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Abstract

Purpose Cashew Apple Juice (CAJ), rich in reducing sugars, is used to make a Geographical Indication alcoholic beverage
named “Feni,” with a unique aroma. However, the alcohol yield from the reducing sugar (Yp,5) of CAJ has been assessed to
be as low as 0.24 g/g against the theoretical yield of 0.51 g/g. This poor yield of alcohol is mainly attributed to the inadequate
monitoring and control of the fermentation process.

Methods With the aim to improve ethanol production from CAJ, the current work involved identifying the potent strains,
evaluating their alcohol production potential through sugar and ethanol tolerance studies, and studying the effect of C/N ratio
on ethanol production by supplementing readily available urea as the nitrogen source.

Results The isolates Saccharomyces cerevisiae and Pichia kudriavzevii showed reducing sugar tolerance up to 25% w/v
but varied in their ethanol production capabilities. Furthermore, the kinetic models describing the ethanol inhibition on the
growth rate and ethanol production revealed that the maximum concentration of ethanol beyond which the cell growth was
completely inhibited (P,) was 80 g/L, and the maximum ethanol production above which cells do not produce ethanol (P’ )
was 96 g/L. P. kudriavzevii showed a 41.6% increase in the ethanol yield with a Y}, value of 0.34 g/g, ethanol concentration
of 51 g/L and the productivity was 0.71 g/L/h.

Conclusion The current study suggests that high sugar and ethanol-tolerant P. kudriavzevii could be used as a potent starter
culture for producing alcohol and cashew Feni from cashew apple juice.

Statement of Novelty

Feni, a widely acclaimed alcoholic beverage, is produced by the distillation process of fermented cashew fruit juice. The
enduring tradition holds a profound presence within the societal structure of the region and possesses significant cultural
significance. Various individuals contribute at different stages of the Feni-making process, including family members,
neighbours, and employees. In the current era characterised by modernity, it is imperative to have a solid understand-
ing of the scientific principles that form the foundation of manufacturing processes. Therefore, researchers have drawn
ideas from yeast-based ethanol production, implementing slight modifications to the beverage manufacturing process
while preserving its core conventional techniques. This study seeks to assess the performance of two yeast strain isolates,
namely Saccharomyces cerevisiae and Pichia kudriavzevii, in enhancing Feni production. These isolates were derived
from fermented cashew apple juice. Tolerance testing were carried out to evaluate the suitability of sugar and ethanol for
the purpose of ethanol production.
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worldwide weather pattern. Studies reveal that most cashew
farmers face challenges in disposing of significant quanti-
ties of waste generated during cashew processing, includ-
ing cashew apple pulp, shell nut oil, and cashew shells. As
a result, cashew producers have been motivated to explore
the production of value-added products utilizing all cashew
processing industry residues. The agro-industrial wastes
from cashew industries hold the potential to serve as a sub-
strate for the microbial synthesis of products such as man-
nitol, lactic acid, dextransucrase, and biosurfactants [1-5]
and bio-ethanol [6, 7].

Conventionally many fruits like bananas, papaya,
mango, pineapple, cashew apple, and grapes have been
extensively utilized for alcohol production [8—10]. Their
distinctive aroma get infused into the fermented liquor or
distillate, creating unique fruit-based alcoholic beverages.
The fibrous cashew apple produces highly nutrient-rich
juice and contains a staggering amount of fermentable sug-
ars, minerals, and vitamins [11]. In fact, Goa is the only
state in India where the cashew apple is effectively utilized
for “Feni” production through spontaneous fermentation
using native yeast species found in the fruit. In addition to
its primary use in producing this GI-tagged alcoholic bever-
age, a considerable portion of the distilled alcohol was also
redirected towards hand-sanitizer applications, driven by
the increased demand for sanitization products during the
COVID-19 pandemic. Concurrently, there has been a sub-
stantial surge in the demand for alcohol as a sustainable fuel
source. However, in recent years, the rising labor costs and
marginal turnover from the Feni business have compelled
some farmers to abandon their Feni-making operations and
concentrate solely on processing cashew nuts. Also, a vast
number of cashew farms having only rudimentary fermen-
tation and distillation facilities for alcohol production from
cashew apple juice could not compete with large-scale dis-
tillers, which maintain improved Feni-production facilities.
According to a report, only a small proportion of the fruits
are used for Feni production, with approximately 70% of
the whole fruits being discarded as residual pulp, which is
currently disposed of in nearby areas without any additional
processing or treatment [12].

Among the various strains employed for ethanol produc-
tion, Saccharomyces cerevisiae stands out as the most widely
utilized. Before considering any yeast strain for industrial
applications, it is crucial to conduct an evaluation of specific
physiological characteristics, including sugar tolerance,
ethanol tolerance, and invertase activity [13, 14]. Pichia-
genus yeasts are renowned for their versatility in utilizing
both pentose and hexose sugars as substrates for bioethanol
synthesis [15]. In contrast, the industrial yeast Saccharomy-
ces cerevisiae, commonly used in industry, lacks the capa-
bility to metabolize pentose sugars. This pivotal distinction
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positions Pichia as the superior choice for second-generation
bioethanol production [16]. The selection of the fermenta-
tion microorganism plays a crucial role in achieving optimal
bioethanol yield. As highlighted by Ansanay-Galeote et al.
(2001), yeasts confront depletion during fermentation due
to exposure to various environmental stressors, including
high ethanol concentrations, increased temperatures, and
osmotic pressure [17]. Also, the use of appropriate math-
ematical models, especially kinetic models, is essential for
evaluating the performance of bioethanol in fermentation.
Kinetic modeling follows an iterative process that increases
in complexity and accuracy as assumptions and parameters
are incorporated into the model.

The present study aims to evaluate the ethanol produc-
tion capabilities of two yeast strains, Saccharomyces cere-
visiae and Pichia kudriavzeviiisolated from fermented CAJ.
This assessment involves comprehensive investigation into
their sugar tolerance and ethanol tolerance. Additionally, the
study explores the use of urea as a cost-effective nitrogen
source to augment ethanol production. Furthermore, the
study investigates the kinetics of ethanol production under
anaerobic batch conditions, focusing specifically on the iso-
late Pichia kudriavzevii. The proposed model aims to eluci-
date the kinetic pattern of ethanol inhibition on the specific
growth and ethanol fermentation rates.

Materials and Methods
Raw Material

Fresh cashew apple fruits (Red colour variety-Vengurla
grade), specifically cultivated for yielding superior nut qual-
ities, were obtained from the local farm Navika c®ashew
nursery (15.75° N, 73.86° E), Mopa, North Goa. The nuts
were detached, and the fruits (peduncle) were carefully
placed in plastic boxes and transported to the laboratory.
Upon arrival at the lab, the fruits were rinsed thoroughly
several times in tap water to remove the dirt and other impu-
rities. The fruits were then cut into small pieces and the juice
was extracted by using juice blender (Bajaj, 500 W). The
fluorescent dye (Kadamba Green 264) used to visualize the
yeast strains was kindly provided by Fluoresight Bioprobes
Pvt Ltd, Goa.

Isolation of Yeast Strains

To isolate the yeast strain from the fermented CAJ, a 1 mL
sample of the juice from a test tube was carefully transferred
into 9 mL of normal saline solution (0.85% w/v). Dilutions
up to 10°® (CFU/mL) were obtained by sequentially adding
1 mL from the previous dilutions to the next. Subsequently,
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0.1 mL of sample obtained from 10® (CFU/mL) dilution
was uniformly spread onto Potato Dextrose Agar (PDA; Hi-
media) by spread-plating technique. The plates were kept
in Scigenics, Model: Orbitek Incubator (Chennai, India) at
28 °C for 2 days. The colonies that appeared on agar plates
were sub-cultured for further analysis and characterization.

Morphological Characterization by Confocal
Microscope Image

Isolated colonies of yeasts were assessed for their colony
characteristics, mainly shape, color, margin, texture [18],
and microscopic characteristics (yeast cell shape, pseudo-
hyphae, and presence/absence of budding) [19] by post-
staining method. Briefly, the yeast cultures were evaluated
for log phase growth. Serial dilutions were done until the
appropriate cell concentration (107) was reached. To obtain
the cell pellet, the grown culture was centrifuged at 7000
rpm for five minutes and the supernatant was discarded.
The obtained pellet was dissolved in 50-100ul of deionized
water. A thin smear was prepared and gradually warmed
over a flame and cooled to room temperature on a clean
glass slide. A 100 uM working solution of Kadamba Green
(KG) 264 was used to stain the cell smear for 30 min at
room temperature and the surplus staining solution was dis-
carded. The stained slide was air dried and mounted with
glycerol using the cover slip. A 405nm violet excitation
laser was used for confocal microscopy (Model: Olympus
Corporation FV3000) under 100x magnification with zoom
factor. The emission filter was set to 500-550nm.

Identification by DNA Sequencing

The selected yeast isolates DNA was extracted, and the gene
fragment was subjected to amplification by using PCR. In
25uL of the PCR reaction was contained 12.5 puL of PCR
master mix (Sigma), 50ng of DNA template, and 50 pmol of
each primer ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’)
and ITS4 (5’-TCCTCCGCTTATTGATATG-3’) were used
[20]. Amplified PCR products were purified and sequenced
commercially (Bioresource Biotech Pvt Ltd, Pune). The
obtained sequences were BLAST searched in the NCBI
database. The isolates that showed more than >0.98 identity
values were confirmed as yeast species [21].

Estimation of Reducing Sugars by DNS Method

The reducing sugar (glucose) concentration was estimated
by using DNS assay [22]. Briefly, 1.5 mL of the sample was
added to 1.5 mL of DNS reagent. The solution was mixed
thoroughly and boiled for 5 min at 100°C, and subsequently
added 0.5 mL of Rochelle salt and kept on ice for 5 min. The

total amount of reducing sugars was estimated using a UV
spectrophotometer at 540 nm.

Estimation of Ammonia, Nitrate and Nitrite Content

The content of ammonium, nitrate, and nitrite was assessed
using ammonium and nitrate strips (Quantofix test strip) and
reflectometry. To establish an exact concentration measure-
ment, each strip was immersed in the supernatant that had
been adequately diluted, bringing it within the mid-range
[23].

Effect of Optimized Carbon and Nitrogen Ratio on
Microbial Growth and Ethanol Production of potent
ethanol tolerant yeast isolates

The fresh CAJ used in the current study showed a maximum
NH, concentration of 1250 mg/L for a maximum reducing
sugar concentration of about 150 g/L, which results in the
initial C/N ratio of about 60:1. Thus a protocol was employed
to investigate the effects of varying C/N molar ratios (60:1,
50:1, 40:1, 20:1, and 10:1) on biomass concentration and
ethanol production for the potent ethanol tolerant of isolates
1 and 2 grown in fermented cashew juice. The nitrogen con-
tent in the juice was varied by supplementing appropriate
quantities of urea, since it is a widely available and inex-
pensive as compared to other organic nitrogen source such
as peptone, tryptone, and yeast extract [24]. The kinetics of
biomass growth and the DNS analysis were carried out at
the optimal C/N ratio, resulting in maximum ethanol pro-
duction. The alcohol content was measured using Electronic
Ebulliometer, BulTech 2000 (Bulgaria).

Evaluating Ethanol Tolerance of Yeast Strains

The medium used had the following composition (for 1 L
medium): 10 g glucose, 1.5 g yeast extract, 2.5 g NH,Cl,
5.5 g Na,HP04, 3 g KH,P04, 0.25 g MgSO,, 0.01 g CaCl,,
5 g citric acid, and 2.5 g sodium citrate [25]. The medium
was sterilized at 121 °C for 15 min in an autoclave and
cooled. Absolute ethanol was added, constituting varying
percentages (2.5%, 5%, 7.5%, 10%, 12.5% & 15%,v/v). A
flask without ethanol served as a control. The flasks were
inoculated with 100 uL of 24 h actively growing cell sus-
pension of respective cultures and incubated in Scigenics,
Model: Orbitek (Chennai, India) at 30 °C for 96 h in an
orbital shaker incubator set at 150 rpm. The optical density
(OD) at Agyonm of each flask was measured using a UV—
Vis spectrophotometer (Model: UV-2600 Make: Shimadzu,
Japan) using sterile medium as the blank.

An increase in the optical density with the increas-
ing incubation time of the culture was considered as the
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evidence of growth. The concentration at which the growth
of the yeast was just inhibited was considered the highest
concentration of ethanol that the strain could tolerate [11,
13].

Sugar Tolerance of Yeast Strains

The isolated yeast strains were screened for sugar tolerance
in the medium used had the following composition (for 1 L
medium): 1.5 g yeast extract, 2.5 g NH,Cl, 5.5 g Na,HP04,
3 g KH,P04, 0.25 g MgSO,, 0.01 g CaCl,, 5 g citric acid,
and 2.5 g sodium citrate [25] and glucose in varying concen-
trations of 100 g, 150 g, 200 g, and 250 g. The medium was
sterilized at 121 °C for 15 min in an autoclave and cooled.

To a sterile medium, the cell concentration of 1 x 10° cfu/
ml suspension (12 h old culture) was added to an individual
flask containing different glucose concentrations. The flasks
were incubated in an orbital shaker incubator at 150 rpm,
30 °C for 96 h. The absorbance at Ag,, nm of each flask
were measured using a UV—Vis spectrophotometer (Model:
UV-2600 Make: Shimadzu, Japan) for every 12 h up to a
maximum observation period of 96 h.

Kinetic Models for Ethanol Production (Synthetic
Medium)

The modified Monod model was used to evaluate the effect
of product inhibition on growth and fermentation rates
described by Luong 1985 [25]. The following model equa-
tions are as follows:

2 P @ .
ZU =1- ( Pm,) (for growth rate) M
i P\? .
=1 (for production rate) )
Yo le

For P#0, the Eqgs. (1) and (2) can be rearranged as follows:

ln(l—Zi)—alnP—alan 3)

In <1 - ”i) — BInP —BInPr, 4)
v(}

Where,

P — ethanol concentration (g/L).

P, - ethanol concentration above which cells do not grow
(@/L).

Pr,, - ethanol concentration above which cells do not
produce ethanol (g/L).
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W; _ specific growth rate of microorganisms in the pres-
ence of ethanol (1/h).

U, — maximum specific growth rate of microorganisms at
zero ethanol concentration (1/h).

v; — specific rate of ethanol production in the presence of
ethanol (g /g™.h).

v, — maximum specific rate of ethanol production at zero
ethanol concentration (g /g .h).

a and B are the dimensionless constant defined in
equations.

Fermentation Efficiency

Microorganisms convert fermentable sugars into ethanol
and carbon dioxide during alcohol fermentation. Equation 5
demonstrates the general chemical formula for alcoholic
fermentation using glucose as the primary carbon substrate.

CeH1206 — 2C3H50H + 2C0O4 5)

For complete conversion, one mole of glucose leads to two
moles of ethanol and two moles of carbon dioxide, accord-
ing to Eq. (5). The yield of ethanol to consumed sugar (g/g)
was defined as:

. (Ethanol)
Yield of ethanol (g/g) =
feld of ethanol (g/g) Substrate consumption ©)

The ethanol productivity (g/.L.h) was calculated as the ratio
of ethanol concentration (g/L) at the fermentation time (t, h)
as given in Eq. (7)

(Ethanol)

Ethanol productivity (g/L.h.) = Permentation time @)

Results and Discussion

Isolation, Identification, and Characterization of
Potent Yeast Strain

In recent years, genetic breeding initiatives have signifi-
cantly improved the reducing sugar concentrations in a num-
ber of fruits; however, during the fermentation process the
yeast cells should be able to tolerate such a high concentra-
tion of reducing sugars for optimal ethanol production [26].
The sugar and ethanol tolerance levels vary from genus to
genus of yeasts and hence there is a strong need to isolate a
potent ethanol tolerant yeast strains for enhancing the etha-
nol yield through fermentation process. Thus, with an objec-
tive to improve the ethanol yield in the final fermented CAJ.
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Based on the morphological characteristics depicted in Fig.
1, it appears that the two isolated strains are yeast species and
tested for physiological properties such as ethanol and sugar
tolerance in this study. The chosen yeast exhibited smooth,
white colonies with glossy surfaces when grown on Potato
Dextrose Agar (PDA). The microscopic features consisted of
oval cells exhibiting budding. The phylogenetic tree analy-
sis revealed that the isolates 1 and 2 under this study were
identified as Pichia kudriavzevii and Saccharomyces cerevi-
siae (Figs. 1 and 2) with a similarity percentage of identifica-
tion over 99%. This finding aligns with the existing literature,
as the yeasts isolated from oranges in the greater Mekong
subregion had same morphological traits [27]. Undoubtedly,
yeast is widely distributed and has the ability to thrive on var-
ious substrates [14]. To confirm these results, a polymerase
chain reaction (PCR) was carried out and the amplified PCR
products were run in the agarose gel. Figure 2 illustrates the
amplicon photograph of both the isolates with respect to the
existing genetic database that shows similar bands of 517 bp
and 797 bp for P. kudriavzevii and S. cerevisiae respectively
with the reference ladder of 100 bp in the 1% agarose gel.
While Saccharomyces cerevisiae has been reported to be the
potent ethanol producer by a number of researches [13, 14,
26]. The P. kudriavzevii isolate has become a promising sub-
stitute for the commonly employed S. cerevisiae in the produc-
tion of second-generation bioethanol, attracting substantial
attention. Significantly, it has exceptional inherent resilience
to stress caused by lignocellulosic inhibitors, osmotic stress,
and high temperatures. Furthermore, this specific yeast strain
exhibits the ability to attain increased ethanol production
while effectively overcoming the negative effects caused by
high ethanol concentrations. In recent research, a strain of the
thermotolerant yeast P. kudriavzevii was tested for its capac-
ity to ferment steam-exploded wheat straw hydrolysate into
high-gravity bioethanol. In lignocellulosic hydrolysates, the
isolated strain enhanced ethanol production by >24% [27].
In order to boost Feni production, we have also employed the

Fig. 1 Confocal microscope
(100x magnification with zoom
factor) fluorescent KG-stained
images of two isolates from
fermented cashew apple juice. (a)
MA- Pichia kudriavzevii (b) KA-
Saccharomyces cerevisiae

strain P. kudriavzevii in this investigation, which was isolated
from fermented cashew apple juice.

Ethanol Tolerance Studies

In this study, the mineral medium was used to evaluate the
ethanol tolerance of yeast strains isolated from fermented
cashew apple juice. From an economic standpoint, the ability
to withstand various environmental stresses, such as osmolar-
ity and ethanol, is paramount when selecting yeast strains for
effective ethanol fermentation. Since the plasma membrane
of unicellular organisms plays a vital role in their interactions
with the environment, its properties are likely to significantly
influence the cells’ tolerance to the changes that occur during
fermentation. Hence, the ethanol tolerance capacity of a yeast
strain is inherently linked to its specific type [11, 13, 14].

In the present study, the maximum percentage of ethanol
(v/v) which inhibited the growth of Pichia kudriavzevii and
Saccharomyces cerevisiae were evaluated to be 10% and 5%,
respectively. A 10% ethanol concentration completely inhibited
the growth of the Pichia kudriavzevii isolates. This is because
ethanol inhibits yeast growth, cell division, and reduces cell
volume and specific growth rate. Furthermore, high concen-
trations of ethanol diminish cell vitality and increase cell mor-
tality. When selecting yeast strains for ethanol fermentation,
it is crucial to emphasise their ability to withstand various
environmental challenges, such as osmolarity and ethanol.
The plasma membrane of unicellular organisms plays a vital
role in their interactions with the environment, as it is expected
to significantly affect the cells’ resistance to the changes that
take place during fermentation. Hence, the ethanol tolerance
capability of a yeast strain is inherently linked to its specific
type [14]. Figures 3 and 4 illustrate the biomass growth of the
isolates P, kudriavzevii and S. cerevisiae in increasing ethanol
concentration. As a general trend, increase in ethanol concen-
tration decreased the growth of the biomass and increased the
lag phase in both the strains.

@ Springer
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Fig. 2 Amplicon photograph of
Isolated Yeast Organism. Lane L-
100 bp ladder, Lane MA- Pichia
kudriavzevii, KA- Saccharomyces
cerevisiae

The ethanol tolerance by cells is correlated to their abil-
ity to withstand osmotic pressure. Osho (2005) demonstrated
this aspect of strain tolerance using four strains isolated from
fermenting cashew apple juice, which showed significant
growth in a medium containing 9% (v/v) ethanol. By employ-
ing such efficient yeast isolates with high ethanol tolerance
to enhance ethanol yields during fermentation, it is possible
to reduce distillation costs and consequently increase the
overall profitability of the process [28]. In another investi-
gation, Techaprin et al. (2017) found that most of the yeast
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isolates were able to withstand ethanol concentrations of up
to 10% (v/v). The ethanol tolerance of the P. kudriavzevii
strain identified in this current study aligns with the previ-
ously published findings [29] and hence should be suitable
for producing alcoholic beverages like double-distilled Feni.
P kudriavzevii showcases notable resilience in the face of
diverse stressors, including osmotic stress [30], thermal
stress [31], and challenges posed by lignocellulosic inhibi-
tors [32]. Furthermore, this yeast boasts impressive ethanol
yields and exceptional resistance to end-product inhibition
induced by high ethanol concentrations.
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Ethanol tolerance in yeast isolates has been reported
in the range of 15-20% (v/v). In recent study, wild yeast
strains from Ethiopian sugar factories were isolated for
bioethanol production using sugarcane molasses as the
substrate. Seven strains, including Meyerozyma carib-
bica MITm3, MJTPm4, SHJF), S. cerevisiae TA2, and
Wickerhamomyces anomalus (MJTPm2, 4m10, HCJ2F),
showed ethanol tolerance up to 18%. Strain MJTm3 of
M. caribbica exhibited an even higher tolerance of 20%
[33]. On the other hand, seven yeast strains were iso-
lated from locally fermented foods in Indonesia. Among
them, Strain FO8b displayed exceptional resilience to
high temperatures and ethanol, withstanding up to 17%
ethanol concentration. Another isolate, FO1, thrived in

Table 1 Effect of ethanol concentration (P) on specific growth () of
the isolate Pichia kudriavzevii in the mineral medium

P, g/L (%v/v) )
0(0) 0.680

1.98 (2.5) 0.541
3.95(5.0) 0.317

5.93 (7.5) 0.108

7.90 (10.0) 0.059

9.88 (12.5) No growth
11.85 (15.0) No growth

high ethanol environments, reaching an impressive 18%
ethanol tolerance level [34]. In another investigation, the
experiments were conducted on studying thermotoler-
ant yeast strains to improve the production of ethanol at
high temperatures. A total of 222 yeast isolates were iso-
lated from soil samples collected in sugarcane fields in
Thailand. Two yeast strains, specifically P. kudriavzevii
NUPHS33 and NUPHS34, shown exceptional resistance
to ethanol, tolerating concentrations as high as 15% (v/v).
Additionally, these strains indicated the capacity to thrive
at temperatures reaching 45 °C. Remarkably, these strains
demonstrated markedly enhanced ethanol production
capacities in comparison to the industrial strain S. cerevi-
siae TISTR5606 [30]. These findings highlight the poten-
tial of these yeast strains for robust bioethanol production
in industrial applications.

In our study, since P. kudriavzevii showed higher ethanol
tolerance than S. cerevisiae, it was chosen for further model-
based prediction of important kinetic parameters towards
improved fermentation process. The influence of alcohol
concentration on specific growth rate of P. kudriavzevii is
presented in Table 1.

Sugar Tolerance Studies

Sugar utilization during fermentation is an essential physi-
ological property of yeast strains used for industrial ethanol
production [11]. Also, depending upon the type of cultivar, the
reducing sugar concentration in the juice of freshly harvested
cashew apples has been found to be in the range of 100 to
150 g/L, and this demands the study on sugar tolerance of the
yeast cells for a successful fermentation. In the current study,
increasing the sugar concentration, decreased the growth rate
of the biomass but increased the final ethanol concentration
(Fig. 5a and b). Although two isolates could withstand the
highest sugar concentration (25%, w/v), the growth observed
in the 25% sugar-containing medium was much less than in
the medium containing 15% sugar concentrations.

At high sugar concentrations, increase in osmotic pres-
sure of fermenting medium inhibits growth of yeasts.
During fermentation, this abrupt shift in physiological con-
ditions places yeast cells under water and ethanol stress. The
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Fig.5 (a) Growth curve of Pichia kudriavzevii and (b) Saccharomyces
cerevisiae in varying glucose concentration (% w/v)

highest growth was observed at 10% (w/v) sugar concen-
tration within the first 12 h of incubation for both isolates.
The tolerance of isolates was reduced with increasing sugar
concentrations—the present investigation also agrees with
other reports [11-13]. Yeasts utilize sugars as a significant
source of carbohydrates to produce alcohol and acid dur-
ing the incubation period. In this study, the inhibitory effect
of sugar was observed on both isolates, irrespective of the
fact that sugar is the chief carbon source required for yeast
growth. As aresult, increased sugar concentrations showed a
reduction in the optical density of the culture. Although, the
25% sugar concentration produced a high alcohol content
(8.51% v/v) with the isolate Pichia kudriavzevii however
from the (Fig. 6), it is noted that the Y/g value of 0.027 g/g
at 25% (w/v) sugar concentration was significantly less as
compared to Yp,g of 0.037 g/g at 15 % (w/v). The influence
of varying glucose concentration on specific growth rate of
P, kudriavzevii is presented in Table 2.
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representing 23 distinct species. Among these, Kluyvero-
myces marxianus, Hanseniaspora uvarum, Saccharomyces
cerevisiae, Zygosaccharomyces rouxii, Candida tropicalis,
and Pichia kudriavzevii were particularly prominent.
These strains demonstrated a remarkable capacity to thrive
in varying concentrations of glucose, similar to the sugar
concentration of 50% (w/v) typically found in apple juice
products. Notably, Zygosaccharomyces rouxii stood out as
the most robust, displaying an impressive tolerance to a high
glucose concentration of 70% (w/v). This study highlights
the remarkable adaptability of these strains to challenging,
sugar-rich environments [35].

One crucial reason for screening yeasts for ethanol and
sugar tolerance is that not all yeast isolates withstand higher
levels of ethanol and could produce ethanol at the required
concentrations. The isolate P. kudriavzevii showed tolerance
to moderate to higher concentrations of sugar and ethanol
when compared to the isolate S. cerevisiae. Hence the iso-
late P. kudriavzevii can be considered a suitable organism
for further evaluating the suitability for producing Feni (an
alcoholic beverage from fermented cashew apple juice)
with higher alcohol content.
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Ethanol Inhibition Kinetics of Pichia Kudriavzevii

The experimental data for ethanol and sugar tolerance studies
are fitted in the model equations for biomass growth and etha-
nol production rate mentioned under Sect. 2.9 of this paper
and the obtained kinetics parameters are estimated and com-
pared with the reported literature data as shown in Table 3.

Ghose & Tyagi established the kinetic relationships of
growth, substrate utilization, and product formation during
ethanol fermentation of cellulose hydrolysate and predicted
the maximum ethanol concentration above which cells
inhibit the growth (P,) and alcohol production rate (P’,).
The proposed model predicted that the maximum ethanol
concentration above which cells do not grow was 80 g/L.
This P, value was compared with the literature data and it is
87 g/L [36]. The suggested model also predicted that 96 g/L
would be the maximum ethanol production level over which
cells would cease to produce ethanol. The value of P*  that
Ghose and Tyagi anticipated was 114 g/L [36]. The fact that
the best-fit value for P was almost 1, showing a straightfor-
ward linear relationship between v;/v, and P, with an aver-
age R? value of 0.972, is noteworthy (Fig. 7a).

Bazua and Wilke’s data reported that the estimated P and
P’,, values were 107.8 and 114 g/L and obtained best-fit val-
ues 0f 93.84 and 93.1 g/L, respectively. The estimated values
of the empirical constants were 1.65 and 1.81, respectively.
With an R? value of 0.988, the best-fit P value in the current
research was very close to 1, demonstrating a linear connec-
tion between p;/p, and P (Fig. 8a). It was determined that
the obtained empirical constants o and B were found to be

Table 3 Ethanol concentrations for employing various microorgan-
isms

Microorganisms P, P’ Refer-
(g/L) (g/L) ence
Saccharomyces cerevisiae (ATCC 4126) 112 115 [25]
Saccharomyces cerevisiae (NRRL-Y-132) 87 114 [36]
Candida pseudotropicalis - 240 [37]
Saccharomyces cerevisiae (Batch) - 110 [38]
Saccharomyces cerevisiae (Fed-batch) - 130 [38]
Pichia kudriavzevii 80 96 Present
work
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Fig. 7 The effect of ethanol production rate during batch experimen-
tation with different alcohol concentrations. (a) v;/v, plotted against
ethanol concentration (b) In (1-v;/v,) vs. In P for the experimental data
obtained in this study

0.99 and 1.05, respectively. Straight-line results were also
observed when In (1-v;/v,) or In (1- p/p,) vs. In P with R?
values of 0.76 and 0. 982, respectively (Figs. 7b and 8b).
The predicted P, and P’ , values of this study obtained from
the modified Monod equation are presented in Table 4.

In a recent study, Ghods (2020) performed the kinetics of
bioethanol production from xylose using Pichia stipitis with

Table 4 Model parameters for the

modified Monod’s equation

Model Pm (g/L) P’m (g/L) R-Square
mo_q r\“ 80 - 0.988
Ho o (Pm)

) 76 - 0.982
In (1 — //lt:)) = alnP — alnP,,
v r\? - 96 0.972
’Ur; = 1 - (P/m)

97 0.76

in (1= 1) =8P - BinPr,
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Fig. 8 The effect of ethanol on growth rate during batch experimen-
tation with different alcohol concentrations. (a) p/p, plotted against
ethanol concentration (b) In (1-p;/p,) vs. In P for the experimental data
obtained in this study

the development of a MATLAB mathematical model (based
on the combined Andrews and Levenspiel’s model with
oxygen limitation and inhibition terms included), consider-
ing the effects of substrate, oxygen, biomass, and product
concentrations on sugar utilization, growth rate, and ethanol
formation. Different aeration levels (0.0, 0.1, and 0.2 vvm)
and different initial biomass concentrations (0.3, 1.5, and
3 g L") were tested, in which the combination of aeration
at 0.1 vvm and a biomass concentration of 3 g/L resulted in
the highest ethanol yield and productivity of 0.45 g/g and
0.75 g/L/h. respectively [39]. The flocculant yeast S. cere-
visiae CCA008, cultured on cashew apple juice, was used
to produce ethanol in another investigation, and the effects
of stirring speed, substrate, starting cell concentrations, and
temperature were investigated. Results have demonstrated
that the model herein proposed was capable of accurately
describing the ethanol production by S. cerevisiae floccu-
lant yeast taking into account the influence of operational

@ Springer

conditions like substrate concentration of 70—-170 g/L tem-
perature from 26 to 42 °C, especially the effect of the stir-
ring speed from 80 to 800 rpm with an apparent mean error
(9.77%) for the fermentation rate [40].

Costa et al. (2012) conducted a study to assess the effi-
ciency of batch and fed-batch fermentation using the strain
S. cerevisiae (F13A) in an aerated stirred tank reactor
(STR) for producing ethanol from concentrated carob pulp
extracts. The study also examined the kinetics of sugar con-
sumption and the impact of ethanol inhibition. In the fed-
batch fermentation experiments, the highest concentration
of ethanol reached was 130 g/L. The theoretical yield was
between 0.47 and 0.50 g/g, and each batch run resulted in an
ethanol concentration of 100-110 g/L. The conversion effi-
ciency was 90-95% [38].

The proposed model suggested that the ethanol concen-
tration at which cells do not produce ethanol was slightly
higher than that above which cells do not grow in the
medium. P and P’ values were estimated to be 80 and
96 g/L, respectively. In contrast, study reported that the
value of P’ was predicted to be 240 g/L. However, the
value of P was not obtained [37]. Such information will be
valuable in determining whether the cells can produce etha-
nol even after they stop growing. Therefore, the physiologi-
cal circumstances of the microorganism and the medium in
which they can grow and produce ethanol are the causes of
the variations in the given experimental results. The sug-
gested kinetic model seems to be beneficial for anticipating
the rates of microbial growth and ethanol production.

Effect of Optimized C/N Ratio on the Microbial
Growth and Ethanol Production from CAJ using the
Potent Ethanol Tolerant Strain P. Kudriavzevii

The use of affordable carbon sources is currently viewed as
a practical approach. As a result, the raw materials needed
for industrial ethanol production must satisfy several crite-
ria, including affordability, low contaminant levels, quick
fermentation rates, high yields, and constant availability [2].
This study investigated the effect of various C/N ratios on
the biomass concentration and the ethanol production of the
isolate P. kudriavzevii from fermented cashew apple juice
(CAlJ). The organic nitrogen source urea was supplemented
with CAJ for ethanol production since the juice has a low
protein content. However, they are rich in reducing sugars,
minerals and vitamins [24].

On an average, microbes consisted of about 50% car-
bon and 6-13% nitrogen, with carbon serving as the pri-
mary substrate for cell development. Meanwhile, nitrogen
sources played a crucial role in the production of enzymes,
proteins, and nucleic acids, all of which are essential for the
formation of new cells [41]. Urea, Yeast extract, tryptone,
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and peptone are examples of organic nitrogen sources, @) - 160

) . . 84— ~—
whereas ammonium sulfate, ammonium nitrate, and ammo- " / " L 140 ~

nium chloride are examples of inorganic nitrogen sources.
Since the total nitrogen content in the cashew apple juice
was much less 600 mg/L obtained in the present study, the
addition of nitrogen supplements in the juice could enhance
the production of ethanol. The adequate nitrogen levels in
the medium are crucial as they provide the necessary com-
ponents for yeasts to synthesise proteins, carry out enzy-
matic reactions, and maintain overall cellular health. These
factors collectively enhance the efficiency of ethanol pro-
duction during fermentation. Nevertheless, it is crucial to
uphold an appropriate balance, since both excessive and
inadequate nitrogen levels can have an adverse impact on
fermentation and the production of ethanol [41].

In a study, the author reported that Carbon-to-nitrogen
ratios (C/N) ranging from 15 to 70 on a mass basis have
been employed for various aerobic and anaerobic micro-
organisms. However, deviating from this ideal range can
lead to complications. A high C/N ratio results in a nitro-
gen deficiency, thereby impeding the growth rate due to an
inadequate number of cells to sustain an active microbial
biomass. Conversely, a low C/N ratio with high nitrogen
content can lead to the evolution of toxic ammonia, effec-
tively halting the fermentation process. This emphasizes the
crucial role of both macro and micronutrients in enabling
proper microbial metabolism, necessitating their presence
in precise ratios and concentrations within the substrate.
Additionally, it underscores the significance of the initial
C/N ratio as a pivotal factor influencing growth and produc-
tion rates [41].

The present work investigated the effect of various
C/N ratios, such as 60:1, 50:1, 40:1, 20:1, and 10:1, on
the biomass concentration and ethanol production by P.
kudriavzevii. Results revealed that the ethanol concentra-
tion of 6.78% (v/v) was obtained when the juice was sup-
plemented with the urea at the optimal C/N molar ratios
of 40:1. Figure 9(a &b) shows the effect of C/N ratio on
the biomass and reducing sugar concentration and it is
found that 40:1 (C/N) ratio gives better production. The
C/N ratio significantly influences ethanol production in
microbial fermentation. It plays a vital role in promoting
the efficient growth and reproduction of yeast by aiding the
conversion of the carbon source into ethanol. Optimizing
the C/N ratio not only reduces inhibitory effects but also
improves the nutrient utilization, resulting in increased
ethanol production per substrate. The ideal ratio mentioned
above enhances the yeast’s ability to withstand stressors
that arise during fermentation, hence ensuring a steady and
continuous increases in ethanol production. On the other
hand, an extremely low C/N ratio can result in increased
cell mass production but a simultaneous decrease in
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Fig.9 Effect of C/N ratio with P. kudriavzevii isolate (a) Growth curve
of optimized 40:1 (C: N) ratio and the respective reducing sugar con-
centration. The points in the graph are the average of the two experi-
mental values with standard deviation of + 5% limit (b) Ebulliometer
analysis for the effect of different C/N ratios on Ethanol production

ethanol concentration. As a result, maintaining an optimal
C/N ratio is crucial for reducing nitrogen usage, maximiz-
ing ethanol yield, and promoting cost-effectiveness in the
fermentation process [40, 41, 44].

In recent work, the researcher reported that the addition
of an inorganic nitrogen source in the form of ammonium
sulfate to fresh longan juice (FLJ) could bring the C/N molar
ratio down to 39.07 + 0.48 or decrease by 30.12+5.77 times
with non-supplemented FLJ. Culturing Candida tropicalis
TISTR 5306 in this medium could produce 12.9+0.5 g/L
dried biomass and 22.3+ 1.1 g/L ethanol [42]. In 2019, the
same research group experimented with cultivating the iso-
late C. tropicalis TISTR 5306 with FLJ supplemented with
ammonium sulfate as the nitrogen source for ethanol pro-
duction. Results revealed that 24.0 + 1.1 g/L of ethanol con-
centration was obtained from the optimal C/N molar ratio of
21.88+0.20 [43].
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Table5 Various parameters of ethanol production by Pichia kudriavze-
vii using CAJ supplemented with urea as the organic nitrogen source

Parameter Obtained results from this study
o () 0.65
Yo (227" 0.34
Ypix (28 D) 6.25
Yys (287 0.06
*n (%) 66.66
Qp (gL Lh™h 0.71

Manikandan and Viruthagiri (2010) evaluated the cocul-
ture fermentation of Aspergillus niger and S. cerevisiae in
batch cultivation using 6% w/v of tapioca flour as the car-
bon source and peptone and yeast extract as the nitrogen
sources. Investigating the effects of C/N ratios ranging from
3.5 to 35.2 on ethanol and biomass concentration levels, the
ideal C/N ratio of 35.2 was found. The maximum ethanol
concentration was 8.85 g/L, while the maximum biomass
concentration was 15.3 g/L at this C/N ratio [44]. In the
current study, the isolate P. kudriavzevii produces the most
ethanol concentration at a maximum rate of 51 g/L with a
Y5 value of 0.34 g. g1, the productivity of 0.71 g/L/h with
a theoretical conversion efficiency of 0.51, and an optimal
C/N ratio of 40:1. These findings demonstrated the distinc-
tion between the facultatively fermentative nature of Can-
dida yeasts and the Crabtree-positive S. cerevisiae in the
partitioning of the C—metabolism between cell growth and
fermentative products like ethanol [42]. The various param-
eters of ethanol production by P. kudriavzevii using CAJ as
a carbon source supplemented with urea are presented in
Table 5.

* The efficiency (1) was calculated based on the theoretical yield value of 0.51 g/g
and increase in the ethanol yield obtained in this study with a YP/S value of 0.34 g/g

Conclusion

The vast potential lies within cashew apples and the residual
pulp waste generated after juice extraction. These resources
can be harnessed effectively through microbial fermenta-
tion, yielding a range of valuable products such as bioetha-
nol, hydrolytic enzymes, lactic acid, biosurfactants, wine,
and Feni. Extensive literature research and on-site visits to
cashew farming sites make it evident that achieving a trans-
formative improvement in the industry hinges on adopting
holistic cultivation practices and efficient waste manage-
ment, especially concerning cashew apples. Furthermore,
there is an urgent need for a substantial upgrade in process-
ing techniques to enhance the quality, marketability, and
international export potential of Feni production, which
serves as the mainstay of India’s cashew processing sector.

@ Springer

In this research, potent ethanol tolerant yeast strains were
isolated from fermented cashew apple juice (CAJ) and char-
acterized using conventional morphological methods. The
homology and phylogenetic analysis revealed that the iden-
tified isolates belonged to P. kudriavzevii and S. cerevisiae.
Notably, these strains demonstrated a remarkable tolerance
to stressful conditions, including ethanol and sugar toler-
ance tests. The isolate P. kudriavzevii exhibited significantly
higher ethanol and sugar tolerances, viz., 10% (v/v) and
25% (w/v), respectively. As aresult, P. kudriavzevii presents
itself as a promising candidate for ethanol production under
high osmotic pressure conditions. Moreover, optimizing
the cultivation of P. kudriavzevii in cashew apple juice with
urea supplement using a C/N molar ratio of 40:1 resulted
in significant increase in ethanol titres. This configuration
produced a maximum ethanol concentration of 51 g/L, with
a Yp,g value of 0.34 g/g, a productivity rate of 0.71 g/L/h,
and a theoretical conversion efficiency of 0.51 g/g. Further-
more, the study explored the kinetics of ethanol inhibition
during alcohol fermentation. The findings revealed that the
maximum ethanol concentration, beyond which cell growth
was inhibited, was 80 g/L. Additionally, the threshold for
maximum ethanol production, beyond which cells did not
produce more ethanol, was found to be 96 g/L. In conclu-
sion, this study suggests that employing mixed cultures,
such as Saccharomyces cerevisiae and non-Saccharomyces
yeasts supplemented with organic nitrogen sources, may
offer a feasible approach to enhance ethanol yield derived
from fermented cashew apple juice.
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