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• The multiple products formation from 
sugarcane industry waste was assessed. 

• Undetoxified sugarcane bagasse and 
molasses were converted into microbial 
oil. 

• Maximum lipid titer (11.8 g/L) and 
β-carotene (210.4 mg/L) was obtained. 

• Biodiesel produced showed good oxida-
tive stability and cold flow properties. 

• Xylooligosaccharides production was 
assessed.  
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A B S T R A C T   

Dependency on fossil fuels raises an economic and ecological concern that has urged to look for alternative 
sources of energy. Bio-refinery concept is one of the alternate frameworks for the biomass conversion into biofuel 
and other value-added by-products. The present work illustrates importance of an oleaginous yeast Rhodotorula 
pacifica INDKK in an integrated bio-refinery field by utilizing renewable sugars generated from lignocellulosic 
biomass. The maximum 11.8 g/L lipid titer, 210.4 mg/L β-carotene and 7.1 g animal feed were produced by 
R. pacifica INDKK in bioreactor containing 5% (v/v) molasses supplemented with enzymatically hydrolyzed and 
alkali-pretreated sugarcane bagasse hydrolysate (35% v/v). Furthermore, xylooligosaccharides (20.6 g/L), a 
beneficial prebiotics were also produced from the hemicellulosic fraction separated after alkali pretreatment of 
bagasse. This novel concept of integrated yeast bio-refinery for concomitant production of biodiesel and multiple 
value-added products with minimum waste generation is proposed as a sustainable and profitable process.   
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1. Introduction 

According to the recent Paris convention and United Nations 
Framework Conventions on Climate Change (UNFCCC), governments 
are mandating the utilization of renewable resources for producing 
chemicals, food and fuels (Kumar et al., 2017). This allows for the 
development of many valuable products in a biorefinery model from 
suitable biomass utilizing unit operations to minimize waste production 
and improve process economics. In the biofuel production sector, bio- 
refineries hold significant importance as the simultaneous synthesis of 
multiple co-products lowers the cost of fuel production to a level com-
parable to that of fossil fuels (Singh and Singh, 2021). 

In the recent years, microalgae based biorefineries have attracted 
much attention but their dependence on strict climatic conditions and 
availability of land and water restricts their potential for long-term 
sustainability (Almutairi et al., 2021; Di Fidio et al., 2021). To trans-
form the future energy consumption scenario and overcome these lim-
itations, oleaginous yeasts have piqued the interest of industries and 
academic researchers as a viable alternative to microalgae (Chatterjee 
and Venkata Mohan, 2022; Dong et al., 2017). Oleaginous yeasts have 
the capability to grow at high rates in fermenters by utilizing lignocel-
lulosic waste and other low-cost industrial by-products. In a standard 
bio-refinery model, oleaginous yeasts are employed to mainly produce 
biodiesel along with other commercial co-products such as bio- 
emulsifiers (for potential healthcare, cosmetic and food applications), 
high-quality probiotics and carotenoids (an excellent antioxidant used 
as a constituent in nutraceutical and functional foods) (Heinzl et al., 
2021; Qi et al., 2020; Silva et al., 2011). By the end of 2024, the pre-
dicted global market value for β-carotene is estimated to reach USD 583 
million, accounting for>90% of the entire revenue of a standard in-
dustrial biofuel plant (Liu et al., 2021a; Lv et al., 2020). Hence, 
combining the production of carotenoids along with biodiesel is ex-
pected to make a feasible and profitable process for an agricultural 
country like India. Additionally, significant amounts of proteins and 
carbohydrate present in the residual de-oiled yeast biomass can be safely 
used as an animal fodder, thus ensuring recyclability (Kumar et al., 
2017). Hence, oleaginous yeasts have emerged as the most preferred 
microbial host in a bio-refinery model for producing biodiesel with 
multiple additional value-added compounds, thereby achieving the 
eminence as a key substitute to other industrial microorganisms. 

Among oleaginous yeasts, Rhodotorula species can agglomerate 
higher lipid titer and exhibit a high inherent tolerance towards inhibi-
tory compounds generated during lignocellulosic biomass pretreatment 
(Kumar et al., 2020). Nonetheless, in comparison to crude oil, the pre-
sent inflated costs of most traditional carbon sources drastically reduces 
the economic competitiveness of microbial oil (Di Fidio et al., 2020). In 
this context, cellulosic biomasses from novel lignocelluloses are being 
extensively studied as substrate for production of lipids and pigments by 
yeast (Deeba et al., 2017a, 2017b; Qi et al., 2020; Zheng et al., 2021). 
Paper mill wastes and other industrial effluents has already been enor-
mously explored as a potential substrate by oleaginous yeasts for 
simultaneous production of biodiesel and wastewater treatment (Di 
Fidio et al., 2020; Singh et al., 2022). In India, sugarcane production 
during 2018–2019 alone was estimated to be around 303.83 million 
tonnes, which corresponds to a 100 million tonnes/annum of low-cost 
abundantly available sugarcane bagasse (Konde et al., 2021). Another 
sugarcane industrial waste; molasses (7 ton) is produce from 100 ton of 
sugarcane which has been exploited for the production of many bio- 
valuable products like bioethanol (Wu et al., 2020), succinic acid (Xu 
et al., 2015), poly(3-hydroxybutyrate) polyol esters (Boviatsi et al., 
2020), carotenoids (Pi et al., 2018), lipids (Jiru et al., 2018a), biogas 
(Detman et al., 2017) and enzymes (Detman et al., 2017). Sugarcane 
bagasse is rich in both cellulose (30–35% of dry matter) and hemicel-
lulose (19–24% of dry matter) and offer excellent perspectives for its 
conversion into biofuels and chemicals. The second most abundant 
polysaccharide i.e. hemicelluloses rich in xylan are generally discarded 

in traditional bio-refinery system after the pretreatment of the biomass 
(Di Fidio et al., 2021). The economical balance of biodiesel production 
would vastly enhance if the absolute conversion of the hemicellulosic 
fraction into valuable compounds, such as xylooligosaccharides (XOS) 
could be achieved (Di Fidio et al., 2021; Farias et al., 2022; Sun et al., 
2014). XOS are potential commercially important prebiotics due to their 
beneficial effect on human health and application in the food industry 
(Amorim et al., 2019). The world-wide XOS market is expected to grow 
USD 7.37 billion by 2023, increasing at a 10.4% growth rate annually 
(Amorim et al., 2019). 

Many instances of yeast-based bio-refinery leveraging lignocellulosic 
biomass as feedstock have been stated in the literature (Boviatsi et al., 
2020; Di Fidio et al., 2021; Jiru et al., 2018b). However, these studies 
mainly lack in demonstrating a high-level production of lipid titers along 
with the generation of multiple valuable products. The present study 
justifies Rhodotorula pacifica INDKK (Kumar et al., 2020) as a potential 
superior host for a yeast based bio-refinery model, primarily due to its 
capability to propagate at high rates on sugarcane industry waste 
(molasses and sugarcane bagasse hydrolysate) and producing enhanced 
lipid titer, β-carotene, and animal feed than synthetic media. Moreover, 
XOS produced from waste hemicellulosic fraction of bagasse can further 
minimize the biodiesel production cost. For the first time, a novel in-
tegrated biorefinery process for the co-production of biodiesel with 
other commercially important products such as XOS, animal feed and 
β-carotene were assessed. 

2. Material and methods 

2.1. Micro-organism and cultivation conditions 

The red yeast Rhodotorula pacifica INDKK isolated in our laboratory 
from Coringa mangrove forests, Andhra Pradesh, India was used in the 
experiments (Kumar et al., 2020). The yeast strain was cultivated on 
YPD agar plates (peptone 10 g/L, yeast extract 10 g/L, agar 20 g/L, 
glucose 20 g/L), incubated (30 ◦C) for 2 days and maintained at 4 ◦C for 
further experiments. 

2.2. Materials 

Molasses was collected from sugar factory in Uttar Pradesh, India, 
New Delhi. Sugarcane bagasse was obtained from local market, New 
Delhi. All analytical solvents and reagents (n-hexane, methanol, chlo-
roform, acetone, glacial acetic acid, H2SO4) were of HPLC grade. The 
β-carotene standard, external standard of fatty acid methyl esters 
(FAME) and heptadecanoic acid (internal standard) for GC–MS analysis 
were purchased from Sigma (USA). Yeast nitrogen base (YNB) was 
procured from Difco (USA). Commercial xylanase (Sigma-X2753) was 
used for xylan hydrolysis. 

2.3. Sugarcane bagasse hydrolysate 

Sugarcane bagasse was dried, milled and sieve through mesh. The 
raw sugarcane bagasse composition is as follows: 39.76% of cellulose, 
24.04% of hemicellulose, 19.49% of lignin and 16.71% of other com-
ponents. To convert sugarcane bagasse into free fermentable sugars, 
bagasse was firstly pretreated by using alkali treatment method (10% 
sodium hydroxide w/v) at 121 ◦C for 1 h, as described earlier (Singh 
et al., 2018). The mixture was filtered to separate liquid fraction 1 from 
solid fraction 1. The dry mass (33.74 g) containing cellulosic component 
was enzymatically hydrolyzed with commercial cellulase CTec2 (Sigma, 
USA) at a loading of 5 FPU /g of dry biomass (10% w/v) for 72 h and 
50 ◦C. The enzymatically hydrolyzed sugarcane bagasse hydrolysate 
(SCBH) is filter sterilized and then utilized as fermentation medium. 
Furthermore, to separate the hemicellulosic content, the liquid fraction 
1 was centrifuged at 5000×g for 10 min and the pH of the supernatant 
was adjusted to 5.0 using hydrochloric acid (5 N). Further, 3 volumes of 
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ethanol was added to precipitate xylan. The precipitate was then 
collected by centrifugation, washed twice with 70% ethanol and dried at 
50 ◦C, hereinafter called as solid fraction 2 which majorly contains 
hemicellulosic portion is utilized for XOS production. The sugar esti-
mation of untreated bagasse, cellulosic fraction, hemicellulosic fraction 
and residual biomass has been done by following National Renewable 
Energy Laboratory (NREL) process (Sluiter et al., 2012). Molasses was 
autoclaved (121 ◦C) for 30 min before utilization. The 5% pre-optimized 
molasses concentration was diluted with different ratios of SCBH (15% 
− 65%) to be utilized as fermentation medium by R. pacifica INDKK. 

2.4. Fermentation conditions 

To determine optimal media conditions for high production of lipids, 
different media components such as molasses concentration (2–10% v/ 
v), nitrogen source (ammonium sulphate, yeast extract, peptone and 
urea) and percentage of selected nitrogen source (0.013%, 0.06%, 
0.25% and 0.5%, w/v) were optimized. Initially, fermentation was 
performed in 250 mL Erlenmeyer flask with 50 mL working volume of 
fermentation medium at 30 ◦C, 200 rpm for 144 h. From this, 5% 
molasses (27.85 ± 1.08 g/L sugar concentration) and 0.6 g/L ammo-
nium sulphate ((NH4)2SO4) was selected as optimal condition for high 
lipid agglomeration in R. pacifica INDKK. After optimizing conditions of 
molasses, different SCBH concentration (15–65%, v/v) was supple-
mented in medium to further enhance the lipid production in R. pacifica 
INDKK. 

Lipid and β-carotene production studies were then carried out in 
bench top (500 mL) bioreactor (Infors HT Multifors 2, Switzerland), 
integrated with temperature, dissolved oxygen (DO), aeration and pH 
control sensors. For the production of oleaginous cells, 10% w/v cells 
were inoculated in bioreactor having optimized fermentation medium 
MSCBH (5% molasses, 0.06% ammonium sulphate and 35% SCBH) with 
a working volume of 300 mL at 30 ◦C for 72 h and 200 rpm impeller 
speed. The comparative analysis was also done with the synthetic media 
(YNB) at the same fermentation conditions for 72 h. 

For aeration, 0.1, 0.5, 1 and 1.5 vvm air was provided for the 
fermentation process. The initial DO level was 83.9, 95.5, 96.3 and 
115.6 g O2/m3 during aeration with 0.1, 0.5, 1 and 1.5 vvm, respec-
tively. The cultivation was carried out aerobically at 30 ◦C, pH 5.4 for 
72 h. The pH was maintained by 2N NaOH and 2N HCl and sterile silica 
gel was used as an anti-foaming agent. In order to examine and quantify 
the sugars concentration, yeast growth, lipid titer and β-carotene pro-
duction during batch fermentation in bioreactor, samples (1 mL) were 
withdrawn every 6 h. 

2.5. Analyses 

2.5.1. Characterization of SCBH and molasses 
The sugars and inhibitors concentration of glucose, xylose, arabi-

nose, fructose and sucrose present in SCBH were evaluated by utilizing 
HPLC (Agilent 1260 Series) and HPX-87H (Aminex) column (Bio-Rad, 
USA) (Li et al., 2020; Pandey et al., 2019). 

2.5.2. Quantification of dry cell weight, lipid titer and β-carotene content by 
R. Pacifica INDKK 

To estimate the dry cell weight (gL− 1), centrifugation (10,000×g for 
8 min) was performed to harvest the yeast cells followed by washing 
with distilled water and lyophilisation. Lipid extraction was carried out 
by following modified Bligh and Dyer procedure and was measured 
gravimetrically as lipid titer (g/L) after drying under N2 (Deeba et al., 
2018). The lipid content (%, w/w) was calculated as percentage of lipid 
titer and dry cell weight. 

β-Carotene extraction has been carried out by utilizing modified 
protocol (Schneider et al., 2013). The cells were first treated with 3 M 
HCl, 60 ◦C for 3 min and centrifuged at 10,000×g for 10 min after 
cooling. The acetone was then added to the pellet obtained and vortex in 

bead beater for 10 min. All the β-carotene was extracted in acetone by 
repeating the procedure (Pi et al., 2018). The β-carotene quantification 
was done by HPLC (Agilent) equipped with C18-UHPLC column and UV 
- detector at 450 nm. 

2.5.3. Protein and carbohydrate analysis in de-oiled yeast biomass 
The de-oiled biomass was analyzed via phenol sulphuric acid method 

to estimate the carbohydrate content and Lowry method to measure 
protein content as described previously in literature (Kumar et al., 
2017). 

2.6. FAME analysis 

Conversion of lipid extracted into fatty acid methyl ester (FAMEs) 
was performed by modified direct transesterification method (Liu et al., 
2007). Briefly, reaction between lyophilized yeast cells and 6% meth-
anolic-H2SO4 (1:20) at 80 ◦C for 1 h was carried out and the product 
obtained was extracted into the hexane solvent. The FAMEs analysis was 
then performed using GC–MS (7890A series) integrated with Omegawax 
column (Liang et al., 2010). FAMEs identification and quantification 
were determined by using mass spectral database of National Institute of 
Standards and Technology. Using the previously reported experimental 
equations, biodiesel properties were computed (Hoekman et al., 2012) 
and collated with jatropha oil methyl ester (JME) and to ASTM D6751 
(American Society for Testing and Materials) and EN 14214 (European) 
(Deeba et al., 2018, 2017b). 

2.7. XOS production from hemicellulosic fraction of sugarcane bagasse 

Optimum pH and temperature for xylanase were determined ac-
cording to previously described method (Herlet et al., 2017). Sugarcane 
bagasse hemicellulose hydrolysis were performed at different range of 
pH (2–8) and temperature (20–80 ◦C) as reported earlier (Li et al., 
2020). Briefly, reaction of 1 mL containing 5% w/v hemicellulose, 300 
µg/g of xylanase, 250 µL of 100 mM buffer was carried out for 24 h. The 
mixture was then boiled at 100 ◦C for 5 min to stop the reaction followed 
by centrifugation at 15000×g (12 min). Using 0.22 µm filter, superna-
tant was filtered and analyzed on HPLC for XOS (xylose, xylobiose and 
xylotriose) estimation as described in section 2.5.1. 

2.8. Statistical analysis 

All the experiments were conducted in triplicates. One-way ANOVA 
(Microsoft, USA) was applied using Microsoft Office Excel 2013 and a 
significance level of p ≤ 0.05 were considered. 

3. Results and discussion 

3.1. Optimisation of medium to improve lipid production by R. pacifica 
INDKK 

Carbon is the most abundant element in cells, and is crucial for 
biomass formation, lipid synthesis as well as their regulation. In the 
present study, SCBH and molasses were used as the carbon source for 
lipid production by R. pacifica INDKK. The sugar composition of the 
SCBH and molasses are reported in Table 1. For preliminary analysis, 
different concentration of molasses (2% to 10% v/v) were tested for high 
lipid production (Fig. 1 A). The dry cell weight (8.74 ± 0.38 g/L), lipid 
titer (3.36 ± 0.27 g/L) and lipid content (38.47%) was observed to in-
crease till 5% v/v molasses, after which (>5% v/v) the yeast cell growth 
was ceased. Results speculated that the toxic effects on cells were 
probably due to the excess of unfavourable by-products (colloid sub-
stances, metal ions and sulphate) present in higher concentration of 
molasses (Zheng et al., 2021). Therefore, it can be concluded that 5% 
cane molasses is an optimal substrate concentration for lipid production 
in R. pacifica INDKK and then tested further for screening optimum 
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nitrogen sources (0.5% w/v) using ammonium sulphate, yeast extract, 
peptone and urea in the medium. Among them, ammonium sulphate was 
detected as suitable nitrogen source for enhanced dry cell weight (13.15 
± 0.38 g/L) and lipid titer (4.33 ± 0.21 g/L) (Fig. 1B). On the other 
hand, yeast extract, urea, peptone although promoted biomass accu-
mulation but with compromised lipid production. Subsequently, 
different concentrations of ammonium sulphate (0.5, 0.25, 0.125, 0.06% 
w/v) was optimised in 5% molasses leading to maximum lipid titer (4.89 
± 0.16 g/L) at 0.06% w/v concentration of ammonium sulphate with 
slight decrease in dry cell weight (12.57 ± 0.43 g/L) (Fig. 1C). 

Furthermore, different concentrations of SCBH (15% − 65% v/v) 
were supplemented into the molasses (5%) medium containing 0.06% of 
ammonium sulphate. The maximum dry cell weight (14.26 ± 0.43 g/L) 
and lipid titer (7.89 ± 0.33 g/L) were achieved at 35% SCBH (total sugar 
concentration ~ 50 g/L) (Fig. 1D). Therefore, MSCBH medium (5% v/v 
molasses with 0.06% w/v ammonium sulphate and 35% SCBH) was 

considered as an optimized lipid production medium for R. pacifica 
INDKK. This observation revealed that the supplementation of hydro-
lysate with molasses had a more prominent influence on the lipid 
agglomeration than medium containing only 5% molasses. Recently, 
multiomics analysis of R. toruloides mutant M18 in molasses under 
nitrogen-deficit environment was performed and identified the link 
between FA2H, Δ-12 desaturase and Δ-4 desaturase genes with the fatty 
acid biosynthetic pathway which are in turn responsible for regulating 
lipids and carotenoids production (Zheng et al., 2021). 

3.2. Influence of aeration on lipid production by R. Pacifica INDKK 

Aeration plays a very important role in determining physiological 
and biochemical features of yeast. The air supply in the fermentation 
media effect cellular metabolism which directly influences the produc-
tivity in aerobic microbes (Martínez et al., 2010). Hence, optimization of 
aeration level is necessary for boosting biomass, lipid titer and β-caro-
tene production in the fermentation medium (Lv et al., 2020). The re-
sults suggested that maintaining an aeration rate of 1 vvm during batch 
fermentation promotes cell growth leading to high lipid and β-carotene 
(147 ± 0.52 mg/L) production in R. pacifica INDKK (Fig. 2 A and B) as 
the better agitation and aeration improved the nutrient and oxygen 
availability. The variable had significant impacts on lipid and β-carotene 
production (p < 0.05). A decrease in β-carotene and lipid production 
was observed with further increase in aeration (>1 vvm). In a similar 
study, Rhodotorula kratochvilovae showed maximum accumulation of 
lipid (8.6 g/L) at 0.2 vvm (Jiru et al., 2017) signifying that the optimi-
zation condition may vary among different strains. 

Table 1 
Composition of molasses and SCBH used for fermentation.  

Sugars 100% Molasses 5% Molasses 

Glucose (g/L) 126.40 ± 1.64 6.32 ± 0.15 
Fructose (g/L) 192.20 ± 1.02 9.61 ± 0.31 
Sucrose (g/L) 238.40 ± 1.35 11.92 ± 0.34 
Total (g/L) 557.0 27.85 
Sugars 100% SCBH 35% SCBH 
Glucose (g/L) 59.22 ± 1.27 20.72 ± 0.48 
Xylose (g/L) 4.28 ± 0.15 1.49 ± 0.16 
Arabinose (g/L) 1.64 ± 0.08 0.52 ± 0.06 
Total (g/L) 65.14 22.73  

Fig. 1. The influence of different parameters on dry cell weight (g/L), lipid titer (g/L) and lipid content (%) by R. pacifica INDKK (A) molasses concentration (%, v/v) 
(B) various nitrogen sources (0.5%) (C) ammonium sulphate concentration (%, w/v) (D) SCBH concentration (%, v/v) combined in 5% molasses medium. Bars 
marked with one star (*) have a significant value of p < 0.05, two star (**) have a significant value of p < 0.01 and three star (***) represents significant value of p <
0.001 compared with the value of 5% molasses in plot B,C and D. In plot A, 5% molasses showed higher significant difference (p < 0.01) compared to other molasses 
percentages. 
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3.3. Batch fermentation in bioreactor 

Bioreactors provide a more regulated fermentation environment 
compared to shake flask conditions. Batch fermentations with controlled 
pH and optimized fermentation parameters were performed with 
MSCBH (total sugar 50.58 ± 0.31 g/L: sucrose: 11.92 ± 0.34 g/L, 
glucose: 27.04 ± 0.12 g/L, fructose: 9.61 ± 0.31 g/L, xylose: 1.49 ±
0.16 g/ L, and arabinose: 0.52 ± 0.06 g/L) for 72 h (Fig. 3A). The dry cell 
weight (g/L), lipid titer (g/L), sugar consumption (g/L) and β-carotene 
(g/L) production was monitored every 6 h to select the time period at 
which R. pacifica INDKK accumulates maximum lipid and β-carotene 
content. The comparative analysis of MSCBH was also done with YNB 
synthetic media having 50 g/L glucose concentration (Fig. 3B). 

As observed in Fig. 3A, slow yeast growth was detected in the first 6 
h, while the biomass rose exponentially from 24 h to 60 h reaching the 
highest concentration of 20.4 ± 1.08 g/L with 95.4 ± 1.4% sugar con-
sumption. These findings definite the potential of R. pacifica to convert 
all fermentable sugars present in molasses and SCBH into lipid and 
β-carotene. This significant characteristic is important for the biological 
conversion of the carbon source generated from sugar industry waste 
into lipid and β-carotene which increases the profitability of the sug-
gested bio-refinery model. It was noticeable that the maximum lipid titer 
of 11.8 ± 0.96 g/L and lipid productivity of 196 mg/L/h was observed at 
early stationary phase (60 h) using MSCBH. Interestingly, the β-carotene 
(210.4 ± 0.52 mg/L) produced from MSCBH was significantly higher (p 
< 0.05) at 60 h, about 1.63-fold higher than the synthetic media (129 ±
0.34 mg/L). The β-carotene production (10.31 mg/g) reported in this 
study is 1.32 fold higher as compared to recently reported literature in 
which wild type Rhodosporidium toruloides strain showed carotenoid 
accumulation of 7.8 mg/g (Liu et al., 2021b). Remarkably, the improved 

carotenoids production in oleaginous yeast could be the response of the 
cells to oxidative stress and other compounds present in the hydrolysate 
(Liu et al., 2021b). 

Fig. 3B demonstrates the batch-mode fermentation results of 
R. pacifica INDKK on the synthetic media (YNB). Similar to the 
fermentation of hydrolysate, yeast did not show significant growth in 6 h 
post which growth phase progressed from 12 to 60 h. For YNB 
fermentation, 50 g/L of sugars were transformed into maximum dry cell 
weight of 14.8 ± 0.56 g/L and lipid titer of 7.45 ± 0.38 g/L, achieving a 
final lipid content of 50.33%. During the initial 12 h, the sugar con-
sumption rate was slow owing to the cells acclimatization, but the 
growth rate increased further with complete sugar consumption (100%) 
at the early lipid accumulating phase (60 h). The 1.58 fold and 1.37 fold 
significant (p < 0.05) increase in lipid titer and cell biomass has been 
detected in MSCBH as compared to YNB medium. In a similar study, 
R. kratochvilovae SY89 cultivated under the optimized bioreactor con-
ditions with molasses (at 168 h) accumulated 4.82 g/L lipid yield (Jiru 
et al., 2018b) which is 5.6 fold and 4.8 fold lower than obtained in this 
study, respectively. The upregulation of genes such as ME1 (malic 
enzyme), IDH (isocitrate dehydrogenase) and PFK (phophofructokinase) 
leads to NADH/NADPH accessibility and trigger central metabolism 
function leading to enhanced lipid and β-carotene production (Qi et al., 
2020). 

Different kinds of lignocellulosic hydrolysates like wheat straw hy-
drolysate (Liu et al., 2021b), tea waste hydrolysate (Qi et al., 2020), corn 

Fig. 2. Kinetic study showing (A) The effect of 0.5 vvm DO (B) The effect of 1 
vvm DO on Dry cell weight (g/L), lipid titer (g/L) and β-carotene production by 
R. pacifica INDKK. 

Fig. 3. Batch fermentations in bioreactor were conducted utilizing R. pacifica 
INDKK and fermentation medium (A) 5% v/v molasses diluted with 35% SCBH 
(B) Synthetic medium (5% glucose). All the experiments were repeated three 
times in 300 mL fermentation medium (30 ◦C) at 200 rpm impeller speed, 1 
vvm aeration for 72 h. 

F. Deeba et al.                                                                                                                                                                                                                                   



Bioresource Technology 351 (2022) 127067

6

stover hydrolysate (Fei et al., 2016), crude glycerol (Yang et al., 2014) 
and wood hydrolysate (Saini et al., 2020) have been utilised as renew-
able feedstock by oleaginous yeast resulting in intracellular lipid con-
tents up to 30–50%. Liu et al. (2021) reported an accumulation of 
27.89% lipid by R. toruloides utilizing wheat straw hydrolysate as 
feedstock (Liu et al., 2021b). In other study, R. toruloides produced 
maximum of 2.82 g/L lipids, 37.83% lipid content and 0.87 Abs/L ca-
rotenoids using wheat straw hydrolysate (Liu et al., 2021a). In one 
seminal study, both cellulose and hemicellulose fractions of Arundo 
donax L. (Giant reed) in an integrated cascade biorefinery process were 
explored as a favourable carbohydrates substrate producing 8 g lipid/ 
100 g biomass by Lipomyces starkeyi DSM 70,296 (Di Fidio et al., 2021) 
which is 1.47 fold lower (11.8 g/100 g) than estimated here. In another 
study, yeast biorefinery system for concomitant production of biodiesel, 
bioemulsifier and animal feed-components from oleaginous yeast Pichia 
guilliermondii using inexpensive raw materials was reported (Kumar 
et al., 2017). Similarly, in other integrated biorefinery approach, lipid 
(25 wt%) and other high value-added bioproducts such as carotenoids 
and polyunsaturated fatty acids was produced by Mucor circinelloides 
using sugarcane bagasse (Carvalho et al., 2019). The lipid content esti-
mated in R. pacifica INDKK is 2 fold higher than reported in M. circi-
nelloides. Pi et al. (2018) investigated that Rhodotorula glutinis mutant 
could produce up to 27.13 mg/g of β-carotene (Pi et al., 2018). There-
fore, higher lipid and β-carotene yield obtained in this study makes this 
strategy assuredly competitive as compared to other reported literatures 
where synthetic medium or lignocellulosic hydrolysates were utilized 
for fermentation. 

3.4. FAME analysis 

Cellular lipids agglomeration is an anabolic process which generates 
intracellular fatty acids by serial reaction of quasi-inverted β-oxidation 
route (Carvalho et al., 2019). The extracted lipid is trans-esterified to 
produce FAME. The FAME profile of R. pacifica with MSCBH depicts 
84.47% oleic acid (C18:1) as main fatty acid followed by 9.87% linoleic 
acid (C18:2), 4.90% palmitic acid (C16:0) and 0.79% stearic acid 
(C18:0). The polyunsaturated fatty acid (PUFA) content (6.69%) of 
R. pacifica INDKK in synthetic media was slightly less compared to 
MSCBH. The metals and various sugars present in molasses and SCBH 
might be responsible for altering the downstream carbon flux of the fatty 
acid synthesis. The higher mono-unsaturated fatty acid (MUFA) per-
centage in both the media leads to improved oxidative stability (OS) and 
cetane number (CN) of the biodiesel produced. The Iodine value (IV), 
density, OS, CN and kinematic viscosity (kV) determined in this study 
are under the limit specified by ASTM and EU standards (Knothe, 2009, 
2007). Hence, the lipid composition of R. pacifica cultivated in MSCBH 
was concluded to be more appropriate for the production of biodiesel. 
The OS and cold filter plug point (CFPP) estimated in MSCBH (14.53 h, 
− 13.6 ◦C) and synthetic media (20.2 h, − 9.7 ◦C) are better as compared 
to jatropha methyl esters (JME; 3.86 h, − 2 ◦C). The results have been 
tabulated for comparative analysis in Table 2. Excess PUFA content in 
JME leads to lower OS of the fuel. In similar study, higher MUFA content 
produced by L. starkeyi showed good cold flow properties and oxidative 
stability which represents valid characteristics of new generation bio-
diesel (Di Fidio et al., 2021). 

3.5. Protein and carbohydrate composition in de-oiled yeast biomass 

The de-oiled biomass of oleaginous yeasts contains considerable 
percentage of protein and carbohydrate which can be utilized as an 
animal feed to decrease the biodiesel production cost and minimize 
waste generation (Kumar et al., 2017). The protein and carbohydrate 
amount present in the defatted yeast biomass grown in fermentation 
medium MSCBH and YNB are depicted in Table 3. The protein content of 
31.96 ± 0.45% and carbohydrate content of 48.17 ± 1.64% found in 
MSCBH was 1.18-fold and 1.04-fold higher than YNB (protein 26.93 ±

0.58% and carbohydrate 45.92 ± 1.25%) respectively. A similar study 
has illustrated that de-oiled biomass of oleaginous yeast Pichia guillier-
mondii cultivated in combination of molasses and corn steep liquor 
contains 44.2% carbohydrate and 24.6% protein indicating its potential 
utilization as a source of an animal feed (Kumar et al., 2017). The de- 
oiled yeast residue application as an animal feed might promote 
remarkable importance in the bio-refinery sector. 

3.6. XOS production 

The commercial xylanase used to make XOS was active across a wide 
pH and temperature range. The ideal pH and temperature for activity 
and xylan hydrolysis were observed at 7 and 60 ◦C, respectively (see 
supplementary material). The XOS yield improved as the pH increased 
from 2 to 7, but declined with further pH increase. (Fig. 4A). Similarly, 
as the temperature was upraised from 20 to 60 ◦C, the yield of XOS 
increased, beyond which the yield was significantly reduced to<5% 
(Fig. 4B). In 24 h, 50.92 ± 0.78% of the xylan was hydrolysed, accu-
mulating 16.96 ± 0.24 g/L xylobiose, 0.6 ± 0.03 g/L xylotriose and 2.7 
± 0.04 g/L xylose at pH 7 and temperature 60 ◦C. Recently, about 
52.95% xylan hydrolysis with 5.13 g XOS and 2.39 g xylose has been 
reported from enzymatic hydrolysis of 100 g of alkali-oxide pre-treated 
sugarcane bagasse (Li et al., 2019), while XOS produced in this study is 
about 2.7 fold higher than this study. The XOS containing mostly xylo-
biose can be used as a prebiotic for multiple health benefits thereby 
minimizing the waste generated and improving the economy of the 
process (Di Fidio et al., 2021; Mussatto and Mancilha, 2007). 

3.7. Mass balance of the process 

This study used biological and chemical catalytic techniques to 
evaluate a novel integrated bio-refinery system for utilizing sugar in-
dustrial waste (bagasse and molasses). The optimization of biomass 
utilization and multiple product generation would improve the eco-
nomic profitability and sustainability of this bio-refinery system (Di 

Table 2 
FAME composition (wt%) and estimated properties of biodiesel R. pacifica 
INDKK cultured in MSCBH and synthetic medium and its comparison to fuel 
standard specifications and Jatropha oil methyl ester (JME).   

Synthetic 
media 

MSCBH JME ASTM 
D6571 

EU 
14,214 

C16:0 5.46 ± 0.02 4.90 ±
0.04 

14.9 – – 

C18:0 3.20 ± 0.01 0.79 ±
0.02 

6.1 – – 

C18:1 84.63 ± 0.34 84.47 ±
0.45 

40.4 – – 

C18:2 6.69 ± 0.18 9.87 ±
0.06 

36.2 – – 

OS (h) 20.218 14.539 3.86 – >6 
Density(g/ 

cm3) 
0.875 0.876 0.87 – 0.86–0.9 

HHV(MJ/kg) 39.588 39.596 44.2 – – 
kV(mm2/s) 4.034 3.994 4.33 1.9–6 3.5–5 
IV(g of I2/ 

100 g) 
88.221 93.837 109.5 – 120 

(max.) 
CN(min) 53.827 52.554 55 47 51 
CFPP (◦C) − 9.735 − 13.697 − 2 – –  

Table 3 
Protein and carbohydrate percentage present in de-oiled yeast biomass culti-
vated in fermentation medium MSCBH and YNB.  

Composition MSCBH YNB 

Protein (%) 31.96 ± 0.45 26.93 ± 0.58 
Carbohydrate (%) 48.17 ± 1.64 45.92 ± 1.25  
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Fidio et al., 2021). Subsequently, the utilization of sugars generated 
from both cellulose and hemicellulose fractions and production of 
β-carotene offers compatibility with existing technology to achieve 
value-added bio-based products. Fig. 5 illustrates the mass balance 
representation of the process developed for an integrated bio-refinery 
framework of the biodiesel production. For the first process step, the 
alkali treatment of sugarcane bagasse generates 33.74 g cellulose (solid 
fraction 1) which is further hydrolyzed enzymatically to produce 23.74 g 
of sugars in SCBH per 100 g of bagasse and 11.01 g residual solid 
remained un-hydrolyzed. The liquid fraction 1 of alkali pretreated 
biomass generated 22.08 g of solid fraction 2 which contains 18.32 g 
arabinoxylan (hemicellulose) and 1.17 g glucan after acidification and 
ethanol precipitation. After xylanase treatment, 8.91 g of XOS could be 
produced from solid fraction 2. Furthermore, 18.81 g of sugars in SCBH 
combined with 23.85 g of sugars present in molasses was used as 
cultivation medium for R. pacifica INDKK in a bioreactor which gener-
ated 17.17 g of dry cell biomass. The extraction process is performed 
further which yield 10.11 g of lipid and 180.3 mg of β-carotene. The 
lipid is then trans-esterified to produce 9.10 g of biodiesel. After oil 
extraction, 6.5 g of de-oiled yeast residue rich in protein and carbohy-
drate could be utilized as an animal feed. 

To the best of knowledge, this process strategy represents a prom-
ising innovation and improvement in the production of biodiesel, 
together with the generation of multiple value-added compounds which 
has never been investigated until now. However, for carrying out large 
scale application process, lab based pilot scale production can also be 
carried out in a 20 L fermenter for efficient multi-dimensional product 
synthesis viz. lipid, biodiesel, β-carotene, xylooligosaccharides etc. from 
an oleaginous yeast. Hence, large scale or industrial adoption difficulty 
as well as the replication of the experiments can be overcome for 
commercialization. Successful production of the above mentioned 
platform chemicals will conclude that this strain is industrially relevant 
and can be a potential candidate for establishing a highly efficient 
lignocellulosic biorefinery approach. In the future, life cycle and techno- 
economic analysis can be applied to investigate the economic and 
environmental feasibility of this process as a sustainable bio-refinery 

Fig. 4. XOS production at different range of (A) pH and (B) temperature using 
hemicellulosic fraction of sugarcane bagasse. 

Fig. 5. Flow diagram and mass balance for the steps adopted for biodiesel and XOS production from sugar industrial waste.  
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framework. 

4. Conclusions 

The current study for the first time demonstrates conversion of 
undetoxified sugar industry waste to lipid and commercially important 
co-products by R. pacifica INDKK. The processes enabled us to obtain 
high amount of lipid (11.8 g/L), β-carotene (210.4 mg/L) and animal 
feed (7.6 g) from MSCBH. Furthermore, XOS (20.4 g/L) production from 
hemicellulosic fraction may considerably influence the economy of the 
biodiesel production process. The higher MUFA content (84.47%) leads 
to an improved oxidative stability and cold flow properties of the bio-
diesel. The present bio-refinery approach signifies an outstanding green 
substitute to biofuels and other value-added commodity production. 
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