molybdenum 14.86 ± 0.00 (a) 14.36 ± 0.26 (a) 

Iron 14.08 ± 2.08 ND 

Aluminum 9.42 ± 0.03 (a) 4.45 ± 0.55 (b) 

Manganese 7.72 ± 0.95 (a) 6.12 ± 0.67 (a) 

Copper 0.54 ± 0.06 (a) 0.11 ± 0.04 (b) 

Antioxidant activity ABTS EC50 (mL/mL) 0.019 ± 0.001 (a) 0.147 ± 0.009 (b) 

 

 

The purification of sugarcane syrup at the optimal condition resulted in the complete 

removal of 35 phenolic compounds, including molecules with high inhibitory activity over 

the yeast (Gu et al., 2015; Merkl et al., 2010) from the HBA class (1.28 mg/L of 

protocatechuic acid and 2.15 mg/L of 4-hydroxybenzaldehyde) and the HCA class (5.53 mg 

of p-coumaric acid, 2.65 mg/L of ferulic acid and 1.12 mg/L of caffeic acid). In fact, no HCA 

or flavonoids were detected in the purified sugarcane syrup. Therefore, the only class of 

phenolic compounds that remained after purification was HBA, at 10 % of the concentration 

found in the non-purified syrup (reduced from 23.6 in non-purified syrup to 2.4 mg/L in 

purified). Specifically, the compounds remaining in the syrup were hydroxybenzoic-4-β-
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glucoside at 1.12 mg/L, gentisic acid 2-O-β-glucoside at 0.52 mg/L, and gentisic acid 5-O-

β-glucoside at 0.72 mg/L. 

The purified sugarcane syrup was also characterized regarding its sugar content and 

compared with non-purified syrup (Table 9). It was found that the purification process 

resulted in an increase of the sugars present in the syrup by 5 %. Since charcoal has been 

shown to have a higher affinity for the phenolic compounds than for the sugars (Bernal et 

al., 2016; Lee and Park, 2016), it was expected that sugars would not be removed from the 

syrup together with the charcoal. The syrup was filtered overnight inside a laminar flow 

chamber to allow maximum charcoal separation and simultaneous sterilization. Hence, 

during the purification and removal of the charcoal, water from the syrup may have 

evaporated, thus concentrating the sugar. 

Because the EC50 values of the ABTS in the purified syrup were much greater than 

in the non-purified syrup, the antioxidant activity of the syrup decreased with purification 

(Table 9). The EC50, or the concentration required to reduce antioxidant activity by 50%, 

increased 6.7-fold. These results were expected, due to the removal of phenolic compounds 

that contributes to the antioxidant activity (Carvalho et al., 2021). Previous studies showed 

that the removal of TPC from cashew leaf extracts with activated charcoal decreased the 

antioxidant activity of the purified biomaterial from 50 to 80 % (Chermahini et al., 2011), 

which agrees with the results obtained in the current work. 

Chemical components such as calcium, magnesium, and potassium are also present 

in sugarcane syrup (Thai and Doherty, 2011), which can be used by the yeast during the 

fermentation process. Therefore, to evaluate if the purification with charcoal affected the 

mineral composition of sugarcane syrup, the chemical elements were analyzed through the 

ICP methodology (Table 9). The main elements found in the syrup were potassium, calcium 

and magnesium and their concentrations did not change with the removal of phenolic 

compounds. However, the purification process led to an increase of phosphorous and sodium 

in the syrup by 4.3 and 4.8-fold, respectively. The charcoal pellets from Proenol were 

activated with phosphoric acid, which may explain the increase of phosphorous in the syrup. 

Furthermore, the purification also produced a syrup with lower quantities of iron, aluminum, 

and copper. Iron, an element required for cell respiration, was completely removed from the 

syrup and was described to have affinity to activated charcoal (Nazir et al., 2021; Shakoury-

Elizeh et al., 2010). Regarding aluminum, its content decreased by 53 %, and Pour et al., 
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2014 showed that activated charcoal binds to this element in aqueous solutions. Furthermore, 

Abdulrazak et al., 2017 reported that copper has affinity to activated charcoal and, in the 

current work, the copper content of syrup decreased by 80 %. Because iron, aluminum, and 

copper have a high affinity for activated charcoal, the purifying method reduced their levels 

in sugarcane syrup. 

In the literature, the elemental composition of sugarcane syrup has not been reported. 

However, sugarcane juice (syrup before the evaporation step) was analyzed for its content 

in several elements (Souza et al., 2019; Sperança et al., 2021). In these works, the 

concentrations of phosphorous, calcium and magnesium were found to be between 5 to 10 

times lower than what was found in the sugarcane syrup in our work. This result may be 

expected, due to the evaporation of the juice that occurs to produce the syrup, which 

concentrates all components by 2.5 to 4 times (Vicentini-Polette et al., 2019). 

 

3.2.Fermentation with purified syrup as feedstock 

To assess the impact of removing phenolic compounds from sugarcane syrup on the 

yeast fermentation process, cultures were performed at the shake-flask and bioreactor scales 

using the purified syrup (TPC of 0.25-0.29 mg/L) and non-purified syrup (TPC of 6.23-7.08 

mg/L) described in section 3.1.2. In shake-flasks, no difference was detected in TRS 

consumption, as shown in Figure 15, while cell optical density and β-farnesene concentration 

at the end of the fermentation were 16 % and 12 % higher, respectively, with purified syrup. 

Cell viability was above 95 % during the entire fermentation for both conditions (Figure 

15C). Total ROS was similar at the beginning of the fermentation but presented significant 

differences during the incubation time (Figure 15D). In the exponential phase, total ROS 

was 79 % higher in the presence of purified syrup, while in the stationary phase this 

difference was 20 %. 
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Figure 15. Washed optical density (wOD) measured at 600 nm and total reducing sugars (TRS; A), β-

farnesene concentration normalized to the last sample of control (B), cell viability (C) and total reactive oxygen 

species (ROS; D) in the lag, exponential and pre-stationary phases during S. cerevisiae shake-flask batch 

fermentations using media with non-purified or purified sugarcane syrups as the carbon source. RFU: relative 

fluorescent unit. Each value represents the average of three replicate shake flask fermentations and the errors 

represent the standard deviation. Different letters represent the significant differences from a t-test (n = 3) 

between conditions. 

 

In bioreactors, as shown in Figure 16, in the presence of purified syrup an increase 

in final cell density and β-farnesene concentration of 7 % and 9 %, respectively, was 

obtained. However, the fermentation with the purified syrup started with 8 % more sugars, 

which could justify these increases in biomass and product. During the incubation, cell 

viability remained above 98 % for both conditions. Total ROS in the exponential and pre-

stationary phases presented a significant rise of 22 % and 49 %, respectively when purified 

syrup was used. 
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Figure 16. Washed optical density (wOD) measured at 600 nm and total reducing sugars (TRS; A), β- 

farnesene concentration normalized to the last sample of control (B), cell viability (C) and total reactive oxygen 

species (ROS; D) in the lag, exponential and pre-stationary phases during S. cerevisiae bioreactor batch 

fermentation using media with non-purified or purified sugarcane syrups as the carbon source. RFU: relative 

fluorescent unit. Each value represents the average of two replicate bioreactor fermentations and the errors 

represent the standard deviation. Different letters represent the significant differences from a t-test (n = 3) 

between conditions. 

 

When comparing the shake-flask and bioreactor fermentations (Figure 15D and 

Figure 16D), the yeast cells in the reactor showed an increase in ROS of 34 % when using 

purified syrup and 9 % when using control syrup, indicating the existence of increased 

oxidative stress in the bioreactor process. These results demonstrate that the phenolic 

compounds presence in sugarcane syrup may represent an advantage by conferring higher 

oxidative stability during fermentation. 
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In Table 10, the fermentation parameters of both the shake-flask and the bioreactor 

fermentations are presented. Results showed that, in shake-flasks, the specific growth rate 

(µ) was higher in the presence of purified syrup, while the yield of product to substrate (YP/S) 

increased by 11 %. Additionally, the β-farnesene productivity (PP) obtained in fermentations 

with purified syrup was 11 % higher in shake-flasks. In bioreactors, the yield of biomass to 

substrate (YX/S) increased by 3 % and the biomass productivity (PX) increased by 12 % with 

the purification of syrup. On the other hand, the substrate consumption rate (PS) was also 8 

% higher in purified syrup in bioreactor fermentations. 

 

Table 10. Fermentation parameters of β-farnesene shake-flask and bioreactor cultures by S. cerevisiae 

with non-purified and purified sugarcane syrups after 35 h of culture. TPC - total phenolic content. 
 

Condition 
TPC 

(mg/L) 
µ 

(h-1) 
S (%) 

YX/S 
(g/g) 

YP/S 
(g/g) 

PX 
(g/L/h) 

PS 
(g/L/h) 

PP 
(g/L/h) 

Shake-flask with non-purified syrup* 6.23 
0.144b ± 

0.000 

90.5b ± 

0.8 

0.307a ± 

0.003 

0.123c ± 

0.005 

0.594ab ± 

0.002 

1.93c ± 

0.02 

0.238c ± 

0.009 

Shake-flask with purified syrup** 0.25 
0.146a ± 

0.001 
91.4b ± 

0.4 
0.295a ± 

0.005 
0.136b ± 

0.001 
0.577b ± 

0.001 
1.96c ± 

0.01 
0.265b ± 

0.004 

Bioreactor with non-purified syrup* 7.08 
0.109c ± 

0.000 
95.5a ± 

0.1 
0.240c ± 

0.001 
0.157a ± 

0.001 
0.543c ± 

0.000 
2.26b ± 

0.01 
0.354a ± 

0.014 

Bioreactor with purified syrup** 0.29 
0.110c ± 

0.000 
95.6a ± 

0.1 
0.248b ± 

0.002 
0.154a ± 

0.001 
0.608a ± 

0.000 
2.45a ± 

0.02 
0.377a ± 

0.010 

* Non-purified syrup: mixture of 39 phenolic compounds with TPC of 73.4 mg/L. 

** Purified syrup: mixture of 5 phenolic compounds at TPC of 2.4 mg/L (hydroxybenzoic-4-β-glucoside at 

1.12 mg/L, gentisic acid 2-O-β-glucoside at 0.52 mg/L, and gentisic acid 5-O-β-glucoside at 0.72 mg/L). 

 

Overall, in the presence of purified syrup, the yeast presented better growth rate in 

shake-flasks and biomass yield in bioreactors. Substrate consumption also increased in 

bioreactors with fewer phenolic compounds. Moreover, the use of purified syrup also 

influenced the production parameters in shake-flasks, in which there was an increase in both 

YP/S and PP. Oxidative stress, indicated by the total ROS levels, was also generally higher 

with purified syrup in both shake-flasks and reactors. Therefore, the reduction of phenolic 

compounds can be associated to better growth and higher oxidative stress, which is certainly 

due to the removal of molecules with antimicrobial and antioxidant effects. The effects of 

phenolic compounds on S. cerevisiae have been widely reported (Adeboye et al., 2014; 

Cunha et al., 2018; Gu et al., 2019; Larsson et al., 2000). The presence of certain phenolic 

compounds, such as flavonoids or ferulic, cinnamic, caffeic and coumaric acids, was 
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reported to decrease the oxidative stress (Ronen et al., 2013; Tungmunnithum et al., 2022). 

On the other hand, the presence of antimicrobial phenolic compounds, such as 4-

hydroxybenzaldehyde, have been correlated with lower ethanol productivity in S. cerevisiae 

in shake-flask fermentation (Gu et al., 2019; Larsson et al., 2001). Similarly, lower β-

farnesene productivity (PP) was seen in the current work at shake-flask scale with non-

purified syrup, as compared to purified syrup (in which 4-hydroxybenzaldehyde and other 

inhibitory compounds were totally removed). However, in bioreactors, the production 

parameters were not changed with the removal of phenolic compounds. This was different 

from what was obtained in shake-flasks, where the production improved with purified syrup. 

Adeboye et al., 2015 have reported that the difference in yeast performance between two 

different scales may be attributed to better agitation, aeration, and pH control at the reactor 

scale. In fact, in the current work, the fermentations performed at the reactor scale were 

controlled to maintain the dissolved oxygen at a minimum of 30 % and a pH of 5.0. In shake-

flasks, despite the initial pH also being 5.0, there was no control over these two parameters 

during the fermentation. Increased oxidative stress, as seen in the bioreactors, has also been 

reported to deviate the yeast metabolism towards antioxidant-related mechanisms, which 

could lower the productivity (Auesukaree, 2017). This oxidative stress could then justify the 

similar PP in bioreactors with purified and non-purified syrups, as opposed to the higher PP 

found in shake-flasks with purified syrup. Thus, this study reveals that the scale of 

fermentation determines how phenolic compounds from sugarcane syrup influence the yeast 

fermentation, with bioreactors offering a better control over the fermentation environment. 

 

4. Conclusions 

For the first time, phenolic compounds were removed from sugarcane syrup by using 

activated charcoal. Charcoal with high surface area (~1350 m2/g) at 115 g/L was able to 

absorb 97 % of phenolic compounds contained in the syrup, significantly decreasing syrup 

antioxidant activity, leading to higher oxidative stress in the fermentation. Syrup purification 

enhanced β-farnesene productivity by 12 % in shake-flasks, while this parameter did not 

change in 2 L batch bioreactor, although yeast growth was improved. Thus, 7.08 mg/L of 

phenolic mixture can impact on yeast productivity at small-scale but not at large-scale, for 

the process and conditions tested.  
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Annex 

Table 1. LC-ESI-UHR-QqTOF-MS results of phenolic compounds detected in sugarcane syrup with 

and without purification with activated charcoal. ND – Not detected. Different letters in the same row - (a) or 

(b) - represent the significant differences from a t-test (n = 3). 

 

 

 

 

 

 

 

 

Proposed compound 

Retention 

time 

(min) 

Molecular 

Formula -H 

m/z 

Measured 

[M-H]- 

 

MS/MS fragments 
Error 

(ppm) 

mSigma 

(Da) 

Concentration (mg/L) 

Non-purified 

sugarcane 

syrup 

Purified 

sugarcane 

syrup 

Hydroxybenzoic acids 

4-Hydroxybenzaldehyde 8.7 C7H5O2 121.0295 121 2.7 3.4 2.8 ± 0.5 ND 

o-Hydroxybenzoic acid 4.7 C7H5O3 137.0244 108 1.3 5.4 1.5 ± 0.5 ND 

4-Hydroxybenzoic acid 7.2 C7H5O3 137.0221 93, 137 2.9 1.7 1.0 ± 0.1 ND 

3,4-Dihydroxybenzaldehyde 6.9 C7H5O3 137.0244 29, 72 0.4 9.6 0.9 ± 0.2 ND 

Protocatechuic acid 5.7 C7H5O4 153.0193 109, 153 3.2 5.4 1.3 ± 0.2 ND 

2,6-Dihydroxybenzoate 8.5 C7H5O4 153.0194 109 1.7 7.2 1.3 ± 1.1 ND 

Gentisic acid 9.2 C7H5O4 153.0193 65, 109 2.2 2.5 0.9 ± 1.0 ND 

Hydroxybenzoic-4-β-glucoside 4.8 C13H15O8 299.0717 108, 152 2.1 3.1 5.0 ± 1.0 (a) 1.1 ± 0.0 (b) 

Gentisic acid derivatives 5.4 C13H15O9 315.0722 108, 152 1.7 4.7 9.0 ± 0.8 (a) 1.2 ± 0.1 (b) 

Hydroxycinnamic acids 

p-Coumaric acid 10.3 C9H7O3 163.0401 119 1.9 8.0 5.4 ± 1.0 ND 

p-Coumaric acid derivative 10.9 C9H7O3 163.0401 119 1.9 8.0 0.3 ± 0.1 ND 

Caffeic acid 8.5 C9H8O4 179.0317 135, 179 3.0 6.3 0.9 ± 0.1 ND 

Ferulic acid 9.7 C10H9O4 193.0506 134 2.8 9.3 0.4 ± 0.1 ND 

Isoferulic acid 11.2 C10H9O4 193.0479 134, 161, 193 3.5 5.8 2.2 ± 0.1 ND 

4-p-Coumaroylquinic acid 7.4 C16H17O8 337.0929 119, 163 1.9 2.6 0.8 ± 0.2 ND 

p-Coumaroylquinic acid 9.2 C16H17O8 337.0929 93, 163, 173, 191 2.1 2.5 1.4 ± 0.3 ND 

Neochlorogenic acid 6.3 C16H17O9 353.0878 135, 179, 191 1.6 4.1 6.9 ± 1.3 ND 

Chlorogenic acid 7.8 C16H17O9 353.0878 191 1.7 3.2 5.9 ± 1.4 ND 

4-Caffeoylquinic acid 8.0 C16H17O9 353.0878 135, 173, 179, 191 2.2 2.0 3.8 ± 0.7 ND 

5-O-Feruloylquinic acid 8.1 C17H19O9 367.1035 134, 193 0.0 ND 3.7 ± 0.4 ND 

trans-3-Feruloylquinic acid 9.8 C17H19O9 367.0596 173 1.6 2.7 8.2 ± 0.8 ND 

Caffeoylquinic acid 9.9 C25H24O12 515.1195 515 3.2 7.3 5.2 ± 1.3 ND 

Flavonoids 

tricin-7-O-glucoside 12.4 C25H31O10 491.1826 329 4.2 13.5 0.5 ± 0.1 ND 

Isoschaftoside 10.1 C26H27O14 563.1406 353, 473 1.9 3.3 1.6 ± 0.5 ND 

Apigenin 7-O-

neohesperidoside 
11.3 C27H29O14 577.1563 293, 413 1.3 6.9 0.1 ± 0.1 ND 

Tricin-O-neohesperoside 

isomer 
13.4 C29H33O16 637.1638 329 1.1 11.5 0.1 ± 0.1 ND 

Tricin-7-O-rhamnosyl-

glucuronide 
13.1 C29H31O17 651.1567 329 2.9 4.7 1.3 ± 0.4 ND 

Tricin diglucuroniside 11.5 C29H29O19 681.1322 351 1.0 15.7 0.8 ± 0.2 ND 
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Chapter 4 

 

Abstract 

Farnesene is currently produced in Brazil through industrial fermentation using 

sugarcane syrup as feedstock. However, its distribution from tropical regions is costly and 

originates large carbon footprints. Sugarbeet can be grown in milder climates and the use of 

beet syrup could allow local production of β-farnesene. Thus, this study aimed to evaluate 

the feasibility of utilizing sugarbeet syrup as an alternative feedstock in the β-farnesene 

fermentation process and to characterize its fermentation phenolic profile. For this, sugarbeet 

syrup composition was characterized, and a 2 L bioreactor fed-batch fermentation process 

was performed. Beet syrup presented high concentrations of glucose and 

hydroxymethylfurfural (HMF), at 193 and 1.4 g/L, respectively, and low concentrations of 

phenolic compounds (at 21.3 mg/L). Inoculum growth in bioreactor was optimized through 

fed-batch with initial 40 g/L of beet syrup TRS and subsequent 10 g/L pulses, and the desired 

cell density (wOD > 45) was obtained. Successful production fermentation was conducted 

for 8 days using beet syrup in fed-batch mode. Final β-farnesene concentration was 127 g/L, 

with 19.44 % and 1.70 g/L/h of cumulative β-farnesene yield and productivity, respectively. 

Consequently, beet syrup is herein demonstrated for the first time as a viable feedstock for 

β-farnesene production. 
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1. Introduction 

Over the recent decades, fermentation has emerged as a prominent technique for 

biomanufacturing value-added compounds, leveraging renewable feedstocks (Amer and 

Baidoo, 2021; Boodhoo et al., 2022). For instance, sugarcane (Saccharum officinarum L.) 

and sugarbeet (Beta vulgaris L.) syrups have been supplied to Saccharomyces cerevisiae 

cultures to industrially produce molecules of interest, such as single cell protein, bioethanol, 

lactic acid and polylactic acid (Castro-Aguirre et al., 2016; Díaz et al., 2020; Kotzamanidis 

et al., 2002; Marzo et al., 2019; Muir and Anderson, 2022; Valladares-Diestra et al., 2022). 

Utilizing renewable cane and beet syrup in biomanufacturing offers a more sustainable 

alternative to the finite fossil resources traditionally employed in chemical synthesis 

(Meadows et al., 2016). In addition, utilizing these carbon sources requires fewer 

purification stages during production, making them not only more cost-effective but also 

environmentally friendly compared to pure sucrose (Abdel-Aleem, 2020). 

Farnesene, a valuable sesquiterpene, is currently produced by Amyris in Brazil 

through the fermentation of cane syrup (Hill et al., 2020). The demand for farnesene, more 

specifically β-farnesene, has been increasing since this molecule has many applications in 

the cosmetic industry or as a surfactant, adjuvant, or a biofuel or biogas (Benjamin et al., 

2016; Carsanba et al., 2021; Jacobs et al., 2017). For instance, β-farnesene can be converted 

to various oils, such as squalene (Brown et al., 2020; Hoff et al., 2021). This sustainable 

synthesis of squalene serves as an alternative to the traditional method that involves shark 

liver extraction (Mendes et al., 2022). Nevertheless, the distribution of farnesene-derived 

products from Brazil to other parts of the world poses challenges due to expensive shipping 

costs and significant carbon emissions, contributing to large carbon footprints (Chen et al., 

2019). Furthermore, due to the crop's requirement for warm temperatures and ample water 

supply, the cultivation of sugarcane fields necessary for fermentation is limited to tropical 

regions (De Matos et al., 2020). 

Incorporating additional feedstocks into the farnesene manufacturing process could 

expand the range of fermentation substrates, reducing reliance on cane syrup. This 

diversification offers more manufacturing options based on factors such as availability, cost, 

and regional demands (Hoff et al., 2021; Tropea, 2022). Diversification has the potential to 

enhance sustainability by significantly reducing supply chain demands in non-tropical 

regions through local farnesene production. Sugarbeet, hereby named as beet, is cultivated 
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in generally colder climates, such as Europe, North America, and Asia (Ritchie et al., 2023). 

Thus, utilizing beet syrup from these regions as feedstock could reduce the reliance on 

imports from Brazil and support regional self-sufficiency. 

Feedstocks derived from beet, including juices, syrups or molasses, are not composed 

solely of pure sugars. Consequently, they contain additional molecules, including phenolic 

compounds, in their composition (Alexandri et al., 2019; Arjeh et al., 2022; Chen et al., 

2017; Corleto et al., 2018). Phenolic compounds encompass a diverse range of molecules, 

and they can have effects on the fermentation process. These compounds possess antioxidant 

properties, which can contribute to an extended fermentation duration by promoting yeast 

health and longevity (Adeboye et al., 2014). Some works have reported the presence of 

antioxidant phenolic compounds in beet, such as phenolic acids, flavonoids, betaxanthins 

and betacyanins (Alexandri et al., 2019; Arjeh et al., 2022). On the other hand, phenolic 

compounds can have antimicrobial activity (Adeboye et al., 2014). Beet has been reported 

to have inhibitory compounds, such as ferulic acid (Chen et al., 2017). 

To the best of our knowledge, beet syrup has primarily been utilized for bioethanol 

production through S. cerevisiae fermentation, and its industrial application in β-farnesene 

production has not been explored. Currently, only cane syrup has been utilized for this 

purpose. Therefore, it would be interesting to evaluate if beet syrup can also be employed in 

this process. Thus, this study aimed to assess the feasibility of employing beet syrup as a 

feedstock in the β-farnesene fermentation process. Additionally, it aimed to characterize the 

sugar and phenolic content of beet syrup and the fermentation broth during β-farnesene 

production. To achieve this, a 2 L bioreactor fed-batch fermentation process was conducted, 

where beet syrup was provided as the substrate for yeast fermentation. 

 

2. Materials and Methods 

2.1.Feedstock characterization 

The beet syrup studied in this work was purchased from Grafschafter Krautfabrik 

(Meckenheim, Germany). The amounts of sugars, phenolic compounds, furfural, 

hydroxymethylfurfural (HMF), and acetic acid in the syrup as well as its antioxidant activity 

were assessed. 
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The sugars, HMF, furfural and acetic acid concentrations were measured through 

high performance liquid chromatography (HPLC) and a refractive index detector (RID), 

following the protocol NREL/TP-510-42618 (Sluiter et al., 2004). In an Aminex HPX-87H 

column (300 × 7.8 mm) with a pre-column (30 × 4.6 mm; Bio-rad, Hercules, USA), the 

chemicals were separated through a mobile phase with 5 mM sulfuric acid (Sigma-Aldrich, 

Missouri, USA) eluting at 0.6 mL/min and 50 °C. The RI detector (Agilent, Santa Clara, 

USA) was maintained at 35 °C. Individual calibration curves were constructed with 

standards of sucrose, glucose, fructose, HMF, furfural and acetic acid (Sigma-Aldrich, 

Missouri, USA). 

The phenolic compounds were analyzed using LC-ESI-UHR-QqTOF-MS (liquid 

chromatography with ultrahigh-resolution, electrospray ionization, quadrupole time of 

flight, and mass spectrometry) following the methodology described by (Carvalho et al., 

2022). The separation of compounds was achieved using a flow rate of 0.25 mL/min and an 

elution gradient between eluents A (0.1% aqueous formic acid) and B (acetonitrile with 0.1% 

formic acid). Calibration curves were constructed using standard concentrations of various 

phenolic compounds, including protocatechuic acid, vanillic acid, p-coumaric acid, caffeic 

acid, ferulic acid, chlorogenic acid, gentisic acid, 4-hydroxybenzaldehyde, 4-

hydroxybenzoic acid, 3,4-dihydroxybenzaldehyde, syringic acid (Sigma-Aldrich), vitexin, 

diosmetin, naringenin, isoschaftoside, orientin, vitexin-2-O-rhamnoside (Extrasynthèse, 

France), tricin, naringenin-7-O-glucoside, and luteolin (Sigma-Aldrich). Duplicate samples 

were analyzed, and the results were reported as mg/L of syrup. The total phenolic content 

(TPC) was calculated as the sum of the concentrations of all identified phenolic compounds 

using LC-ESI-UHR-QqTOF-MS.  

The antioxidant activity of the syrup was determined through the ABTS•+ (2,2'-azino-

bis (3-ethylbenzothiazoline-6-sulfonic acid)) and DPPH (2,2-diphenyl-1-picrylhydrazyl) 

methods (Oliveira et al., 2022; Chapter 3). Briefly, a solution of ABTS and potassium 

persulfate reacted with the sample and the inhibition of the formation of ABTS radicals was 

analyzed. Trolox was used as the reference compound. A microplate reader (BioTek Synergy 

H1, Agilent, Santa Clara, USA) was used to measure the absorbance at 734 nm. Multiple 

sample dilutions were used to determine the IC50 (sample concentration required to inhibit 

radical formation by 50 %) from the slope of the trendline between the ABTS inhibition and 

the sample equation. 



Chapter 4 - Production of β-farnesene from sugarbeet syrup by Saccharomyces 

cerevisiae in fed-batch fermentation 

 

128 

Mineral content was determined through inductively coupled plasma optical 

emission spectrometry (ICP-OES; Oliveira et al., 2022), in an Optima 7000 DV ICP-OES 

(Perkin-Elmer, Massachusetts, USA). Samples were digested at a temperature reaching 190 

˚C and a pressure reaching 40 bar for 10 min in a microwave-assisted digester XPERT 

(BERGHOF, Eningen, Germany). Standard concentrations of potassium, calcium, 

magnesium, phosphorous, sodium, molybdenum, iron, aluminum, manganese and copper 

were used to construct the calibration curves. Samples were analyzed in triplicate and results 

presented as mg/L of syrup. 

 

2.2.Microorganism and inoculum 

An Amyris genetically engineered S. cerevisiae was used in this study, which 

produces β-farnesene constitutively. The yeast was activated from two 1 mL cryovials in 63 

mL of culture medium and this culture was incubated in a 250 mL shake-flask during 42 h. 

Then, 5.25 mL of the first seed flask culture were transferred to a 1 L shake-flask with 144.75 

mL of culture medium and the yeast was incubated for further 24 h. The same medium was 

used in both seed flasks, following the composition described in Carvalho et al., 2022. Both 

seed flasks were incubated at 30 °C at 200 rpm, in an incubator with a 5 cm orbital diameter 

(Eppendorf New Brunswick™ Innova® 44). 

To simulate the complete industrial fermentation process of Amyris, two additional 

bioreactor steps were used to obtain the inoculum for the main fermentation. For this, 2.7 L 

working volume DASGIP® Eppendorf bioreactors were used. These seed cultures were 

performed according to what was described by Carvalho et al., 2022. Both cultures were 

maintained at a temperature of 30 °C, a pH of 5.0 and a minimal of 30 % dissolved oxygen. 

Oxygen was supplied through filtered air at a rate of 0.5 L/min for the first and 0.75 L/min 

for the second bioreactor seed culture. The first bioreactor step followed a batch mode, in 

which 70 g/L of total reducing sugars (TRS) were supplied to the cultures from the syrup. 

Two independent cultures were performed using beet syrup to supply the sugars. The second 

bioreactor step was operated as a batch and fed-batch culture, depending on the conditions 

tested. In batch mode, an initial quantity of syrup was provided to obtain 100 or 160 g/L of 

TRS concentration. In fed-batch mode, the cultures started with 20 or 40 g/L of TRS but 

were supplied with additional pulses of syrup to provide 10 or 20 g/L of TRS per pulse. The 
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timing of the syrup pulses was determined by a feedback-controlled pulse feeding algorithm. 

When sugars and ethanol reached low concentrations, the dissolved oxygen increased and 

triggered the addition of the syrup pulses. 

 

2.3.Bioreactor fermentation 

After the two seed shake-flask and bioreactor cultures, the yeast biomass was used 

to inoculate the main bioreactor fermentation. The fermentations were performed according 

to Carvalho et al., 2022. For this, 1.2 L of culture media was inoculated with 353 mL from 

the second seed bioreactor step. Two independent fed-batch fermentations were performed 

with beet syrup. The same feedback-controlled pulse algorithm was used to feed pulses of 

syrup to the cultures once sugars and ethanol were consumed. A draw-and-fill method was 

used to maintain at least 1.1 L of fermentation broth inside the bioreactors. In each day of 

fermentation, a volume of broth was removed, and a post-sterile addition (PSA) solution was 

added to the culture. Process conditions were maintained at an aeration of 1 L/min, a pH of 

5.0 and a temperature of 30 °C. 

 

2.4.Fermentation analysis 

During the culture, the fermentation broth was analyzed to determine yeast cell 

density through washed optical density (wOD) measured at 600 nm in a Shimadzu UV-1900 

UV-VIS spectrophotometer, according to Carvalho et al., 2022. Briefly, the fermentation 

broth was centrifuged at 12300 × g for 5 min, the supernatant was removed, and water was 

added to restore the volume. Dilutions were made to obtain absorbance between 0.1 to 0.6. 

The supernatant of the fermentation broth was used to determine sugar consumption 

through HPLC-RID and according to the method described in section 2.1. 

The concentration of β-farnesene in the fermentation broth was determined according 

to Carvalho et al., 2022, through gas chromatography (GC) with a flame ionization detector 

(FID). The β-farnesene extraction was done with a methanol solution. The fermentation 

broth was analyzed in duplicate. Three fermentation parameters of the yeast cultures were 

determined. Namely, yield of biomass to substrate (YX/S), yield of farnesene to substrate (YP/S) 

and farnesene productivity (PP) were calculated as described in Chapter 3. During the 
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production fermentation, which lasted for 8 days, interval YP/S and PP were also measured, 

using the production of farnesene and consumption of TRS between each fermentation day. 

 

2.5.Statistical analysis 

The statistical analysis of the data was performed by the software STATISTICA, 

version 14. The Shapiro-Wilk test was done to assess the normality of the data distribution. 

For determination of statistical significance of a result, student’s t-test and one-way analysis 

of variance (ANOVA) with Fisher LSD post hoc tests were used. Statistical significance was 

obtained when the p-value was lower than 0.05. 

 

3. Results and discussion 

3.1.Syrup characterization 

The beet syrup was characterized regarding its content in sugars, phenolic 

compounds, minerals, furfural, HMF (hydroxymethylfurfural), acetic acid, and antioxidant 

activity. Thirteen distinct phenolic compounds were identified in the beet syrup (Table 11). 

The predominant compound was ferulic acid, at about 15 mg/L, representing 71 % of total 

phenolic content (TPC; Table 11). Ferulic acid has also previously been reported as the 

phenolic compound with the highest concentration in sugarbeet molasses and red beet flesh 

(Chen et al., 2017; Płatosz et al., 2020), which corroborates the findings in our work. This 

phenolic compound has antimicrobial activity, being able to inhibit the growth of S. 

cerevisiae (Adeboye et al., 2017, 2015). Hence, the presence of ferulic acid at its minimum 

inhibitory concentration (MIC) in the fermentation medium can impede yeast growth. 

Studies have reported the MIC range of ferulic acid in S. cerevisiae to be between 0.8 and 2 

g/L (Barber et al., 2000; Gu et al., 2015; Kimani et al., 2021; Merkl et al., 2010; Shirai et al., 

2017). 
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Table 11. Phenolic compounds identified in beet syrup through the LC-ESI-QqTOF-HRMS 

methodology in negative mode. Values represent the average and standard deviation. HBA – hydroxybenzoic 

acids; HCA – hydroxycinnamic acids; ND – Not detected. 
 

Proposed compound 
Retention 

time 

Molecular 

Formula -H 

m/z 

Measured 

MS/MS 

fragments 

Error 

(ppm) 

mSigma 

(Da) 

Concentration 

(mg/L) 

HBA 

o-Hydroxybenzoic acid 4.7 C7H5O3 137.0244 108 1.3 5.4 1.59 ± 0.21 (a) 

Protocatechuic acid 5.7 C7H5O4 153.0193 109, 153 3.2 5.4 0.25 ± 0.09 (b) 

2,6-Dihydroxybenzoate 8.5 C7H5O4 153.0194 109 1.7 7.2 0.80 ± 0.01 

Gentisic acid 9.2 C7H5O4 153.0193 65, 109 2.2 2.5 0.42 ± 0.00 (b) 

Hydroxybenzoic-4-β-glucoside 4.8 C13H15O8 299.0717 108, 152 2.1 3.1 0.34 ± 0.03 (b) 

Gentisic acid derivatives 5.4 C13H15O9 315.0722 108, 152 1.7 4.7 0.87 ± 0.14 (b) 

HCA 

Ferulic acid 9.7 C10H9O4 193.0506 134 2.8 9.3 15.00 ± 2.65 (a) 

Isoferulic acid 11.2 C10H9O4 193.0479 
134, 161, 

193 
3.5 5.8 0.48 ± 0.48 (b) 

5-O-Feruloylquinic acid 8.1 C17H19O9 367.1035 134, 193 0.0 ND 0.03 ± 0.03 (b) 

Flavonoids 

Tricin-7-O-glucoside 12.4 C25H31O10 491.1826 329 4.2 13.5 0.04 ± 0.02 (b) 

Isoschaftoside 10.1 C26H27O14 563.1406 353, 473 1.9 3.3 0.69 ± 0.17 (b) 

Tricin/ 3',5'-O-Dimethyltricetin 17.7 C17H13O7 329.0667 299 2.2 1.2 0.53 ± 0.01 (a) 

Diosmetin 17.7 C16H12O6 299.0502 284, 299 2.3 12.9 0.24 ± 0.16 

 

Several studies have documented the presence of gallic acid, catechol, and 

epicatechin in sugarbeet (Alexandri et al., 2019; Arjeh et al., 2022). Furthermore, red beet 

has been found to contain betaxanthins, including vaulgaxanthin I and II, as well as 

betacyanins such as betanin, betanidin, isobetanin, and neobetanin (Corleto et al., 2018; 

Slavov et al., 2013). However, our study did not identify any of these compounds in beet 

syrup. It is plausible that higher temperatures were employed during the syrup manufacturing 

process, specifically during juice concentration through evaporation, which could have led 

to the degradation of various phenolic compounds (Alnaizy and Akgerman, 2000; M’hiri et 

al., 2014). 

A prior study by Carvalho et al., 2022 investigated the phenolic content of cane syrup, 

which serves as the current feedstock for β-farnesene manufacturing. However, it is 

important to note that this study identified a distinct phenolic profile, encompassing a total 

of 39 phenolic compounds. In contrast to beet syrup analyzed in our work, the most 

predominant compound in cane syrup represented only 13 % of TPC, namely trans-3-

feruloylquinic acid, at about 7 mg/L (Carvalho et al., 2022). In cane syrup, there were 

molecules included that were not identified in beet syrup, such as 4-hydroxybenzaldehyde 

and 4-hydroxybenzoic acid from hydroxybenzoic acids (HBA), p-coumaric acid and trans-

3-feruloylquinic acid from hydroxycinnamic acids (HCA), and tricin diglucuroniside and 
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neoschaftoside from flavonoids (Carvalho et al., 2022). Therefore, beet syrup contained 3 

times fewer phenolic compounds than cane syrup. Compounds in common between both 

syrups include protocatechuic acid, gentisic acid, ferulic acid, isoschaftoside and 3',5'-O-

dimethyltricetin. 

The TPC of beet syrup was determined to be 21.27 mg/L (Table 12). This 

concentration of phenolic compounds aligns with the studies conducted by Valli et al., 2012 

and Grabek-Lejko and Tomczyk-Ulanowska, 2013, which investigated the TPC difference 

between cane and beet molasses. Both studies consistently reported a significant decrease in 

phenolic compound concentrations in beet molasses, ranging from 6 to 10 times lower 

compared to cane molasses. Our results are consistent with these findings, confirming the 

comparatively lower TPC in beet syrup. 

 

Table 12. Characterization of beet syrup used in the fermentations regarding contents in phenolic, 

sugar and mineral contents, as well as antioxidant activity. The values represent the average and standard 

deviation. HBA – hydroxybenzoic acids; HCA – hydroxycinnamic acids; TPC – total phenolic content; ND – 

Not detected. 
 

Parameter group Parameter Concentration 

Phenolic content (mg/L) 

 

HBA 4.27 ± 0.21 

HCA 15.50 ± 3.16 

Flavonoids 1.49 ± 0.37 

TPC 21.27 ± 3.73 

Antioxidant activity (g syrup/L) 
ABTS IC50 27.36 ± 3.88 

DPPH IC50 14.76 ± 0.28 

Sugar content (g/L) 

Sucrose 297.91 ± 6.28 

Fructose 197.36 ± 0.35 

Glucose 192.94 ± 0.13 

TRS 703.89 ± 6.12 

Mineral content (mg/L) 

Potassium 5020.88 ± 80.73 

Calcium 201.97 ± 8.53 

Magnesium 739.13 ± 26.83 

Phosphorous 737.87 ± 34.44 

Sodium 292.24 ± 3.88 

Molybdenum ND 

Iron ND 

Aluminum 59.81 ± 0.87 

Manganese 27.84 ± 0.74 

Copper 1.06 ± 0.10 

Other compounds (g/L) 

HMF 1.40 ± 0.35 

Furfural 0.17 ± 0.01 

Acetic acid 0.43 ± 0.06 
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The phenolic class with highest concentration was HCA, representing 73 % of TPC. 

This was followed by HBA at 20 % and flavonoids at 7 %. Sugarcane syrup has 2.4-fold the 

TPC obtained in the beet syrup of the current work (Carvalho et al., 2022). The lower 

phenolic content in beet syrup was found in all three classes of phenolic compounds, namely 

HBA, HCA and flavonoids. The biggest difference between the beet and cane syrups was 

observed in the flavonoid class (at 8.3-fold lower in beet). Thus, the lower phenolic content 

observed in beet syrup may be responsible for providing both lower antioxidant and 

antimicrobial activities. 

Understanding the effects of phenolic compounds on yeast fermentation is essential 

for the development of strategies to control and modulate their impact. Phenolic compounds 

can play a crucial role in yeast fermentation, as they can have both positive and negative 

effects on yeast performance depending on their concentration. At lower concentrations, 

phenolic compounds can act as antioxidants, protecting yeast cells from oxidative stress and 

promoting cell viability and growth. However, higher concentrations of phenolic compounds 

can have inhibitory effects on yeast performance, affecting yeast growth, metabolism, and 

fermentation kinetics. They can interfere with cell membrane integrity, inhibit enzyme 

activity, and disrupt cellular processes. Nonetheless, the impact of phenolic compounds on 

yeast performance is dose-dependent: moderate concentrations may exert positive effects, 

while excessive amounts can have detrimental effects. A previous work by our group 

(Chapter 3) reports the study of the effect of phenolic compounds from sugarcane syrup in 

batch fermentation. The β-farnesene production by S. cerevisiae in the presence of 7.1 mg/L 

and 0.3 mg/L of TPC was compared, and it was found that, in bioreactor, the reduction in 

phenolic content increased the biomass yield by 3 % and biomass production by 12 %, while 

no impact on farnesene productivity was observed. In the present work, the concentration of 

phenolic compounds found in the beet syrup may also be enough to influence the growth 

and metabolism of the yeast. 

The antioxidant activity of syrup was measured through IC50: the concentration of 

syrup required to inhibit the formation of 50 % of free radicals. Beet syrup IC50 for ABTS 

was almost 2-fold the IC50 for DPPH (Table 12). This suggests that beet syrup contains a 

higher concentration of liposoluble molecules that exhibit antioxidant activity (Koss-

Mikołajczyk et al., 2019). Overall, considering the different solvent systems used in ABTS 

(water) and DPPH (methanol) assays, lipophilic compounds may exhibit different behaviors 
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and potentially show better performance in the DPPH assay due to the more lipophilic nature 

of methanol. The antioxidant capacity of the feedstock can play a crucial role in reducing 

oxidative stress in yeast and prolonging fermentations (Munteanu and Apetrei, 2021). 

According to the study by Valli et al., 2012 , the antioxidant activity of beet molasses was 

assessed, and its DPPH IC50 value was determined to be 7.25 g/L. In our study, the DPPH 

IC50 value of beet syrup was found to be 14.76 g/L, as shown in Table 12. These findings 

suggest that beet molasses may contain a greater concentration of antioxidant compounds 

compared to beet syrup. Indeed, the difference in antioxidant capacity between beet molasses 

and beet syrup can be attributed to the concentration of phenolic compounds. During the 

production of molasses, the sugars are removed, leading to a higher concentration of 

antioxidant phenolic compounds. This concentration process enhances the antioxidant 

activity of molasses compared to the original syrup. Additionally, the study by Valli et al., 

2012 compared the antioxidant capacity of cane and found that cane molasses exhibited 70 

% higher antioxidant activity. This further supports the concept that molasses, regardless of 

the source, can have higher antioxidant capacity compared to syrups. Furthermore, in the 

current work the TPC of beet syrup was lower than that of cane syrup (from Carvalho et al., 

2022), which aligns with the observed decreased antioxidant activity in beet syrup. Taken 

together, these findings indicate that the concentration of phenolic compounds, as reflected 

by the TPC, plays a significant role in the antioxidant capacity of beet syrup and molasses. 

Other non-phenolic antioxidant compounds have also been described in beetroot. For 

instance, ascorbic acid, betalain and carotenoids, such as β-carotene and lutein have been 

identified (Lechner and Stoner, 2019; Masih et al., 2019). However, in our work none of 

these compounds were identified. 

Total sugar concentration in beet syrup was 703.89 g/L, with sucrose as the main 

sugar, representing 42 % of TRS (Table 12). Other works have reported the concentration of 

sucrose in beet syrup at 45 or 58 % of dry weight, which is 2 to 3-fold the 22 % of dry weight 

obtained in our work (Bahrami et al., 2020; Tan et al., 2015; Vučurović et al., 2019). 

Furthermore, beet syrup contained significant concentrations of fructose and glucose, both 

reaching nearly 200 g/L. These elevated levels suggest that the sucrose present in the beet 

plant underwent conversion into its monomers during the syrup manufacturing process. This 

conversion is likely attributed to high temperatures employed during beet juice evaporation 

(Clarke et al., 1997). Consequently, the beet syrup brought a substantial concentration of 
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monomers to fermentation. However, it is worth noting that high glucose levels can be 

suboptimal for S. cerevisiae fermentation due to the Crabtree effect, which can hinder yeast 

growth (Merico et al., 2007). 

Minerals are essential for the growth, metabolism, and overall performance of S. 

cerevisiae during fermentation. This is the case of potassium, magnesium, calcium, 

manganese, iron, zinc and copper. Their presence in the fermentation broth ensures optimal 

yeast activity, higher fermentation efficiency, and the production of desirable fermentation 

products (de Souza et al., 2015). However, extreme concentrations of certain minerals, such 

as potassium and calcium, may cause osmotic stress and hinder the fermentation (Amorin et 

al., 2009). In beet syrup, results showed potassium as the most abundant mineral, with a 

concentration of approximately 5000 mg/L (Table 12). Then, magnesium and phosphorus 

were present at approximately 700 mg/L each. Gencturk and Ulgen, 2022 have analyzed the 

mineral content of beet syrup and found a similar concentration of potassium (around 5400 

mg/L). The study found magnesium levels in beet syrup to be around seven times lower and 

calcium levels approximately eight times higher compared to our results. Previous research 

suggests that potassium and calcium concentrations in beet molasses are approximately ten 

times higher than in beet syrup, while sodium levels are detected at a thirty-fold higher 

concentration (Filipčev et al., 2010). This discrepancy is expected due to the nature of 

molasses, which are byproducts resulting from the removal of sugars and tend to concentrate 

other compounds present in the beet syrup. 

In addition, the mineral profile of beet syrup was found to be different from what was 

found previously in cane syrup (Chapter 3). Thus, the nutrients – besides the sugars - that 

each syrup would supply to the yeast may also be different, which might influence the 

fermentation in different ways. In Chapter 3, cane syrup was found to contain 6200 mg/L 

of potassium. And, phosphorous, sodium, manganese and copper were found to be present 

in beet syrup at higher concentrations than cane syrup, at 7.6, 4.4, 3.6 and 2.0-fold, 

respectively. On the other hand, our work also presented beet syrup with decreased 

concentrations of calcium by 85 %. Regarding the macronutrients, the decreased levels of 

phosphorous may have an influence on the fermentation process, since it is an essential 

nutrient to the fermentation (de Souza et al., 2015). However, it worth noting that this 

nutrient is supplied to the fermentation in the form of ammonium phosphate monobasic. 
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Among the other compounds analyzed in beet syrup, hydroxymethylfurfural (HMF) 

was present at the highest concentration, 1.4 g/L (Table 12). HMF generation during the 

substrate manufacturing process has been associated with the use of elevated temperatures - 

at least 160 ˚C (Cheng et al., 2020). These results also suggest that the beet syrup was 

manufactured at high temperatures. The presence of HMF has also been linked with yeast 

growth inhibition and reduction in product formation (Gencturk and Ulgen, 2022). Thus, the 

high concentration of HMF can potentially hinder the overall yeast fermentation process. 

 

3.2.Optimization of the second seed step 

The objective of the second bioreactor seed step was to obtain a culture with a final 

wOD of at least 45 to inoculate the main fermenter. However, slow yeast growth was found 

using beet syrup in batch mode. An initial TRS of 100 g/L supplied from beet syrup in batch 

mode resulted in a final wOD of only 15.2 (Table 13). Increasing the initial TRS to 160 g/L 

also led to insufficient growth, with a final wOD of 7.7. In fact, the growth was inferior when 

supplying more sugars in the beginning of the batch culture. This indicated that the cultures 

were being inhibited by any component, or components, present in the syrup, since the 

increase of its concentration resulted in decreased yeast growth. The two main molecules 

present in the culture medium that could inhibit the yeast growth were glucose and HMF. In 

fact, in the beginning of the culture with 160 g/L of TRS, glucose was present at 42.6 g/L 

(data not shown), which is enough to slow yeast growth due to the Crabtree effect (Gibart et 

al., 2021; Merico et al., 2007). The concentration of HMF in the fermentation process was 

0.28 g/L, which poses a potential threat to the growth of S. cerevisiae. Research conducted 

by Rafiqul et al., 2015 have found that HMF exhibits inhibitory effects on yeast growth and 

bioethanol production, at concentrations as low as 0.1 g/L. This inhibition occurs through 

the reduction of sugar intake and protein synthesis, further underscoring the adverse impact 

of HMF on yeast metabolism during fermentation (Banu Jamaldheen et al., 2022). 
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Table 13. Fermentation parameters after 42 h of S. cerevisiae culture in the second seed bioreactor 

step using beet syrup as carbon source. The values represent the average and standard deviation. wOD – washed 

optical density; YX/S – yield of biomass to substrate.  

 

Condition Final wOD Sugars consumed (g/L) YX/S (g/g) 

Batch - 100 g/L TRS 15.2 ± 0.5 (d) 31.2 ± 1.1 (g) 0.487 ± 0.016 (b) 

Batch- 160 g/L TRS 7.7 ± 0.3 (e) 40.6 ± 0.5 (f) 0.189 ± 0.008 (e) 

Fed-batch - 20 g/L initial TRS + 10 g/L pulses 45.3 ± 0.1 (c) 93.7 ± 0.3 (e) 0.483 ± 0.001 (bc) 

Fed-batch - 20 g/L initial TRS + 20 g/L pulses 47.5 ± 1.3 (c) 116.5 ± 0.2 (c) 0.408 ± 0.011 (d) 

Fed-batch - 40 g/L initial TRS + 10 g/L pulses 59.1 ± 0.7 (b) 132.8 ± 0.0 (b) 0.445 ± 0.005 (bd) 

Fed-batch - 40 g/L initial TRS + 20 g/L pulses 45.9 ± 0.7 (c) 92.4 ± 0.1 (e) 0.497 ± 0.008 (b) 

 

Therefore, optimization of the second bioreactor seed step was performed by 

applying fed-batch mode to lower the initial concentration of glucose and HMF, and increase 

the final biomass (Mesquita et al., 2019). For this, two initial TRS concentrations were 

tested, 20 and 40 g/L, with two pulse concentrations of TRS addition during the culture, 10 

and 20 g/L (Table 13). These pulses were supplied when the sugars were finishing, and 

dissolved oxygen increased. Initial glucose concentration in these fed-batch cultures was 6.6 

and 12.5 g/L, respectively, depending on the syrup concentration (data not shown). Initial 

HMF concentration was up to 0.04 g/L (data not shown). These lower concentrations of 

glucose and HMF can enhance this biomass production step due to the reduction of their 

inhibitory effects. Results showed that the cultures supplied with 20 g/L of initial TRS from 

beet syrup started feeding syrup 5 to 7 h earlier than the ones supplied with 40 g/L (Figure 

17). The total volume of syrup supplied to the bioreactors was the highest for the culture 

with 20 g/L of initial TRS and 10 g/L pulses. All the fed-batch conditions tested improved 

the growth of the yeast and increased the final wOD to at least 45 (Table 13). The culture 

with the highest final biomass was supplied with 40 g/L of initial TRS and pulses containing 

10 g/L of TRS (Table 13). The culture from this condition reached a final wOD of 59.1 and 

was selected to inoculate the main production fermenter.  
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Figure 17. Volume of beet syrup supplied to the second seed bioreactor step in fed-batch mode of S. 

cerevisiae culture. TRS – total reducing sugars. 

 

3.3.Main fermentation 

During the main fermentation, the cultures fed with beet syrup reached a high cell 

density, presenting a wOD of around 100 to 120 after the second day of fermentation (Figure 

18A). Production of β-farnesene increased over time until the last day of fermentation 

(Figure 18A). The cultures reached a final β-farnesene concentration of 127 g/L. Sugar 

consumption and farnesene accumulation (Figure 18B) also increased steadily over the 

fermentation time, reaching a total of 2114 and 411 g, respectively, at the end of the 

fermentation. 
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Figure 18. Main fed-batch fermentation of S. cerevisiae for β-farnesene production using beet syrup. 

A: Washed optical density (wOD; measured at 600 nm) and farnesene concentration; B: Cumulative mass of 

TRS and farnesene; C: interval YP/S (yield of β-farnesene to substrate) and PP (β-farnesene productivity). The 

values represent the average and standard deviation. 

 

The work by Meadows et al., 2016, which employed a S. cerevisiae fermentation 

process using sugarcane as feedstock, obtained a final concentration of β-farnesene at around 

130 g/L. Production of β-farnesene has also been performed using other microorganisms, 

however, with lower concentration results. For instance, the highest β-farnesene 
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concentration was obtained in 2 L fermenters in fed-batch mode with Yarrowia lipolytica at 

22.8 g/L using pure glucose (Shi et al., 2021) and 7.38 g/L using lignocellulosic corn stover 

(Bi et al., 2022). In Escherichia coli, the highest concentration obtained was 10.31 g/L from 

lignocellulosic corncob in 5 L bioreactors operated in batch mode (Yao et al., 2020). The 

concentration of β-farnesene obtained in the present work reached the same level as the 

maximum produced from sugarcane syrup, highlighting the potential of using beet syrup as 

alternative feedstock. 

The interval farnesene yield was stable after the third day of fermentation, reaching 

a maximum of 22 % at day 5 (Figure 18C). The interval farnesene productivity also increased 

until day 3. However, after this day, the interval productivity presented a decline over time 

from a maximum of 2.25 g/L/h to 1.66 g/L/h. 

The final cumulative farnesene yield and productivity of the fermentations using beet 

syrup were 19.44 % and 1.70 g/L/h, respectively (data not shown). In the work by Meadows 

et al., 2016, the farnesene yield from sugarcane syrup was 17.3 %, while the productivity 

was 2.24 g/L/h. Based on these results, it can be concluded that the yeast achieved a 

favorable conversion yield from beet sugars to farnesene, as indicated by the higher 

farnesene yield, as compared to cane sugars yield. However, a comparison between 

productivities implies that the consumption and conversion rate of sugar were lower in our 

fermentations with beet syrup, as compared to those with sugarcane syrup. 

The production of lactic acid in batch bioreactor fermentation, supplied with beet or 

cane syrup, was compared (Calabia and Tokiwa, 2007). It was found a decreased growth 

with beet syrup, with the generation of only one third of biomass. Lactic acid yield was 

substantially lower (by 7 %) when using beet syrup. The authors attributed the differences 

in growth and production to the decreased nutrients and to the presence of inhibitory 

compounds found in beet syrup, such as organic acids and aldehydes, phenolic compounds, 

and heavy metals. 

In terms of phenolic content during the main fermentation (Figure 19), an initial 

increase in TPC was observed in the first three days, followed by phenolic concentrations 

ranging from 5.9 to 11.6 mg/L throughout the remaining fermentation time. Throughout the 

stationary phase, the average TPC remained at 8.6 mg/L, as depicted in Figure 19. During 

the fed-batch fermentation, a total of 3 L of beet syrup were supplied, with syrup being 77 
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% of the entire volume of the fermentation broth (initial culture medium + syrup + base). 

Due to this supply of large quantities of syrup during the fermentation, it was expected that 

the phenolic content in the syrup would be transferred to the fermentation broth. However, 

the TPC of the fermentation broth was only 41 % of the phenolic concentration found in the 

beet syrup. This difference in TPC between the fermentation broth and the syrup may have 

also occurred due to the metabolization of multiple phenolic compounds (Adeboye et al., 

2015). The yeast S. cerevisiae is inhibited by certain phenolic compounds, and it can 

catabolize and metabolize these molecules. For example, the fermentation broth contained 

ferulic acid at a concentration of 4.0 mg/L, representing only 27% of the concentration found 

in the beet syrup. Similar differences occurred regarding the concentrations of isoferulic acid 

(at 13 %), diosmetin (at 35 %), tricin (at 25 %), 5-O-feruloylquinic acid (at 36 %) and 

isoschaftoside (at 31 %). Degradation of ferulic acid by S. cerevisiae has been previously 

reported by Adeboye et al., 2015; Carvalho et al., 2022; Fletcher et al., 2019; Oliveira et al., 

2023. The yeast's ability to convert certain phenolic compounds present in the fermentation 

broth is further supported by the elevated concentration of protocatechuic acid observed in 

the fermentation broth (data not shown). This concentration was found to be 2.4 times higher 

than that found in the beet syrup. This finding aligns with the research conducted by Oliveira 

et al., 2023, who also reported an increase in the concentration of protocatechuic acid after 

S. cerevisiae fermentation of sugarcane straw. In our work, the concentration of tricin-7-O-

glucoside was also 2.9-fold the concentration found in the beet syrup. However, this 

compound has previously been shown to decrease after yeast fermentation (Oliveira et al., 

2023). 
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Figure 19. Phenolic content measured during the main fed-batch fermentations of S. cerevisiae for β-

farnesene production using beet syrup. A: total phenolic content - TPC; B: hydroxybenzoic acids - HBA; C: 

hydroxycinnamic acids – HCA; D: flavonoids. The values represent the average and standard deviation. 

 

4. Conclusions 

Characterization of beet syrup revealed high concentrations of possible inhibitors, 

such as glucose at 193 g/L and HMF at 1.4 g/L, and low concentration of phenolic 

compounds at 21.3 mg/L. Growth of inoculum in bioreactor was optimized to obtain the 

target cell density (wOD = 45) using initial 40 g/L of beet syrup TRS and fed-batch with 10 

g/L TRS pulses. The production fermentation was successfully performed with beet syrup, 

and the production of β-farnesene was accomplished for the first time with this feedstock. A 

total of 411 g of -farnesene was produced from 2114 g of beet syrup TRS in 8 days fed-

batch fermentation. Final -farnesene parameters demonstrate the ability of employing beet 

syrup as a feedstock and show the potential for β-farnesene biosynthesis utilizing this 

alternative carbon source. Improvement of the fermentation process with beet syrup may be 
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conducted by using a syrup resulting from a manufacturing process that does not produce 

high degradation of the sucrose molecule into its monomers or the generation of HMF. Given 

that sugarcane syrup is the primary feedstock used for farnesene fermentation, it would be 

valuable to compare the production of β-farnesene from beet syrup and cane syrup in parallel 

fermentations. This work opens perspectives for developing beet syrup as an alternative 

feedstock to produce -farnesene. 
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Chapter 5 

 

Conclusions 

The work in the present thesis showcased the influence of phenolic compounds 

during the β-farnesene fermentation process with S. cerevisiae. Firstly, the sugarcane syrup 

used in the Amyris fermentation process was characterized for its phenolic content (Chapter 

2). Hydroxybenzoic acids, hydroxycinnamic acids and flavonoids were the classes of 

phenolic compounds present in the syrup. Additionally, the TPC of sugarcane syrup was 

measured to be around 50 mg/L and hydroxycinnamic acids represented half of the TPC. 

This insight into the phenolic composition of the syrup provided a foundational 

understanding for subsequent stages of the study and enabled the exploration of the potential 

impacts of these compounds on the fermentation process and product outcomes. In addition, 

the investigation into the evolution of phenolic compounds during the 13-days of β-farnesene 

fed-batch fermentation period unveiled dynamic patterns. Most compounds exhibited an 

ascending trend in concentration until stabilizing post day 3. Interestingly, certain phenolic 

compounds exhibited a decline after day 2, implying their potential metabolization by the 

yeast. This observation highlights the complex interplay between yeast metabolism and 

phenolic compounds’ dynamics during fermentation. The phenolic evolution was also 

modulated according to two mathematical calculations and the Weibull model demonstrated 

the superior fit to the experimental data, which underscores this model as an effective 

predictive tool for the evolution of phenolic compounds in fed-batch fermentations. 

After characterization of the phenolic content during the fermentation process, the 

phenolic compounds from sugarcane syrup were removed with activated charcoal (Chapter 

3). The optimization of the syrup purification demonstrated that the concentration of 

charcoal had a positive effect on the phenolic purification, but a negative effect on the syrup 

recovery yield. The optimized condition was identified as employing the charcoal with the 

highest surface area at almost the highest concentration, which resulted in 97 % reduction in 

syrup TPC. To evaluate the effect of the phenolic compound removal, batch fermentations 

were performed with purified and non-purified syrup. The purified syrup presented 
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decreased antioxidant activity, leading to higher oxidative stress in the yeast over the 

fermentation. The β-farnesene productivity varied with the scale of fermentation, with 

improvements found in shake-flask, but not in bioreactor. Consequently, for the conditions 

tested, the phenolic compounds impacted on yeast production of β-farnesene at small scale, 

while their effect appear negligible at large scale. 

Then, a feedstock with lower phenolic content was used to produce β-farnesene using 

the established fermentation process by Amyris. Sugarbeet syrup was utilized both in the 

fed-batch fermentation process and for the bioreactor steps involved in inoculum preparation 

(Chapter 4). Beet syrup presented lower concentration of phenolic compounds than cane 

syrup, but higher concentrations of other possible inhibitors, such as glucose and HMF. The 

slow growth of the inoculum in the second bioreactor step was optimized using a fed-batch 

process with 40 g/L of initial beet syrup TRS and with pulses of 10 g/L TRS. The production 

fermentation using beet syrup was successfully conducted, marking the first instance of 

accomplishing β-farnesene production with this feedstock. A decrease in the content of 

certain phenolic compounds during the fermentation suggested their metabolization by the 

yeast. The final farnesene concentration, cumulative farnesene yield and productivity of the 

fermentations using beet syrup were 127 g/L, 19.44 % and 1.70 g/L/h, respectively. These 

results collectively highlight the efficacy of employing beet syrup as a feedstock and 

illustrate the potential for β-farnesene production using this alternative carbon source. This 

achievement not only expands the spectrum of viable feedstocks but also holds implications 

for advancing sustainable and efficient β-farnesene production. 

Overall, the work from this thesis showed that the phenolic content increased during 

the β-farnesene fed-batch fermentation process until reaching a stable range. It became 

possible to predict the phenolic content of the fermentation broth using mathematical 

calculations, such as the Weibull model. The data corroborate that the yeast S. cerevisiae is 

likely responsible for the metabolization of multiple phenolic compounds during the 

fermentation, decreasing their concentration. The removal of phenolic compounds from the 

sugarcane syrup with activated charcoal was successful, leading to a maximum of 97 % 

reduction in the phenolic content. Notwithstanding this achievement, the utilization of the 

purified syrup in the fermentation process did not enhance bioreactor productivity; instead, 

it resulted in only a small improvement in yeast growth. On the other hand, the use of beet 

syrup, containing lower phenolic content than sugarcane syrup, was performed for the first 
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time in the production of β-farnesene. The utilization of beet syrup as an alternative 

feedstock resulted in the successful attainment of high β-farnesene concentration and 

cumulative yield, thereby confirming the feasibility of employing beet syrup in the β-

farnesene production. Lastly, this work has demonstrated that the phenolic compounds have 

some effects on the bioreactor fermentation process, by supplying antioxidant activity to 

help combat oxidative stress. Although the presence of phenolic compounds in sugarcane 

syrup imparts antioxidant activity, it does not appear to significantly impact fermentation 

parameters, nor does it hinder the fermentation process. 
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Future Perspectives 

This thesis has demonstrated that the phenolic compounds in sugarcane syrup 

provide antioxidant activity to the fermentation process, and that S. cerevisiae has the 

capability of converting some phenolic compounds. Nevertheless, to enhance the 

understanding of the effects of phenolic compounds, it would be important to supply purified 

syrup in fed-batch fermentations, the process used to produce -farnesene at industrial scale. 

However, in the context of fed-batch processes, a significantly larger quantity of syrup is 

required, consequently requiring the increase of both the scale and the complexity of the 

syrup purification process. 

During the removal of phenolic compounds from the sugarcane syrup with activated 

charcoal, the mineral content of the syrup was slightly altered. Activated charcoal was 

selected in this thesis due to its ease of use, availability, and cost. However, other 

methodologies for the specific removal of phenolic compounds from the sugarcane syrup, 

such as ion-exchange resin beads, may be employed to understand if the purification process 

with activated charcoal reduced the content of essential nutrients for the yeast fermentation. 

In addition, this method may allow a superior recovery of syrup mass. 

In case phenolic compounds show to affect the fed-batch fermentation process, 

genetic engineering of S. cerevisiae may also be performed to improve yeast tolerance to 

phenolic compounds during fermentation. Multiple genetic modifications have been 

described in the literature, such as the overexpression of endogenous genes coding for 

phenylacrylic acid decarboxylase or for ALD5, ATF1 and ATF2 (alcohol 

acetyltransferases). These enzymes have been shown to convert cinnamic, p-coumaric and 

ferulic acids, which can help improve yeast growth, thus showing potential for improving 

the fermentation process. 

Furthermore, while the implementation of beet syrup as an alternative feedstock 

proved successful, opportunities for further improvements still exist. For instance, the 

enhancement of the fermentation process may be conducted by using a beet syrup resulting 

from a manufacturing process that does not produce degradation of the sucrose molecule 

into its monomers nor the generation of HMF. Decreased levels of glucose and HMF may 

reduce the inhibition caused by these molecules, either by the Crabtree effect or sugar intake 

and protein synthesis, respectively. In turn, the absence of inhibition by these molecules may 
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help to enhance β-farnesene productivity and improve the fermentation’s economic 

profitability. 

 

 


