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Vegetable oil extraction generates high amounts of by-products, which are

designated as oil cakes. Since the current strategies employed for oil cakes’

reuse are linked with some drawbacks, identification of alternative approaches

to decrease the environmental impact and promote a circular economy is of

vital importance. In general, these materials are characterized by high fiber

content, making them suitable to be employed in solid state fermentation

(SSF). Filamentous fungi have been the microorganisms mostly applied in SSF

and yeasts were applied in less extent. In the present work, three by-products

from the extraction of olive, sunflower, and rapeseed oils were used as solid

substrates in SSF for lipase and protease production by Yarrowia lipolyticaW29.

Oil cakes mixtures composition was optimized for the production of each

enzyme using a simplex-centroid design of experiments. A 50% (w/w) mixture

of olive cake (OC) and sunflower cake (SC) led to the highest lipase production,

while a combination of the three oil cakes was most suitable for maximum

protease production. Both enzymes were produced at maximum levels in a

short period of 48h. This work demonstrated that enzyme production by Y.

lipolytica W29 in SSF can be modulated by the di�erent combinations of oil

cakes in the substrate mixture. Additionally, the potential of using by-products

from vegetable oil industries in SSF processes was also demonstrated, showing

alternative strategies for their valorization.
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Introduction

Oleaginous crops are highly cultivated worldwide and their production reached 500

million tons between 2018 and 2020.Moreover, an increase in the production is expected,

reaching 600 million tons by 2030 (OECD-FAO, 2021). These crops are mainly used

for oil extraction, which can be used for human consumption and biodiesel production

(Waseem et al., 2017). The oil extraction generates large amounts of solid by-products,
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named oil cakes, and the great demand for vegetable oil

production in the next decade will certainly result in increased

production of these by-products (OECD-FAO, 2019; Singh et al.,

2022).

Oil cakes obtained after rapeseed and sunflower oils

extraction, two of the most oilseed crops produced, can be

employed as animal feed since these by-products are rich

in protein (Lomascolo et al., 2012). However, the presence

of antinutritional factors, such as tannins, phytic acid, and

glucosinolates, may have a negative impact in animal health

and growth performance. In contrast, olive oil extraction

results in the production of olive cake (OC) with low protein

content (Leite et al., 2016). These materials are mainly used

for energy production by combustion owing to their high

calorific value and are often submitted to a drying process and

solvent extraction processes that have a negative environmental

impact (Christoforou and Fokaides, 2016). Therefore, more eco-

friendly options should be explored. Olive cakes are a source

of value-added compounds and several green techniques have

been used for their extraction (Gullón et al., 2020). Though OC

is not usually utilized as animal feedstuff due to its low protein

and high fiber content, there are some studies attempting their

incorporation in animal feed formulations (Joven et al., 2014;

Abid et al., 2020; Neofytou et al., 2020). Regardless of the oil

cakes applications, these by-products are still unexploited and

other approaches for their up-grading must be evaluated. Due

to their composition, oil cakes can act as a substrate in solid

state fermentation (SSF) processes for their biotransformation

and the production of bioactive compounds, such as enzymes.

However, single oil cakes may not have the suitable nutritional

composition to allow optimal microbial growth and target

compounds production. Thus, mixing oil cakes from different

sources may lead to optimal composition for SSF.

Lipases, which are enzymes that can be obtained by SSF of

oil cakes, are involved in several reactions, such as esterification,

transesterification, and aminolysis of lipids, hydrolysis of

triacylglycerols, and synthesis of esters. Their versatility in terms

of applications, such as in food industry, wastewater treatment,

pharmaceuticals, cosmetics, leather processing, and biodiesel

production, increased the interest in the production of these

enzymes (Salihu et al., 2012; Navvabi et al., 2018). Another

type of enzyme with industrial relevance is protease, which is

responsible for the hydrolysis of peptide bonds from proteins

and polypeptides. This enzyme is mostly used in the detergent,

pharmaceutical, and food industries (Razzaq et al., 2019).

Yarrowia lipolytica is a non-conventional yeast naturally

found in environments rich in fats and/or proteins, such

as dairy products (Gonçalves et al., 2014). This oleaginous

yeast is broadly used in biotechnological processes to produce

enzymes, surfactants, aromas, erythritol, and lipids (Lopes et al.,

2022). Most of these studies were performed in submerged

fermentation, however, it the recent years, a growing interest

arose in the application of Y. lipolytica in SSF processes.

The ability of Y. lipolytica to grow under mycelium form

constitutes an advantage for SSF since the formation of hyphae

can increase substrate colonization and nutrients assimilation,

resulting in higher microbial growth and production rates.

Lipase has been successfully produced by this yeast using, as

solid substrates, palm kernel (Imandi et al., 2010), mustard

oil (Imandi et al., 2013), cottonseed (Farias et al., 2014) and

canola (Souza et al., 2017) cakes, and soybean meal (Souza et al.,

2017). In most cases, medium supplementation was needed for

lipase production. Though two studies reported the production

of lipase using by-products from olive oil extraction (Moftah

et al., 2013; Lopes et al., 2016), to our knowledge, rapeseed

cake (RC) and sunflower cake (SC) have not yet been explored

as solid substrates for the production of this enzyme by Y.

lipolytica. Despite some reports of protease production by Y.

lipolytica in submerged fermentation and its application in milk

proteins hydrolysis (Dabrowska et al., 2020) and biopeptide

synthesis (Pokora et al., 2017), its production in SSF is

still underexplored.

In this work, the potential of using OC, SC, and RC

as solid substrates for lipase and protease production by Y.

lipolytica was evaluated. A simplex centroid mixture design

was used to obtain the optimum oil cake mixture for the

production of these enzymes. Additionally, characterization

of the remaining solid substrate after enzyme extraction was

performed to evaluate its potential use in other industries,

promoting a circular economy.

Materials and methods

Microorganism

Yarrowia lipolytica W29 (ATCC 20460) were stored at

−80◦C in 30% glycerol solution and revived in YPD agar

medium (glucose 20 g/L, peptone 20 g/L, yeast extract 10

g/L, agar 20 g/L). For inoculum preparation, yeast cells from

an agar plate were cultivated overnight in 100mL of YPD

(glucose 20 g/L, peptone 20 g/L, yeast extract 10 g/L) medium

in 500-mL Erlenmeyer flasks in a rotary shaker at 200 rpm

and 27◦C.

Oil cakes characterization

Rapeseed cake and sunflower cake, acquired in dry

conditions from a Portuguese vegetable oil production industry

(Iberol SA), were milled and stored at room temperature. Olive

cake, collected in wet conditions after olive oil extraction in a

two-phase olive mill of the Portuguese northern region (Achsula

SA), was stored at−18◦C owing to its high moisture content.

Moisture content and ashes were determined by drying the

oil cakes at 105◦C for 24 h and 550◦C for 2 h, respectively,
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according to the standard methods from AOAC (2005). The

quantification of lipids was performed gravimetrically after

extraction with chloroform and methanol (2:1, v/v) as described

by Ferreira et al. (2020). Total nitrogen was measured by the

Kjeldahl method, which was converted to crude protein content

by using a factor of 6.25. Organic carbon was quantified using

a Thermo Finnigan Flash Element Analyzer 1112 (San Jose, CA

USA). Quantification of cellulose, hemicellulose, and lignin was

performed as described by Leite et al. (2016). Acid detergent fiber

(ADF) was calculated using the percentages of hemicellulose and

lignin. The values of hemicellulose, lignin, and cellulose were

used to determine neutral detergent fiber (NDF).

Optimization of substrate composition
for enzymes production under SSF

A simplex centroid mixture design was used to select the

best mixture of oil cakes for lipase and protease production

by Y. lipolytica W29. The components of the mixture, OC,

RC, and SC, were studied in four levels: 0%, 33.3%, 50%, and

100% (w/w) and nine runs were performed with two replicates

of the central point. The proportions of oil cakes in each run

are presented in Table 2.

The following equation is a representation of the model that

best fitted the experimental results:

Y = β1 x 1 + β2 x 2 + β3 x 3 + β12 x 1 x 2

+ β13 x 1 x 3 + β23 x 2 x 3 + β123 x 1 x 2 x 3

(1)

Where Y represents the predicted response, β is the regression

coefficients of the model, and x is the independent variables.

Fermentations were carried in 500-mL Erlenmeyer

flasks containing 10 g of dry solid substrate. Distilled

water was added to moist the substrates prior to

sterilization at 121◦C for 15min. The solid substrate

was inoculated with 2mL (3.8mg of cells per g of solid

substrate) of inoculum suspension leading to a moisture

content of 75% (wet basis) and incubated at 27◦C for

2 days.

Using the best substrate composition, fermentations

were performed to evaluate the enzymes production over

time by sampling all fermented material in one flask

each day. Autoclaved solid substrate without inoculation

was used as control and was extracted as described for

SSF experiments.

Enzymes extraction

For enzymes extraction, a solution of 10 g/L NaCl and

5 g/L Triton X-100 was added to the fermented solid

substrate in a solid/liquid ratio of 1:5 (g:mL). After 30min

of agitation in a rotary shaker at 200 rpm and room

temperature, a liquid extract was obtained by pressing and a

sample of the liquid extract was collected for cell counting.

This step was followed by centrifugation at 8,000 rpm and

4◦C for 10min. The supernatant was stored at −18◦C. The

remaining solid was dried and stored at room temperature for

further analysis.

Analytical methods

The aqueous extracts were characterized in terms of cellular

density, lipase and protease activity, reducing sugars, and soluble

proteins concentration.

Cellular density was determined by cell counting in an

Olympus BX51 microscope. The cell number was converted to

dry cell mass per gram of dry substrate using the correspondent

conversion factor.

Lipase activity measurement was based on a

spectrophotometric assay using 4-nitrophenyl butyrate as

substrate. Briefly, the enzymatic extract was incubated with

4-nitrophenyl butyrate in sodium acetate buffer 50mM (pH 5.6)

during 15min at 37◦C. Afterwards, the reaction was stopped by

the addition of acetone and 4-nitrophenol release was measured

at 405 nm. One unit of lipase activity (U) was defined as the

amount of enzyme that produced 1 µmol of 4-nitrophenol per

minute. Lipase activity was expressed in units per gram of dry

substrate (U/g).

Protease activity was determined with a spectrophotometric

method based on the reaction of the enzymatic extract with 5

g/L azocasein (Sigma) in sodium acetate buffer 50mM (pH 5).

After the incubation for 40min at 37◦C, 100 g/L trichloroacetic

acid was added followed by centrifugation (3,000 rpm, 15min).

Potassium hydroxide 5M was added to the supernatant and

the absorbance was measured at 428 nm. One unit of protease

activity was defined as the amount of enzyme that produced

an increase of 0.01 of absorbance relatively to the blank per

minute. Protease activity was expressed in units per gram of dry

substrate (U/g). Total phenols were quantified using the Folin-

Ciocalteau method as described by (Sousa et al., 2022) and gallic

acid was used as a standard. Total phenols were expressed in mg

of phenols per gram of dry substrate (mg/g).

Reducing sugars were determined using the dinitrosalicylic

(DNS) acid reagent method (Miller, 1959) and glucose was used

as a standard. Reducing sugars were expressed in mg of reducing

sugar per gram of dry substrate (mg/g).

Soluble protein was determined using the Bradford method

(Bradford, 1976) and Bovine serum albumin (BSA) was used as

a standard. Protein content was expressed in mg of protein per

gram of dry substrate (mg/g). The ratio between lipase activity

and soluble protein was used to calculate lipase specific activity,
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which was expressed in units of lipase activity per mg of soluble

protein (U/mg).

Statistical analysis

The experimental design analysis was performed using the

Statgraphics Centurion XVI software. The experimental data

were statistically evaluated using GraphPad Prism. Data were

subjected to one-way analysis of variance (ANOVA) and Tukey’s

test for multiple comparison. Analysis was performed with a

confidence interval of 95%.

Results

Oil cakes composition

The selection of a solid substrate for SSF, must take into

account the target compound that will be produced since the

substrate composition can affect their production. In the present

work, oil cakes, that have residual lipids in their composition

and that are generated from olive, rapeseed, and sunflower

oils extraction were used alone or in combination, leading to

different substrate composition. The characterization of each

oil cake is presented in Table 1. The OC used in this work

was obtained in a two-phase extraction system, being mainly

composed of olive pulp, skins, and water. It also presents a

high moisture content, which is related to the use of a two-

phase process for oil extraction (Dermeche et al., 2013; Gullón

et al., 2020). Additionally, this by-product has the highest lipid

percentage among the three oil cakes. The fact that rapeseed

and sunflower oils are extracted with solvents and olive oil

extraction is performed only from mechanical processes may

explain these differences in the residual oil content. While a

similar carbon content was detected in OC and RC, the carbon

percentage in SC is slightly lower. Moreover, OC has a lower

nitrogen percentage than the others, resulting in the highest

C/N ratio for this oil cake (84 for OC and 7 for SC and

RC). Crude protein content in OC is 10-fold lower than the

values for SC and RC. Some studies reported that a low C/N

ratio is needed for biomass production in Y. lipolytica (Hapeta

et al., 2020) and for lipase production in filamentous fungi

(Lima et al., 2003; Rigo et al., 2009). By contrast, synthesis and

accumulation of some biocompounds (e.g., microbial lipids by

Y. lipolytica) are improved by high C/N ratio (Morin et al.,

2011). Thus, C/N ratio is an important parameter to control

for the production of target bioactive compounds. This can be

achieved by medium supplementation, which can often lead to

higher production costs, or by the mixture of agro-industrial by-

products with different chemical composition. As reported in

the literature (Molina-Alcaide and Yáñez-Ruiz, 2008), OC has

TABLE 1 Characterization of OC, RC, and SC.

Substrate composition (%, w/w) Oil cakes

OC RC1 SC

Ashes 3.7± 0.2a 6.7± 0.2a 6.60± 0.06a

Lipids 10± 1a 2.0± 0.3b 1.32± 0.02b

Crude protein 3.8± 0.3a 40± 2b 40± 1b

Carbon 51± 1a 51± 1a 46± 1b

Nitrogen 0.61± 0.03a 8± 1b 6.4± 0.1b

ADF 54.6± 0.1a 23b 18± 2b

NDF 73± 2 a 37 b 30± 2 b

Total phenols (mg/g) 7.94± 0.02a 4.8± 0.2b 6.4± 0.5c

Reducing sugars (mg/g) 74± 3a 9.7± 0.5b 11± 1b

Moisture 63± 1a 15.3± 0.3 b 12.0± 0.1 b

Values represent the mean and SD from at least two independent experiments. Values

with the same letter within the same row are not significantly different (p > 0.05).
1Sousa et al. (2022).

high fiber content, having the highest percentage among the

three oil cakes used in this work.

The differences regarding oil cakes’ chemical composition

described so far may be associated with the fruit or seed that

originated the oil cake and the method used for oil extraction

(Ramachandran et al., 2007). Moreover, with the mixture of

oil cakes at different proportions, it is possible to modulate

substrate composition, which can affect microbial growth and

biocompounds production.

Substrate composition optimization

The utilization of a simplex centroid design allowed the

identification of the optimum substrate mixture to obtain

the maximum lipase and protease activities after 2 days

of SSF (Table 2).

Besides the quantification of enzymatic activity, cellular

density in the extracts obtained in each experiment was also

measured to estimate the influence of oil cakes in yeast growth.

Figure 1 shows the cellular density obtained in the experiments

as a function of the percentage of OC in the substrate mixture.

The lowest cellular density was obtained when OC was used

as the single component of the solid substrate. Studies using

Y. lipolytica (Lopes et al., 2016) and filamentous fungi (Salgado

et al., 2014) in SSF showed similar results when using this oil

cake as the single solid substrate. In spite of the higher content

in phenolic compounds of OC in comparison with the other oil

cakes, this difference may not explain the lowest cell growth,

which is most related with the low nitrogen percentage in the

oil cake (Table 1). Thereby, lowering the percentage of OC in

the substrate mixture led to an increase in cellular density. This

result demonstrates that mixture of oil cakes is a suitable strategy
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TABLE 2 Substrate composition for each run of SSF experiments and

results of the dependent variables studied in simplex centroid design.

Runs Independent variables Dependent variable

Oil cakes (%) Lipase activity Protease activity

OC RC SC (U/g) (U/g)

x1 x2 x3

1 100 0 0 1.5± 0.4 ND

2 0 100 0 2.1± 0.3 57± 1

3 0 0 100 3± 1 46± 3

4 50 50 0 66.4± 0.3 11± 4

5 50 0 50 97± 4 11± 4

6 0 50 50 ND 59± 1

7 33.3 33.3 33.3 10.7± 0.2 59± 1

8 33.3 33.3 33.3 17± 1 46.38± 0.05

9 33.3 33.3 33.3 8± 3 58± 5

ND, not detected.

FIGURE 1

Cellular density obtained after 2 days of SSF as a function of the

percentage of olive cake in the substrate mixture. Bars with the

same letter are not significantly di�erent (p > 0.05).

for the revalorization of by-products from olive oil production.

The highest cellular density was obtained when SC and RC were

used alone or in binarymixtures, showing that these by-products

are more suitable for Y. lipolytica growth than OC.

It has been reported that the presence of lipids in the culture

medium induces lipase production (Gonçalves et al., 2014).

However, a reduced lipase activity was detected when OC was

used as the single component of the solid substrate since yeast

growth was low in these conditions (Figure 1). The mixture of

OC with the other oil cakes improved lipase activity, especially

in binary mixtures. As previously mentioned, this combination

improved cell proliferation and the residual oil present in OC

led to an increase in lipase activity. Similarly, Farias et al. (2014)

observed that residual oil of cottonseed cake was essential to

attain high values of lipase production by Y. lipolytica IMUFRJ

50682. Despite the high cellular density attained when SC and

RC were used alone or in binary mixtures, low lipase activity was

observed. This result could be related with the low residual oil in

these substrates as well as the release of proteases to the medium

that may lead to other enzymes hydrolysis (Ogrydziak, 2013).

In fact, Y. lipolytica also presents proteolytic activity, being

able to synthesize extracellular proteases (Ogrydziak, 2013). The

presence of OC alone or in binary mixtures resulted in low

protease production. In contrast, high protease activity was

detected in the presence of RC and SC in the substrate, either

alone, in the binary mixture with these two oil cakes and in

ternary mixtures. It has been reported that protease synthesis is

induced in protein-rich media (Ogrydziak, 2013; de Castro et al.,

2015) andMatkawala et al. (2008) observed a positive correlation

between protease production byAspergillus niger and the protein

content in the SSF substrates. Similarly, in this study, protease

production by Y. lipolyticaW29 was improved by the increase of

protein content in the solid substrate, that is the case of RC and

SC addition in the mixture.

The Equations (2) and (3) represent the mathematical

models obtained in the simplex centroid mixture design for

each enzyme.

Lipase = 1.53∗OC + 2, 09∗SC + 3.03∗SC + 258.32∗OC∗RC

+ 380.48∗SC − 8.36∗RC∗SC

− 1581.63∗OC∗RC∗SC (2)

Protease = 0∗OC + 57.19∗RC + 46.2∗SC − 71.18∗OC∗RC

− 47.2∗OC∗SC + 30.03∗RC∗SC

+ 808.59∗OC∗RC∗SC (3)

The regression coefficients values are directly proportional

to the impact that the independent variables have on enzyme

activity. Likewise, the behavior of these variables individually

or in combination can be examined through these equations.

Oil cakes alone had a reduced impact on lipase activity and

the use of binary mixtures with OC had a significant positive

effect on the production of this enzyme, particularly for the

mixture of OC and SC. In contrast, the negative values in the

binary mixture with RC and SC and in the ternary mixture

revealed an antagonist effect on lipase activity, being the latter

term significant at a 5 % level. Regarding the second equation,

linear terms had a positive effect, except OC, which had no

influence on protease activity. Binary mixture containing OC

had an antagonist effect while the binary mixture with SC and

RC as well as the ternary mixtures contributed positively for

protease activity.

Through variance analysis, a coefficient of determination

(R2) of 0.99 was obtained for lipase activity, which suggests a

good fit of the model. Additionally, the p-value obtained is lower

than 0.05 (p = 0.0341), indicating that there is a statistically
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significant relation, at a 5 % level, between lipase activity and

the components of the mixture. Concerning protease activity,

a high R2 was also obtained (0.98) and the p-value was 0.0635,

which revealed that this model is significant at 10% level.

Likewise, these results showed that these models can be used for

predictive purposes.

The mixture contour plots (Figure 2) show the estimated

response of lipase and protease activities predicted by the model

with the different mixtures of oil cakes. The corners of the

triangle represent the components of the mixture and every

point inside the triangle corresponds to the enzyme’s activities

predicted with different proportions of oil cakes in the substrate

mixture. The regions colored in red represent the substrate

composition that led to the maximum enzyme production.

According to the plot in Figure 2A, highest lipase activity can

be achieved when SC and OC are the main components of

the mixture. Moreover, the model predicted that lipase activity

reaches its maximum, 97 U/g, with a mixture of OC and SC

(1:1, w/w). On the other hand, it appears that highest protease

activity is reached with a combination of the three by-products

(Figure 2B). In particular, a mixture of OC (12%), SC (41%), and

RC (47%) led to the optimum protease activity, 64 U/g. Likewise,

combination of different agro-industrial by-products with OC

appears to be a suitable approach for microbial growth and

bioactive compounds production, allowing its revalorization by

SSF. Lopes et al. (2016) observed an improvement of lipase

activity with the mixture of OC with wheat bran. Similarly,

a combination of OC and winery by-products led to higher

production of lipase (Salgado et al., 2014) and lignocellulosic

enzymes (Filipe et al., 2020). The presence of OC in binary

mixtures is essential to attain high lipase activity, while an

antagonist effect is observed in these conditions for protease

production. Likewise, it appears that the production of lipase

and protease can be modulated by the percentage of OC in

the solid substrate. The results obtained in the present work

demonstrate that different substrate combinations are required

for the optimum production of lipase or protease by Y. lipolytica.

Thus, changing the substrate composition, allows to increase

the production of one enzyme over another, facilitating the

downstream purification processes. Furthermore, is possible, at

any time, to change the substrate composition to attain the

maximum lipase or protease production, depending on by-

products availability or market demands, which is in line with

the biorefinery concept.

Kinetic of SSF

Incubation time is an important parameter to optimize when

establishing a SSF process for enzymes production. Hence, after

the selection of the best substrate mixture using as a standard

operation time of 2 days, SSF of the mixture of 50% (w/w)

OC and SC was performed for 4 days to evaluate the profile of

FIGURE 2

Contour plots for the dependent variables obtained in the

simplex centroid mixture design. (A) Lipase and (B) protease.

lipase and protease production throughout the time. A five-fold

increase in cellular density was attained after 1 day of cultivation,

reaching 26mg of cellular dry mass per gram of dry substrate in

the end of the experiments (Figure 3A). The increase of cellular

density was accompanied by a decrease of reducing sugars in

the first 2 days and a residual value was maintained until the

end of the SSF process (Figure 3A). The total sugars depletion

was not observed since Y. lipolytica is unable to assimilate

some monosaccharides, such as xylose, which is included in

the hemicellulose fraction of oil cakes. Lipase activity increased

in the first day, reaching a maximum of (102 ± 17) U/g in

the second day (Figure 3B), which validates the selection of 2

days of SSF in the experimental design. Moreover, a specific

activity of 3.9 U/mg of total soluble protein was obtained at this

point. Lipase production in oily substrates is essential to convert

triacylglycerols into free fatty acids that can be incorporated by

the cells (Lopes et al., 2022). After being bounded to the yeast

cell wall, lipase is gradually released into the medium, increasing

the contact between the enzyme and substrate and nutrients

assimilation. Lipase secretion begins during the transition to

the stationary growth phase when the carbon source is reaching

limiting concentrations (Pereira-Meirelles et al., 2000). In this

work, maximum lipase activity was observed at the second day of

SSF where the cellular growth was already stabilized (Figure 3A).

Similar lipase activity values were obtained using soybean meal

(Souza et al., 2017), amixture of OC andwheat bran (Lopes et al.,

2016), and canola cake (Souza et al., 2017) as solid substrates

after 10, 24, and 28 h, respectively, in SSF processes using Y.

lipolytica IMUFRJ 50682. Moreover, Farias et al. (2014) obtained
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FIGURE 3

(A) Cellular density (�), reducing sugars concentration (H), (B)

enzymatic activity of lipase (�) and protease (•), and pH (N)

obtained during SSF with Y. lipolytica W29 for 4 days with the

optimum substrate mixture for lipase production.

(46 ± 1) U/g after 14 h of fermentation with Y. lipolytica

IMUFRJ 50682 using soybean cake supplemented with soybean

sludge. In the same work, the potential of cottonseed cake as

a SSF substrate was also assessed and, after 28 h, a maximum

lipase activity of (50 ± 1) U/g was attained. In contrast, other

authors reported longer incubation times to reach maximum

enzyme production by Y. lipolytica. For instance, 4 days was the

optimum incubation time for lipase production by Y. lipolytica

NCIM 3589, reaching 18.58 U/g with palm kernel cake as solid

substrate (Imandi et al., 2010). The same incubation time was

selected in SSF with Y. lipolytica NCIM 3589 using mustard

oil cake supplemented with glucose and urea (Imandi et al.,

2013) and with Y. lipolytica NRRL Y-1095 using OC submitted

to an alkaline pre-treatment (Moftah et al., 2013), leading to a

lipase activity of 57.89 and 40 U/g, respectively. In the present

work, high values of lipase activity were obtained in a short

period of time andwithout anymedium supplementation, which

improves enzyme productivity and reduces the production costs

of the process. Additionally, these results show the potential

of using by-products from olive oil production in combination

with SC for lipase production.

After the maximum value of lipase activity was reached,

it abruptly decreased until the end of the fermentation.

Similar results were obtained during lipase production by Y.

lipolytica NRRL Y-1095 under SSF using OC (Moftah et al.,

2013) and a mixture of OC and wheat bran (Lopes et al.,

2016) as solid substrates with Y. lipolytica IMUFRJ 50682. To

understand the reduction on lipase activity after the second

day, protease activity and pH values were also examined. As

can be observed in Figure 3B, when lipase activity reached its

maximum value, low protease activity was attained. However,

in the fourth day of cultivation, when lipase production was

very low, an increase in protease activity was observed. Braga

et al. (2012) observed an abrupt reduction on lipase activity,

which was followed by an increase of protease production.

Moreover, a similar enzymatic activity profile was obtained

during SSF using canola cake as the solid substrate (Souza

et al., 2017). The increase in pH values and the release of

alkaline proteases to the fermentation medium may explain

the decrease in lipase production since lipases can be degraded

by proteolysis.

The kinetics of protease activity by SSF was also evaluated,

with the mixture of the three oil cakes that led to the highest

protease production. The yeast cellular density reached (73 ±

8) mg per gram of dry substrate at the end of the experiments

(Figure 4A). Despite the lower reducing sugars concentration

in this substrate mixture, cellular density was approximately

three-fold higher than that observed in the mixture used at

optimal conditions for lipase production. The lower percentage

of OC in the optimal substrate mixture for protease production

could explain the improved microbial growth, since this mixture

is characterized by higher nitrogen percentage. Regardless

of the initial concentration, the final sugar concentration

was similar in the two SSF processes. Concerning protease

activity, it increased in the first day and (63 ± 3) U/g was

obtained after 2 days of cultivation with the optimized substrate

composition (Figure 4B), demonstrating that the experimental

design executed to predict the protease optimal mixture was

correctly performed at 2 days of SSF. Values of pH also play

an important role in protease induction, since Y. lipolytica is

able to synthesize acid and alkaline proteases, being the latter

the most secreted enzyme. As expected, the production of this

extracellular protease is induced in a medium with neutral and

alkaline pH (Ogrydziak, 2013). Thus, the high protein content in

the substrate and the increase of pH values (Figure 4B) improved

protease activity and the levels of the proteolytic enzyme were

maintained until the end of the experiments. The alkaline

protease is produced by Y. lipolytica during the exponential

growth phase and production is very reduced or absent in

the stationary phase (Ogrydziak, 1993). Unlike lipase, a peak

was not observed during protease production possibly because

this enzyme was not degraded during the SSF process. To our

knowledge, the optimization of SSF processes aiming at protease

production by Y. lipolytica has not been reported yet. However,
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FIGURE 4

(A) Cellular density (�), reducing sugars concentration (H), (B)

protease activity (•), and pH (N) obtained during SSF with Y.

lipolytica W29 for 4 days with the optimum substrate mixture for

protease production.

as previously mentioned, some reports on lipase production also

quantified the proteolytic activity of Y. lipolytica. In particular,

protease production by Y. lipolytica was reported in SSF using

canola cake (Souza et al., 2017), soybean by-products (Farias

et al., 2014; Souza et al., 2017), and cottonseed cake (Farias

et al., 2014) as solid substrates. These results, together with

the ones found in the present study, demonstrate the potential

of using Y. lipolytica as a cell factory for protease production

while reusing by-products from vegetable oil industries. Despite

the maintenance of protease activity until the fourth day, since

shorter incubation times enhances the process productivity and

reduces the production costs, a SSF process of 2 days can also

be selected for protease production by Y. lipolytica W29 in

these conditions.

Characterization of the fermented
substrate

Besides the target biocompounds production, Y. lipolytica

demonstrated promising results in the biotransformation of

agro-industrial by-products, in particular okara (Vong et al.,

2016, 2018), which is a by-product from soybean processing.

Moreover, the high lipolytic and proteolytic activities attained

in this work could result in changes in substrate composition.

For this reason, after selection of the optimum substrate

mixture and incubation time for enzyme production, a

characterization of the remaining solid after enzyme extraction

was performed to evaluate its potential application in other

industries or bioprocesses.

Solid state fermentation carried out in the optimal

conditions for the production of lipase and protease led to a

significant increase in the ash content of the final substrate

(Table 3). Microbial growth can lead to the loss of dry organic

matter such as carbohydrates, lipids, organic acids, and proteins.

As a result, an apparent increase in the mineral content in

the substrate was observed. Yarrowia lipolytica growth did not

change fiber content, which was an expected outcome since

this microorganism is unable to produce lignocellulosic enzymes

responsible for the degradation of these materials. In both

cases, a slight reduction in crude protein content was observed,

which could indicate protein consumption or increased protein

solubilization that was removed in the extract. However, these

differences were not statistically significant. Finally, a decrease in

lipid percentage was observed, however, these differences were

only statistically significant in the optimum substrate mixture

for lipase production. This is not surprising since lipase is

responsible for the hydrolysis of triacylglycerols and free fatty

acids, which are then assimilated by the yeast cells and used

as a carbon source (Morin et al., 2011). In the present study,

the high lipolytic activity observed with the mixture of OC and

SC (1:1) could explain the decrease in lipids observed after 2

days of SSF. Similarly, Yano et al. (2008) reported a reduction

in the lipid content of fish mince after SSF with Y. lipolytica

NBRC-10073. Several studies performed to access the safety of

Y. lipolytica showed that this microorganism can be employed as

a production host for food or feed (Groenewald et al., 2014) and

Y. lipolytica biomass has been successfully incorporated in feed

formulations (Czech et al., 2016). Thus, SSF of the mixture of

OC with the other oil cakes enhanced yeast biomass production,

which is also a source of protein and can be kept in the solid

after SSF if no extraction is performed. The enzymes (lipases and

proteases) produced, if also kept in the final fermented mixtures,

may have an important role in enhancing nutritional properties

of the mixtures by improving lipids and proteins digestibility by

the animals (Ojha et al., 2019).

Conclusions

Olive cake, an underexplored oil cake with very limited use

as animal feed, was successfully incorporated in SSF substrate

mixtures, opening new opportunities for its valorization. The

combination of SC and RC with OC improved the composition

of the latter, in particular reduced the C/N ratio, enhancing
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TABLE 3 Characterization of the fermented solid substrates after

enzymatic extraction.

Parameters (%) Lipase Protease

Control Fermented Control Fermented

Ashes 4.0± 0.4a 6.0± 0.3b 5.0± 0.4a 10± 1b

Crude protein 24.4± 0.3a 21± 3a 27± 2a 24± 1a

NDF 53± 5a 55± 4a 43± 3a 42± 3a

ADF 38± 4a 35± 4a 29± 2a 29± 3a

Lipids 6.2± 0.2a 4.4± 0.4b 3.54± 0.05a 2.6± 0.5a

Values represent the mean and SD from at least two independent experiments. Values of

control and fermented substrate for each enzyme with the same letter are not significantly

different (p > 0.05).

yeast cellular growth and lipase and protease production in

comparison with the utilization of single OC. A simplex centroid

mixture design was applied to identify the optimum substrate

mixture of OC, RC, and SC for maximum lipase and protease

production. The content of residual oil in OC was an important

factor for lipase production, where 50% (w/w) of OC and

SC lead to the highest lipase production by SSF. In contrast,

high protein content in the SSF substrate, owing to RC and

SC, improved protease production. Likewise, the combination

of different oil cakes modulated enzyme secretion, resulting

in a targeted production. This work showed the promising

application of by-products from vegetable oils production in SSF

by Y. lipolytica, allowing the production of enzymes of interest

for many industries.
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