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Abstract

:

This study assessed the feasibility of using bleached cellulose pulp from Eucalyptus wood as a feedstock for the production of itaconic acid by fermentation. Additionally, different process strategies were tested with the aim of selecting suitable conditions for an efficient production of itaconic acid by the fungus Aspergillus terreus. The feasibility of using cellulose pulp was demonstrated through assays that revealed the preference of the strain in using glucose as carbon source instead of xylose, mannose, sucrose or glycerol. Additionally, the cellulose pulp was easily digested by enzymes without requiring a previous step of pretreatment, producing a glucose-rich hydrolysate with a very low level of inhibitor compounds, suitable for use as a fermentation medium. Fermentation assays revealed that the technique used for sterilization of the hydrolysate (membrane filtration or autoclaving) had an important effect in its composition, especially on the nitrogen content, consequently affecting the fermentation performance. The carbon-to-nitrogen ratio (C:N ratio), initial glucose concentration and oxygen availability, were also important variables affecting the performance of the strain to produce itaconic acid from cellulose pulp hydrolysate. By selecting appropriate process conditions (sterilization by membrane filtration, medium supplementation with 3 g/L (NH4)2SO4, 60 g/L of initial glucose concentration, and oxygen availability of 7.33 (volume of air/volume of medium)), the production of itaconic acid was maximized resulting in a yield of 0.62 g/g glucose consumed, and productivity of 0.52 g/L·h.
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1. Introduction


The development of new process technologies using lignocellulosic feedstock as a carbon source for the production of fuels and chemicals is, currently, one of the main drivers of society to move towards a more sustainable future [1]. Second-generation biofuel plants are already a reality at a commercial scale and, to become truly sustainable and circular, industry is also increasingly viewing the production of chemicals from renewable resources as an attractive area for investment.



Biofuels and biochemicals can be produced in single product processes; however, their production in an integrated biorefinery is seen as a more efficient and interesting approach to solve economic challenges related to biomass conversion processes since, currently, the cost of single biobased production processes, in many cases, still exceeds the cost of petrochemical production [2]. One of the main reasons for these high costs is the recalcitrant nature of biomass that, therefore requires a two-step processing to obtain sugars for fermentation as follows: a pretreatment step to fractionate the material and solubilize especially hemicellulose sugars, and a subsequent hydrolysis step to recover glucose from cellulose. Pretreatment, in particular, is an energy intensive step and significantly contributes to the final cost of the process [3].



Itaconic acid stands out as one of the most relevant among the variety of chemicals that can be produced from lignocellulosic biomass, since it is a platform chemical with extensive applications in different fields. Some of the main interests around itaconic acid arise from its potential to substitute petrochemically produced acrylic acid. However, it can also be used to produce biodegradable polymers, paints, varnishes, and different organic compounds. Moreover, itaconic acid and its derivatives support the synthesis of a wide range of innovative polymers through crosslinking, with applications in special hydrogels for water decontamination, drug delivery, nanohydrogels for food applications, coatings, and elastomers [4].



Currently, itaconic acid is produced industrially from aerobic fungal fermentation using pure glucose as a carbon source, which is not the cheapest or the most sustainable substrate option. Moreover, although the production is done by fermentation, at present, the cost to produce itaconic acid is high and has been a bottleneck preventing its application in different sectors [5]. With a market in expansion due to the increased number of potential applications (its market was worth USD 126.4 million in 2014 and with an expected growth rate of 60% it is predicted to reach around USD 204.6 million by 2023 [6]), the establishment of a more sustainable and cost-competitive process for the production of itaconic acid from renewable feedstock has been strongly encouraged. The present study aims to contribute with new knowledge to advance this area by using industrially produced bleached cellulose pulp as a feedstock for itaconic acid production.



Bleached cellulose pulp, which is the material used for paper manufacturing, is one of the most abundant raw materials worldwide. With a huge volume of production, and a weak demand from the paper industry in the last years, the stocks of bleached cellulose pulp have been extremely high and are posing a major problem for the entire pulp market, according to industry experts [7]. To overcome this problem, different alternative uses for the pulp have been explored with the aim of promoting innovation and new business opportunities [8], including the production of biofuels, nanocellulose, and biocomposites.



Recently, attempts have been done to produce itaconic acid from different types of biomass including beech wood [9], corn stover [10], wheat chaff [11], rice husks [12], and corn cobs [13]. A comprehensive examination of the itaconic acid production from these different feedstocks clearly demonstrates an important impact of biomass pretreatment steps, presence of inhibitor compounds, and fermentation conditions on itaconic acid yield and on the feasibility of the process in general.



This paper is the first study on the use of bleached cellulose pulp for the production of itaconic acid. In this study, the composition of cellulose pulp, as well as its degradation by enzymes and fermentability were some of the points explored to evaluate its feasibility for application in the production of itaconic acid. Then, efforts were done to select process conditions able to result in an improved bioconversion efficiency. Sterilization of the cellulose pulp hydrolysate through different techniques, medium composition in terms of carbon-to-nitrogen ratio (C:N ratio) and initial glucose concentration, and oxygen availability were evaluated and discussed in detail. At the end, the process conditions that maximize the production of itaconic acid were selected and the results were compared with literature data from other feedstocks to conclude on the potential of this new bioprocess.




2. Materials and Methods


2.1. Microorganism and Inoculum Preparation


The filamentous fungus Aspergillus terreus NRRL 1960 was used in the experiments. The strain was obtained from the ARS Culture Collection (Peoria, IL, USA) and preserved in the form of spores in 20% (v/v) glycerol stock solution at −80 °C.



For inoculum preparation, the stock culture was activated on 2.4% (w/v) potato dextrose broth (PDB) medium at 35 °C for 3 days, and subsequently on 3.9% (w/v) potato dextrose agar (PDA) plates at 35 °C for 7 days. Then, spores were collected from plates by using a sterilized solution of 4% (w/v) Tween 80. The spore suspension was diluted with sterile MilliQ water in order to obtain a concentration of 106 spores/mL at the beginning of the fermentation.




2.2. Cellulose Pulp Characterization and Hydrolysis


Bleached cellulose pulp from Suzano S/A (Brazil) was used as raw material for the production of itaconic acid. The cellulosic material, which was produced from Eucalyptus wood and had a moisture content of approximately 5% (w/w), was ground to particle size ≤ 1.0 mm by means of a mill Polymix PX-MFC 90D (Kinematica, Switzerland) and its composition was determined by following standard methods [14,15,16].



Enzymatic hydrolysis of the cellulose pulp was carried out using the enzyme concentrate Cellic® CTec2, kindly supplied by Novozymes (Bagsværd, Denmark). The cellulase activity of the concentrate, which was measured according to standard protocol [17] and expressed in filter paper units (FPU), was 217.5 FPU/mL. One unit of FPU was defined as the amount of enzyme required to liberate 1 μmol of glucose from Whatman no.1 filter paper per minute at 50 °C.



For the experiments, an enzyme load of 10 FPU/g cellulose was added to 0.1 M sodium citrate buffer (pH 4.7), and then mixed with the cellulose pulp in a concentration of 12% (w/v). The reactions were carried out in 2-L Duran laboratory bottles with vertical baffles containing 0.6 L of working volume. The bottles were accommodated horizontally in a Bottle/Tube Roller system (Thermo Scientific, USA) placed inside an incubator, and kept at 50 °C and 20 rpm for 96 h. Afterwards, the hydrolysate was separated by centrifugation (10,000 rpm, 5 °C, 20 min).




2.3. Hydrolysate Sterilization


Three different methods (membrane filtration, autoclave at 112 °C for 15 min, and autoclave at 121 °C for 20 min) were tested for sterilization of the hydrolysate prior its use as fermentation medium. The autoclave assays were carried out in an autoclave MultiControl 2 (CertoClav, Austria); while for the membrane method, Nalgene RapidFlow™ PES-membrane filters with a pore size of 0.2 µm (Thermo Fisher Scientific, USA) were used.




2.4. Fermentation Media and Conditions


Initially, different synthetic media were tested for the production of itaconic acid by A. terreus, which contained only one type of carbon source (glucose, xylose, sucrose, mannose, or glycerol) at a concentration of 50 g/L. Later, the cellulose pulp hydrolysate was used as fermentation medium, which contained around 53 g/L of glucose as carbon source. For all the experiments, the initial pH of the media was adjusted to 3.0.



All the fermentation media, synthetic and hydrolysate, were supplemented with the following nutrients (in g/L): KH2PO4 (0.2), (NH4)2SO4 (3.0), MgSO4·7H2O (3.0), CaCl2·1H2O (0.2), ZnSO4·7H2O (0.15), FeSO4·7H2O (0.16), and CuSO4·5H2O (0.015). To assess the effect of nitrogen concentration on itaconic acid production from cellulosic hydrolysate, the following three different concentrations of (NH4)2SO4 were evaluated: 1, 3, and 5 g/L. For comparison, hydrolysate without any nutrient supplementation was also used as fermentation medium.



Fermentation experiments were carried out in 250-mL Erlenmeyer flasks at 35 °C and 200 rpm for 3 to 5 days (72 h to 120 h). A working volume of 50 mL was used in the experiments with pure carbon sources. Experiments performed to assess the effect of aeration on itaconic acid production from cellulosic hydrolysate were carried out with different working volumes varying from 20 to 50 mL in order to result in different air-to-liquid ratios (Vair/Vm) as shown in Table 1. All other fermentations from cellulosic hydrolysate medium were performed using a working volume of 30 mL. All experiments were carried out in duplicate.




2.5. Analytical Methods and Statistical Analysis


Nitrogen content in the hydrolysates was determined by using an elemental analyzer Vario MACRO cube (Elementar Analysensysteme GmbH, Germany), following the Dumas method.



Cell mass concentration during the fermentations was estimated by dry weight measurement. The fermentation broth was centrifuged at 10,000 rpm for 10 min and the biomass pellet was rinsed two times with deionized water and dried at 60 °C for 48 h. The supernatant of centrifuged samples was used for pH measurement and determination of sugars, itaconic acid, and potential by-products.



The concentrations of glucose, cellobiose, xylose, sucrose, mannose, glycerol, organic acids (itaconic, acetic and formic), 5-hydroxymethylfurfural (5-HMF) and furfural were determined by high-performance liquid chromatography (HPLC) using a Dionex Ultimate 3000 HPLC equipment (Thermo Scientific, USA) coupled with a Biorad Aminex® HPX-87H column (300 × 7.8 mm). For analysis, the column was maintained at 65 °C and a 5 mM H2SO4 solution was used as mobile phase at a flow rate of 0.5 mL/min. Sugars, glycerol, and organic acids were detected using a Shodex RI-101 refractive index detector, whereas 5-HMF and furfural were detected using an ultraviolet detector at 254 nm.



Statistical analysis including graphs and quantitative information such as mean and standard deviation was performed using the software OriginPro 9.1.0 (OriginLab Corporation, USA).




2.6. Fermentation Parameters


To evaluate the performance of itaconic acid production by A. terreus the following fermentation parameters were considered:




	
Itaconic acid yield per sugar consumed as YP/S (g/g) = −    Δ P   Δ S    ;



	
Biomass yield per sugar consumed as YX/S (g/g) = −    Δ X   Δ S    ;



	
Itaconic acid productivity as QP (g/L·h) =     Δ P   Δ t    .








where P is the concentration of itaconic acid (g/L), S is the concentration of sugar (g/L), and t is the fermentation time (h).





3. Results and Discussion


3.1. Carbon Source Assessment


With the aim of identifying potential raw materials for the production of itaconic acid, initial experiments were carried out to evaluate the performance of A. terreus when cultivated in different carbon sources. As can be seen in Table 2, hexoses, especially glucose, were the preferred carbon sources used by the strain to produce itaconic acid. Glucose has also been reported as being the preferred carbon source for other filamentous fungi, and this could be explained by the fact that this hexose enables the most direct conversion pathway, eliminating the need for additional biochemical steps [18]. In the present study, the production of itaconic acid from other carbon sources including xylose, sucrose, mannose, and glycerol were clearly lower that that observed from glucose (Table 2). The relevance of glucose as compared with the other carbon sources is also highlighted by the values of itaconic acid yield per substrate consumed, which was of 0.61 g/g of glucose consumed, more than three times higher than that observed for mannose, which was the second best carbon source evaluated in our study.



It is also interesting to note that the strain presented a very good ability to consume all the carbon sources, including C3 (glycerol), C5 (xylose), and C12 (sucrose), being a potential candidate for use in bioprocesses. However, unlike glucose, the other carbon sources were mainly used for biomass growth instead of itaconic acid formation, which is evidenced by the higher values of biomass yield (YX/S) obtained (Table 2). The biomass formation in glucose was the lowest as compared with the other carbon sources, which was due to the main use of this carbon source for product formation. These results play a crucial role in selecting novel lignocellulosic biomass sources for use on the production of itaconic acid, opening up good possibilities for integrating the production of this acid in a biorefinery.




3.2. Cellulose Pulp as Feedstock for Itaconic Acid Production


Since glucose was the best carbon source for itaconic acid production by A. terreus, a cellulose-rich material can be considered to be the ideal candidate for use in this bioprocess as an alternative to replace pure glucose as the carbon source. During recent years, studies have reported the use of cellulose pulp as a substrate for the production of different compounds by fermentation, including ethanol and hydrogen [19,20]. However, there are no studies reporting the use of bleached cellulose pulp for the production of itaconic acid. This study confirms that bleached cellulose pulp can be a feasible feedstock for use in the production of itaconic acid since this material is produced in high amounts in the pulp and paper industries and has attracted great interest for use in the production of valuable compounds (rather than for use in the production of paper only). In addition to its great availability, other important advantages of using bleached cellulose pulp for itaconic acid production include its high content of cellulose (which can be converted into glucose) and the possibility of applying an enzymatic hydrolysis directly, without previous pretreatment, saving time and energy, which can positively impact on the final costs of the itaconic acid production process, making it more economical.



The cellulose pulp used in this study was produced from Eucalyptus wood. The chemical composition of this material was cellulose 89.7% and hemicellulose 10.3% (dry weight). Lignin was present in trace amount. Enzymatic hydrolysis of this material under the conditions used in this study yielded a hydrolysate containing 72.3 g/L of glucose and 14.8 g/L of xylose, representing a rich carbon source for use as fermentation medium by A. terreus. Fermentation results from this medium are discussed in the next sections.




3.3. Hydrolysate Sterilization


Sterilization is an important step to be performed when a pure culture has to be used in a bioprocess. However, since sterilization conditions can affect the composition of the hydrolysate, three different methods were evaluated in this study with the aim of selecting the option that most favors the production of itaconic acid by fermentation. Sugar degradation with consequent formation of toxic compounds (5-HMF and furfural) and carbon-to-nitrogen ratio (C:N ratio) were the responses considered to select the best sterilization method.



Although the temperatures used for autoclaving could promote some degradation of glucose and xylose into 5-HMF and furfural, respectively, the formation of these compounds was low for all three sterilization methods evaluated (Figure 1). For the membrane sterilization, the 5-HMF obtained was mostly likely residual and was already present after the enzymatic hydrolysis. It is well known that 5-HMF and furfural are toxic compounds that can affect the microbial performance during fermentation [21]. In the case of itaconic acid production, 5-HMF and furfural concentrations of 0.4 g/L have been reported as being toxic for A. terreus, inhibiting the growth, sugar utilization, and product formation [22]. These values are much higher than the concentrations found in the cellulose pulp hydrolysate, independent of the sterilization method applied (Figure 1). Therefore, it can be concluded that none of the sterilization methods was able to promote significant degradation of sugars and formation of toxic compounds at a level unsuitable for fermentation.



The carbon-to-nitrogen ratio (C:N ratio) is another important characteristic of the hydrolysate that can strongly affect the microbial performance during fermentation, being of high importance to define a suitable C:N ratio to obtain high product yield during fermentation [23]. Analyses of the carbon and nitrogen contents in the cellulose pulp hydrolysate revealed that the carbon composition was not affected by any of the sterilization methods evaluated in this study. However, the nitrogen content was changed, leading to hydrolysates with different C:N ratios (Table 3). Sterilization by filtration clearly resulted in a medium with lower content of nitrogen, which was also visually cleaner and more translucent than the hydrolysates sterilized by autoclaving (figure not shown). According to the literature, nitrogen limitation can be beneficial for the production of organic acid [18]. Since nitrogen is required for biomass production, lack of nitrogen can slow down cell growth, to which some fungi respond by increasing the organic acid production [18]. In addition, high C:N ratios would direct more carbon into the tricarboxylic acid (TCA) cycle, allowing for higher productivities [24]. Ratios that are too high, however, could lead to reduced productivity due to substrate inhibition [18].



In order to select the sterilization method more suitable for the production of itaconic acid by A. terreus, fermentation assays were performed using the sterilized hydrolysates, with and without nutrient supplementation. No biomass growth or glucose consumption were observed from media without nutrient addition, thus, confirming the necessity of adding nutrients to all the hydrolysates. The results obtained from fermentation of sterilized hydrolysates with nutrient supplementation showed a clear advantage for the method of sterilization by membrane filtration (Figure 2), which provided the highest itaconic acid yield (0.52 g/g) and productivity (0.40 g/L·h) after 72 h (Table 4). It is also interesting to note that glucose consumption and itaconic acid production were maximum at 72 h of fermentation but decreased afterwards, indicating possible consumption of the product when glucose, the main carbon source, was exhausted.



Analysis of the fermentation parameters (Table 4) clearly indicated that the hydrolysate sterilized by the filtration method promoted the best fermentation performance, resulting in the highest values of itaconic acid yield (YP/S) and productivity (QP). Such a result could be attributed to the C:N ratio present in the hydrolysate. The filtration method resulted in lower nitrogen content in the hydrolysate, and, as a consequence, in a higher C:N ratio that could have changed the metabolism towards acid production as opposed to fungal growth, thus, explaining the highest production of itaconic acid and the lowest production of biomass obtained from this medium. It is also worth noting that the production of itaconic acid from cellulose pulp hydrolysate sterilized by membrane filtration obtained in the present study compares very well to other studies on the production of this acid from different biomass hydrolysates [25,26]. When corn starch and wheat bran hydrolysates were used as fermentation medium for A. terreus, itaconic acid yields of 0.41–0.42 (g/g) were obtained [26].



On the basis of the above, sterilization by membrane filtration was selected as the most suitable sterilization technique as it provided the best results of itaconic acid titer, yield and productivity, and therefore was the sterilization method used in all the subsequent experiments.




3.4. Effect of Aeration on the Production of Itaconic Acid


A sufficient oxygen supply is a fundamental requirement for a successful performance of the microbial strain during fermentation processes. To better understand its effect on the fermentation of cellulose pulp hydrolysate by A. terreus, three different aeration conditions were tested in a shake flask setup (Table 1), which were promoted by varying the working volume used in the flasks. A similar setup has been used and discussed in other studies to understand the effect of aeration during fermentation in flasks [27,28]. Results of these experiments are summarized in Table 5.



Interestingly, the two boundary conditions, Vair/Vm of 11.5 and 4, showed a decreased fermentation performance as compared with that observed for the intermediate condition, Vair/Vm of 7.33 (Table 5). In addition, the biomass yield was lower for a Vair/Vm of 7.33, revealing that an increased flux of carbon was deviated to the product formation under this oxygen condition. These results indicate that oxygen plays an important role in the production of itaconic acid by A. terreus from cellulose pulp hydrolysate. Therefore, selecting the ideal condition is highly important to maximize the product formation since conditions of excess or limitation of oxygen did not provide the best results. According to some authors, interrupting aeration can completely stop the production of itaconic acid by A. terreus [29]. Moreover, experiments using different shaking speeds in flasks showed that lowering the RPMs had a negative effect on the production of itaconic acid [22]. On the other hand, research with Aspergillus niger revealed that a reduced level of dissolved oxygen has a positive effect on the production of itaconic acid since high levels of dissolved oxygen increase the production of other organic acids such as citric and oxalic acid, which redirects carbon away from itaconic acid production [30]. Therefore, it is important to manage the aeration of the system carefully according to the strain and medium conditions used. Low and high concentrations of dissolved oxygen could both have an adverse effect on the production of itaconic acid. Research is, therefore, required to establish the best oxygen level to be used during fermentation. This is also of great importance for upscaling experiments in bioreactors.



Since a Vair/Vm of 7.33 was the oxygen condition that provided the best results of itaconic acid production, this condition was selected and used in the subsequent experiments.




3.5. Effect of C:N Ratio on the Production of Itaconic Acid


Considering that the previous experiments on the sterilization method suggested a significant influence of the C:N ratio on the production of itaconic acid, additional experiments were performed at this step to explore such effect with the aim of selecting conditions able to improve the production of itaconic acid from cellulose pulp hydrolysate. As a first approach, experiments consisted in changing the nitrogen availability in the medium by varying the concentration of (NH4)2SO4 added to it. As can be seen in Table 6, the addition of 1 g/L (NH4)2SO4 did not provide sufficient nitrogen for the microorganism to properly metabolize the carbon source and convert it into itaconic acid. Better results were obtained for the other two nitrogen concentrations tested, 3 and 5 g/L. From these, supplementation of the medium with 3 g/L (NH4)2SO4 gave the best results of itaconic acid production, with yield and productivity of 0.52 g/g and 0.40 g/L·h, respectively. These results confirm that the production of itaconic acid can be improved by using an appropriate C:N ratio. Nitrogen limitation or excess are both non ideal conditions for the metabolism of A. terreus go through the itaconic acid formation.



The influence of different nitrogen sources and concentrations on the production of itaconic acid has also been reported in other studies using different microbial strains and fermentation media. For example, the production of itaconic acid by the fungus Ustilago maydis in medium containing 200 g/L of glucose was improved when the concentration of NH4Cl added as nitrogen source was increased from 15 to 75 mM [31]; while the production of itaconic acid by A. terreus ATCC 10020 from rice husk hydrolysate containing 15 g/L of glucose was improved when the medium was supplemented with 1.3 g/L NaNO3 and 1.1 g/L (NH4)2SO4 [12]. This makes it possible to conclude that different strains have different nitrogen requirements for their metabolism and, according to the medium used for fermentation, different concentrations of nitrogen should be added to promote the best performance of the strain towards product formation.



As a second approach to explore the effect of the C:N ratio on the performance of A. terreus to produce itaconic acid from cellulose pulp hydrolysate, small changes in the carbon composition were made for a fixed medium supplementation of 3 g/L (NH4)2SO4 (which gave the best results of itaconic acid production in the previous experiments). According to the results, when the initial concentration of glucose in the medium was increased from 45 to 60 g/L, a significant increase in the production of itaconic acid could be observed, which resulted in 2.3 times and 3 times higher values of yield and productivity, respectively (Table 7). These results reinforce that increasing the initial concentration of carbon source is an important strategy to result in a higher production of itaconic acid by A. terreus. However, within the scope of this study, higher concentrations of initial glucose were not evaluated since, as the nitrogen supplementation was fixed, increased carbon sources would lead to much higher C:N ratios, which could negatively impact on the production of itaconic acid. For future experiments, higher concentrations of glucose should be tested using an appropriate nitrogen supplementation to offer the ideal C:N balance required by the strain to maximize the formation of itaconic acid from cellulose pulp hydrolysate.



Finally, considering the different strategies evaluated in the present study, sterilization of the cellulose pulp hydrolysate by membrane filtration, medium supplementation with 3 g/L (NH4)2SO4, 60 g/L of initial glucose concentration, and oxygen availability of 7.33 (volume of air/volume of medium) were the most suitable to maximize the production of itaconic acid by A. terreus, resulting in a production of 37.5 g/L, corresponding to a yield of 0.62 g/g glucose consumed, and productivity of 0.52 g/L·h. These values compare very well to other recent studies on the production of itaconic acid by A. terreus from different lignocellulosic feedstocks (Table 8) and confirm the feasibility of using bleached cellulose pulp for this application. These results can still be improved by optimization of the fermentation conditions using a bioreactor setup, which will be investigated in a next study.





4. Conclusions


To accelerate the use of lignocellulosic feedstocks in fermentative processes it is crucial to select the right biomass for the desired process. This study demonstrated that bleached cellulose pulp is a potential candidate for use on the production of itaconic acid by fermentation since it is highly rich in cellulose that can easily be converted into glucose by enzymatic hydrolysis without requiring a previous step of pretreatment. This is in fact an important aspect contributing to the economic feasibility of the fermentation process for itaconic acid production, since pretreatment is usually a very energy-intensive step and impacts significantly on the final costs of the process and the product.



Other important findings of this study were related to the fermentation of the glucose-rich hydrolysate produced from cellulose pulp. Due to the presence of glucose as the main component, no lignin or sugar degradation products in the medium that could negatively affect the strain performance, the only concern is to establish conditions that can direct the metabolism of the strain towards the product formation with minimum use of carbon source for biomass growth. Within this study, it was demonstrated that the C:N ratio and the oxygen availability play important roles in the production of itaconic acid by A. terreus from cellulose pulp hydrolysate and should be carefully considered in subsequent studies in a bioreactor setup. Increasing the initial carbon source was also a strategy able to result in better production of itaconic acid and should be further explored taking into account the use of an appropriate C:N ratio during the experiments. Finally, sterilization of the hydrolysate before fermentation is a required step that can also affect the medium composition leading to an unbalance in the C:N ratio, being the sterilization by membrane filtration the most recommended method to result in a better fermentation performance.
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Figure 1. Concentration of 5-HMF and furfural in the cellulose pulp hydrolysate after sterilization by three different methods. 
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Figure 2. Glucose (solid lines) and itaconic acid (dashed lines) concentrations during the fermentation of the cellulose pulp hydrolysate sterilized by different methods. Membrane filter 0.2 µm (■); autoclave at 112 °C (●); and autoclave at 121 °C (▲). All the hydrolysates were supplemented with nutrients to be used as fermentation medium. 
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Table 1. Different air-to-liquid ratios used for the fermentation experiments.
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	Volume of Medium (mL)
	Air Column (mL)
	Vf/Vm
	Vair/Vm





	20
	230
	12.5
	11.5



	30
	220
	8.33
	7.33



	50
	200
	5.00
	4.00







Vf, volume of the flask; Vm, volume of medium; Vair, volume of air.
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Table 2. Itaconic acid concentration and yield and biomass yield for the fermentations with A. terreus using different carbon sources.
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	Carbon Source
	Itaconic Acid (g/L)
	YP/S (g/g)
	YX/S (g/g)





	Glucose
	24.85
	0.61
	0.22



	Xylose
	1.85
	0.09
	0.61



	Sucrose
	2.15
	0.05
	0.28



	Mannose
	9.16
	0.18
	0.40



	Glycerol
	2.20
	0.05
	0.43







YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed.
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Table 3. Carbon and nitrogen contents in the hydrolysate after sterilization by different methods.
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	Sterilization Method
	Carbon (% w/w)
	Nitrogen (% w/w)





	Membrane filter 0.2 µm
	36.16 ± 0.04
	0.10 ± 0.01



	Autoclave 112 °C
	36.35 ± 0.14
	0.17 ± 0.00



	Autoclave 121 °C
	36.30 ± 0.07
	0.25 ± 0.06










[image: Table] 





Table 4. Fermentation parameters obtained for the production of itaconic acid by A. terreus from cellulose pulp hydrolysate sterilized by different methods.
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	Sterilization Method
	YP/S (g/g)
	YX/S (g/g)
	QP (g/L·h)





	Membrane filter 0.2 µm
	0.52 ± 0.01
	0.13 ± 0.02
	0.40 ± 0.01



	Autoclave 112 °C
	0.23 ± 0.04
	0.23 ± 0.17
	0.10 ± 0.03



	Autoclave 121 °C
	0.42 ± 0.02
	0.28 ± 0.03
	0.26 ± 0.01







YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed; and QP, itaconic acid productivity.
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Table 5. Fermentation parameters obtained during the production of itaconic acid by A. terreus from cellulose pulp hydrolysate under different aeration conditions.
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	Vair/Vm
	YP/S (g/g)
	YX/S (g/g)
	QP (g/L·h)





	11.5
	0.20 ± 0.02
	0.28 ± 0.02
	0.17 ± 0.03



	7.33
	0.52 ± 0.01
	0.13 ± 0.02
	0.40 ± 0.06



	4.00
	0.21 ± 0.06
	0.29 ± 0.04
	0.13 ± 0.06







YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed; and QP, itaconic acid productivity.
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Table 6. Effect of the nitrogen concentration on the fermentation parameters obtained during the production of itaconic acid by A. terreus from cellulose pulp hydrolysate.
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	Nitrogen (g/L)
	YP/S (g/g)
	YX/S (g/g)
	QP (g/L·h)





	1
	0.01 ± 0.08
	0.30 ± 0.25
	0.002 ± 0.08



	3
	0.52 ± 0.01
	0.13 ± 0.02
	0.40 ± 0.06



	5
	0.49 ± 0.01
	0.21 ± 0.01
	0.33 ± 0.00







YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed; and QP, itaconic acid productivity.
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Table 7. Effect of the substrate concentration on the fermentation parameters obtained during the production of itaconic acid by A. terreus from cellulose pulp hydrolysate.
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	Glucose (g/L)
	YP/S (g/g)
	YX/S (g/g)
	QP (g/L·h)





	45
	0.27 ± 0.02
	0.24 ± 0.02
	0.17 ± 0.00



	53
	0.52 ± 0.01
	0.13 ± 0.18
	0.40 ± 0.01



	60
	0.62 ± 0.02
	0.18 ± 0.04
	0.52 ± 0.02







YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed; and QP, itaconic acid productivity.
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Table 8. Production of itaconic acid by A. terreus from different lignocellulosic feedstocks. All the values correspond to experiments in flasks.
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	Feedstock, Glucose Concentration (g/L)
	Biomass Processing
	Aspergillus terreus Strain
	Itaconic Acid (g/L)
	Reference





	Corn stover, 54
	Steam explosion pretreatment + Enzymatic hydrolysis
	CICC 2452, mutant AT-90
	19.3
	[10]



	Wheat chaff, ≈ 50
	Alkaline pretreatment + Enzymatic hydrolysis
	DSM 23081
	27.7
	[11]



	Rice husks, 35
	Acid pretreatment + detoxification
	ATCC 10020
	1.9
	[12]



	Corn cobs, 7.7
	Enzymatic hydrolysis
	DSM 826
	0.9
	[13]



	Bleached cellulose pulp, 60
	Enzymatic hydrolysis
	NRRL 1960
	37.5
	Present study
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