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ABSTRACT
The byproducts of the agricultural industry are useful substrates for protein enrichment using solid state fermentation
(SSF). Unicellular protein production is characterized by its high nutritional quality and Saccharomyces cerevisiae is
the world’s most widely produced microorganism. Grapefruit bagasse and banana peels are residues from the food
processing industry, the pods of the mesquite are not used for human feeding; they are found in large amounts,
rich in sugars and suited for SSF with S. cerevisiae and Bacillus subtilis for the production of microbial protein. The
study started with the assumption that a strain of B. subtilis, an efficient producer of endoglucanases, together with
S. cerevisiae, may improve the production of protein through their hydrolytic action on the polysaccharides of the
substrates. The aim was to assess the microbial protein enrichment using fruit byproducts in SSF according to the
microorganisms, substrates and incubation time periods used. The experimental data confirm that it is possible to
transform industrial waste into products of high nutritional value. The protein value of grapefruit bagasse and banana
peels byproducts was increased in more than 150 and 115 %, respectively, and in 80 % for the mesquite pods, which
reached the highest protein concentration of 23.6 g/100 g of byproduct.
Keywords: solid state fermentation, protein enrichment, single cell protein, Saccharomyces cerevisiae,
Bacillus subtilis
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RESUMEN
Enriquecimiento proteico de subproductos frutícolas mediante fermentación en estado sólido con Saccharomyces cerevisiae y Bacillus subtilis. Los subproductos agroindustriales constituyen sustratos útiles para el enriquecimiento proteico mediante fermentación en estado sólido (FES). La producción de proteína unicelular se caracteriza
por su alta calidad nutricional y Saccharomyces cerevisiae es el microorganismo de mayor producción mundial. El
bagazo de pomelo y las cáscaras de banana constituyen residuos agroindustriales, las vainas de vinal no se aprovechan para la alimentación humana, son matrices abundantes, ricas en azúcares y adecuadas para la FES con S.
cerevisiae y Bacillus subtilis para la producción de proteína microbiana. Se parte del supuesto que una cepa de B.
subtilis, eficiente productora de endoglucanasas, en consorcio con S. cerevisiae, podría mejorar la producción de proteínas debido a su acción hidrolítica sobre los polisacáridos de los sustratos. Este trabajo tuvo como objetivo evaluar
el enriquecimiento proteico microbiano a partir de subproductos frutícolas en FES según microorganismos utilizados,
sustratos, y tiempo de incubación. Los datos experimentales permiten afirmar que es posible transformar desechos
industriales en producto de alto valor nutricional. El valor proteico de estos subproductos se incrementó en más de
150 %, para el bagazo de pomelo, en 115 % el de las cáscaras de banana y en 80 % las vainas de vinal, siendo éste
último el sustrato con el que se alcanzó la mayor concentración de proteínas, llegando un máximo de 23.6 g/100 g.
Palabras clave: fermentación en estado sólido, enriquecimiento proteico, proteína de célula única,
Saccharomyces cerevisiae, Bacillus subtilis

Introduction
The process for microbial production basically requires a substrate in a medium under the appropriate
conditions that would enable the multiplication of the
selected microorganism. This process may have the
purpose of obtaining the microorganisms per se, or
through the application of a biotechnological method,
that of obtaining certain byproducts such as proteins
or other biomolecules.
Scientific literature refers to the unicellular protein
using the English term ‘single cell protein’ (SCP),
which is that obtained from the microbial biomass
of algae, bacteria, yeast or filamentous fungi, grown
under fermentative conditions that will ensure an appropriate growth rate, using inexpensive substrates
composed by, or enriched with, carbon, nitrogen and

phosphorus. It also covers dead and dry microorganisms used in animal feeding, without the mediation
of protein extraction or purification processes [1],
and the obtained SCP is characterized by its high nutritional quality and because it does not contain, or
generate during processing, any toxic or potentially
carcinogenic compound [2].
Generally, SCP is produced through a process
called submerged fermentation, where the microorganism most widely produced in the world is Saccharomyces cerevisiae [3], and where three aspects are
key components for the outcome: the microorganism,
the substrate and the production process involved.
The production processes using alternative substrates, such as waste from the agricultural industry,
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require, in most cases, a prior constituent polysaccharide hydrolysis stage, generally using a strong acid,
such as HCl, neutralization, sterilization and fermentation. Examples of this are the studies using cucumber and orange peel residues as substrates [4]; as well
as potato, carrot, orange and apple peels, [5] the peels
of banana [6], malt extract, apple, molasses and milk
whey with four different yeasts [7]. Particularly, solid
state fermentation (SSF) is used, this process involving the growth of microorganisms in humid solid materials [8]. The protein produced through SSF generally use substrates that are byproducts from the food
industry, as for example sugarcane bagasse [9], and
citrus fruit bagasse [10]. The advantages lie mainly
in saving the energy used to dry the fermented material, store it and transfer it to its final destination. The
use of residues from the food industry in solid state
fermentation processes has the potential of obtaining
byproducts such as organic acids, enzymes, aromatic
compounds, fruit oligosaccharides, as well as bioactive agents such as gibberellic acid, antibiotics, bioinsecticides and bioethanol, for which a series of microorganisms, mainly of fungi and those of bacterial
nature, have been evaluated [11].
Other studies assess the fermentation conditions
for protein production with different microorganisms,
for example Candida MCCF 101 of marine origin for
its use as feed for shrimp [12].
Regarding the microorganism used, its waste conversion capacity resides on its capability to secrete
enzymes able to digest the byproducts used for SCP
production, particularly glucanases. These are enzymes that degrade β-glucans and are classified into
two large groups according to the mechanism used to
hydrolyze the substrate, identified by the hydrolyses
products: i) the exo-β-glucanases, which hydrolyze
the substrate through the sequential rupture of glucose
residues from the non-reducing end, and ii) the endoβ-glucanases that randomly break the β binding sites
of the polysaccharide chain, releasing small oligosaccharides [13]. The cellulases, which are cellulosedegrading enzymes, are a mixture of hydrolytic enzymes that include endoglucanases (EGs), and cellobiohydrolases (CBHs). Since the cellobiose and cellodextrans are inhibitors of the CBHs, the presence of
β-glucosidase is required for the complete hydrolysis
of the cellulose [14]. This clarification is valid, from
the point of view of the use given to both the terms,
cellulases and glucanases, in the scientific literature
where they are sometimes used as synonyms.
Several authors have used cellulase strains producing Bacillus to improve the nutritional quality of
leaf meal. Bairagi et al. [15] demonstrated that it is
possible to incorporate up to 40 % of Leucaena leaf
meal inoculated with fish intestinal bacteria that produce enzymes for the rations of the fish Labeo rohita
Hamilton. After 15 days of fermentation, the leucaena
leaf meal showed a significant increase in the level
of free amino acids and fatty acids; there was a decrease in crude fiber, cellulose, hemi-cellulose and
anti-nutritional factors such as tannins, phytic acid
and mimosine [15].
In the case of the substrate for SCP production,
bibliography regarding fermentative processes of
legumes such as soybean in the preparation of foods

is widespread; these products are mainly originated
and consumed in oriental countries, as for example
Kinenma, Natto, Thua-Nao, Dawadawa using B. subtilis, which are traditionally used in Asian and African
cultures [16, 17]. The fruits of Prosopis sp., largely
found in America and Africa have hardly been studied
as raw material for fermentation. Evans et al. studied
the benefits of the fermented foods of Nigeria, some
of which include seeds of Prosopis sp. [18]. The mesquite (visnal, viñal, olkhá, pao de espinho, quilín, tayt
and yuncumarim) having the scientific name Prosopis
ruscifolia, grows in Formosa Province. This species
is less known and used compared to others of the
same genus. It is currently estimated that this species
is found in more than 2 million hectares of the Republic of Argentina, with large amounts growing in the
Province of Formosa [19]. The records of the use of
its fruits in fermentative processes are scarce.
Grapefruit bagasse is constituted by the residues
remaining in the fruit after the juice is obtained, in
other words, the peel, pulp and seeds. Formosa has
white grapefruit with the highest level of sugar in
all of Argentina, and therefore the companies at the
southern part of the country use it to mix it with their
own juices, so that it may respond to the taste of the
most demanding European consumers [20]. At present, the main problem of the citrus fruits enterprises
are the effluents having high organic loads, some of
which are dumped into the canals that pour their waters into the basin.
Bananas are tropical fruits also used for the process mentioned, belonging to the genus Musa cavendishii, which are produced commercially or for their
own consumption. Formosa produces between 40 and
50 thousand tons of bananas, representing from 40 to
50 percent of the country’s production. In contrast to
the Ecuadoreans, the bananas produced in Formosa
contain more sugar [21]. These crops generally yield
a large amount of residues and excess fruit that are
not suitable for human consumption. Noteworthy,
reports referring to the nutritional composition of banana peel are scarce. Brazilian researchers tested its
use as a fiber supplier in crackers made with banana
peel meal. They determined the total neutral detergent
fiber content (NDF) as being 32 g/100 g and proteins
were at the level of 8.6 g/100 g [22].
Therefore, this work was aimed to assessing the
microbial protein enrichment of fruit byproducts
(grapefruit bagasse, banana peels and mesquite pods)
under SSF in relation to the microorganisms, substrates and incubation time used. The main purpose is
to enrich the rations based on local products with high
biological value (microbial) SCP proteins.

Materials and methods
Plant substrates
Grapefruit bagasse consisting of the pulp and fruit peel
was obtained from the local juice extracting industry.
After eliminating the seeds, it was place at 46 °C in
a dehydrator for 24 and 48 h; then it was ground in
a blade mill and stored in glass flasks in a dry dark
place for later use. The banana peels were obtained
from local fruits purchased at the market; the same
procedure used for grapefruit bagasse was followed.
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The mesquite was obtained by collecting the pods at
the Departments of Matacos and Ramón Lista in the
western part of the Formosa Province, Argentina. They
were dried in an oven at 60 °C for 24 h, and then were
ground in a blade mill and separated from the nonreducible woody material with a 1-mm sieve; they were
then put away in glass flasks in the dark for later use.
Microorganisms
The S. cerevisiae yeast was obtained at the local market in a dry form (Levex, Argentina); it was dissolved
in sterile saline solution and isolated with the use of
a solid YM medium (yeast and mushrooms; Britania,
Argentina) to obtain pure colonies. They were stored
in a liquid Saboureaud medium under refrigeration.
Before its use, the strain was activated by seeding it in
a Saboureaud culture at 37 °C for 24 h.
From the aquariums where juvenile pacu fish are
raised, several glucanase-producing Bacillus strains
were isolated; among these we selected strain 3 because it had the best glucanase activity with carboxymethylcellulose (CMC), and was later identified as B.
subtilis. It was stored in Brain Heart Infusion (BHI)
medium under refrigeration. At 24 h before starting the
experiment, it was cultured in a liquid medium containing 1 % CMC, 1 % yeast extract and 1 % peptone.
SSF
Glass bioreactors with a capacity of 500 mL having
metal lids were used to carry out the fermentation. In
each reactor, 20 g of the dry plant material were placed
with 100 mL of a buffer consisting of 1g KH2PO4, 1 g
K2HPO4, 0.4g MgSO4.7H2O, 5 g (NH4)2SO4, 0.05g
CaCl2 · H2O, and 0.0125 g FeSO4.7H2O, in 1000 mL
of deionized water. The pH was adjusted to 5.0 only in
the samples containing grapefruit bagasse, by adding
0.1 N NaOH, the rest had pH values above this level
in the range 5.5-6.0. Substrates were sterilized in an
autoclave at 121 °C for 15 min, left to cool and were
seeded with the microorganisms, 1 mL of the yeast
inoculum and 2 mL of the bacterial inoculum, both
were grown for 24 h in the above described culture
media, and they were cultured in an oven at 37 °C for
4, 8 and 16 days with the lids partially unscrewed so
that oxygen could enter the bioreactors. As shown in
Table 1, three assays using different time periods and
lots were carried out for each plant matrix. Only the
combination of yeast and bacteria S+3 (S. cerevisiae +
B. subtilis strain 3) was seeded in the first assay, where
we used 3 bioreactors. The other two assays consisted
of the preparation and incubation of 6 bioreactors, 3
seeded only with yeast (S. cerevisiae), and 3 seeded
with the S+3 combination. At 4 days, two bioreactors
were retrieved per matrix, one S and one S+3, repeating the procedure on days 8 and 16.
Every other day the bioreactors were shaken manually to homogenize the material and favor the contact with the microorganisms. At the same time, the
signs of deterioration, such as an unpleasant odor, or
the presence of moss colonies, would imply the elimination of the corresponding bioreactors. After the fermentation period, the bioreactors were opened and the
organoleptic properties, aroma, color and consistency of the process materials were assessed. Later they
were dried in dehydrators for 24 to 48 h. After drying

Table 1. Experimental design and number of bioreactors,
according to fermentation time, fermenting microorganisms
and the plant substrate used
Parameters
Fermentation
time (d)
Microorganism
composition

Experimental design
4
S

S+3

8
S

S+3

Bioreactors

16
S

S+3
Samples*

Plant substrate
Grapefruit bagasse 2
2
3
2
3
3
15
Mesquite pods
2
3
2
3
2
3
15
Banana peel
2
3
2
3
2
3
15
Total number
6
9
6
9
6
9
45
of bioreactors
* Total number of samples for the three experiments.
S: medium seeded with Saccharomyces cerevisiae yeast.
S+3: medium seeded with S. cerevisiae + Bacillus subtilis
strain 3.

they were again ground and put away in airtight polyethylene bags placed in boxes to protect them from
the light and humidity until they were processed.
Analytical determinations
Total protein, total soluble sugars, color and consistency were determined in all materials before and
after fermentation as response variables. The bioreactors showing signs of contamination and deterioration
were discarded.
The proteins were determined by the Kjeldahl
method [23] and total sugars were determined by the
Nelson-Somogyi method [24]. Glucose was determined in the grapefruit samples by the glucose-oxidase
method [25](reagent from Wiener Lab, Argentina).
The seeded inocula were counted by the plate counting method, using the YM culture medium for the
yeasts and the BHI (Britania, Argentina) for the bacteria. Colonies counts were expressed as colony forming units per milliliter (c.f.u./mL) and transformed
into logarithms for their statistical analysis.
Data processing and statistical analysis
The pre and post fermentation differences were calculated with the data of final protein, and the productivity indicators Yx/s were determined with the
soluble sugars. This index is usually calculated with
the weight of the biomass, x, obtained in relation to
the concentration of the substrate, s; however, the index Yp/s can also be used, where p is the fermentation
product that will be measured, which is in this case,
protein concentration. The variation in protein concentration is attributed to the microbial protein. The
productivity index (PI) was calculated using the (microbial) protein produced, and the total initial sugars
(p and s, respectively).
Protein and sugars were determined in duplicates
in each sample (45 samples) and an average value was
used. A Student’s t test was carried out for mean comparison in order to evaluate the biological variability
between the samples in the same substrate matrix. The
data, obtained in the different fermentation periods
and microorganisms used, were statistically processed
using the free version InfoStat program [26] for the
analysis of variance (ANOVA), and means were compared by the Fisher’s test. A 2×4 block factorial design was applied, using time period as the treatment
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with four levels (1, 4, 8 and 16 days) and the microbial
composition with two levels: S and S+3. This design
made it possible to study two factors simultaneously,
as well as their combined effects on the response variable. In this way, the inference base was increased in
relation to each factor, and the degree and form of the
effect of time through the interaction was determined
by using two different microbial compositions, on the
amount of proteins produced under the experimental
conditions established.

Results
Initial sugars and proteins on each individual substrate
matrices were analyzed by the Student’s t test, but no
significant differences were found in the parameters
analyzed in regard to the samples of the different assays, thereby assuming that the initial conditions were
similar. The three matrices were processed in three
different assays: one corresponding to the three repeats of the yeast/bacteria combination, and two of
them corresponding to the two repetitions yeast fermentation alone were tested: Only the combination of
yeast/bacterium (S+3) was studied in assay I; the test
with yeast alone (S) was not made.
The data analyses in each matrix was made using a
2×4 block factorial design employing as classification
variables, the microbial composition (S and S+3) and
the time in its initial and fermentation levels at 4, 8
and 16 days. Below we present the results in relation
to the matrices assessed separately.
Grapefruit bagasse
No fermentation was discarded due to alterations
in the organoleptic properties; all of them had very
pleasant aromas and none of them was contaminated.
The solid product obtained after processing was clear
and had a citrus fruit aroma.
The initial samples contained 5.87, 7.78 and 8.41 g/
100 g of protein and 35.68, 51.89 and 59.80 g/
100 g of total soluble sugars in each assay. Table 2,
shows the average data of the initial composition, the
concentration of protein and sugars, the amount of microorganisms seeded in log of c.f.u./mL, and the results
of final proteins at 4, 8 and 16 days of fermentation;
also the difference in protein content compared to the
initial value, which corresponds to microbial protein.
The analysis of variance determined that the final protein concentration of the bioreactors containing only the yeast shows that there is a statistically
significant difference between the initial values and
the time period of the assay. Considering the number
of days of the trial for level S, there is a statistically
significant difference (p < 0.05) between day 4, having the highest protein concentration, and day 8. For
the level S+3 the results show significant differences
(p < 0.05) between the means of the initial protein and
the days tested separately (for each trial).
No statistically significant differences were found
in the protein concentrations obtained using S and
S+3, in the complete experiment.
In the bioreactors containing grapefruit bagasse
meal as the substrate and only S. cerevisiae as the
microorganism, the maximum total protein was obtained on day 4, 16.6 g, corresponding to a production of 10.2 g of microbial protein per 100 g of the

Table 2. Initial conditions, final concentrations and protein variations of the solid state fermentation
according to the reference parameters, microbial composition and time period in grapefruit bagasse
Final protein
Initial conditions
Microorganism
Day 4
Day 8
Day 16
composition
Log S Log B3 Sugars* Protein*
D
D
D
Protein*
Protein*
Protein*
S
7.5
11.2
55.8 6.41 a 16.56 c 10.15 13.53 b 7.12 15.67 c 9.26
8.1
11.0
49.1 6.14 a 15.71 b 9.57 16.43 b 10.29 15.99 b 9.85
S+3
Average
7.8
11.1
52.5 6.27 a 16.13 b 9.86 14.98 b 8.71 15.83 b 9.56
* Total protein and sugars concentrations in g/100 g of substrate.
Log S, Log B3: Counts of microorganisms expressed in log of c.f.u./mL for Saccharomyces cerevisiae
(S) and Bacillus subtilis strain 3 (B3), respectively.
S+3: S. cerevisiae yeast; S+3: medium seeded with S. cerevisiae + Bacillus subtilis strain 3.
a, b and c: means with the same letter are not significantly different (Fisher’s test); D: variation.

substrate. In the bioreactors containing S. cerevisiae
and B. subtilis, the protein average of the experiment
was of 16 g of total protein during the time periods of
the trial (without any significant differences between
them). In other words, 9.8 g of microbial protein were
produced.
The data on total proteins obtained on day 4 (the
day of the highest protein production) in the trials
containing only yeast (S) did not differ significantly
from those obtained in the bioreactors with S+3.
For the trials with yeast (S), the increase in protein
is of 156 % and for the trials with the combination
of yeast/bacteria (S/S+3), an increase of 157.3 % of
protein was obtained, as shown in Table 3.
The PIs calculated using the data obtained from the
microbial protein (on day 4) and the initial sugar content were: 0.18 for the bioreactors containing yeast (S)
and 0.21 for those containing the combination S+3.
Total residual sugars were also evaluated; we
found means in g/100 g of the sample, of 3.99 at 4
days, 5.93 at 8 days and 4.58 at 16 days. In relation to
the initial reducing sugars, corresponding to glucose,
it was at the range of 4.8 and 8 g/100 g of the sample.
Banana peel
It was not necessary to discard any of the fermentations since all of them had pleasant odors and none
of them showed any sign of contamination. After processing, the solid material obtained was dark and had
a pleasant banana odor. The mean values of each assay of the initial parameters of protein concentration,
sugars, and microorganism count in the inocula are
Table 3. Protein concentration (initial and maximum concentration in g/100 g) and percentage increase
according to the microbial composition of the bioreactors and the substrate used
Microorganism concentration (g/100 g)
Sacharomyces cerevisiae (S)
S. cerevisiae + Bacillus subtilis strain 3 (S+3)
Initial Maximum Increase (%)
Increase (%)
Initial
Maximum

Susbtrate
Grapefruit bagasse
Banana peel
Mesquite pods

6.4
6.9
13.2

16.4
14.8
23.6

156
115
78

6.2
7.8
13.1

16
15.5
23.9

157.3
98
82

Table 4. Initial conditions, final concentrations and protein variations of the solid state fermentation
according to the reference parameters, microbial composition and time period in the banana peel matrix
Final protein
Initial conditions
Microorganism
Day 4
Day 8
Day 16
composition
Log S Log B3 Sugars* Protein*
D
D
D
Protein*
Protein*
Protein*
S
7.5
11.2
49.10 6.88 a 14.80 c 7.92 13.66 b 6.78 14.30 c 7.42
S+3
8.1
11.0
45.20 7.81a 13.28 b 5.47 13.30 b 5.49 15.50 c 7.69
Average
7.8
11.1
47.15 7.35 a 14.04 b 6.70 13.48 b 6.14 14.90 c 7.56
* Total protein and sugars concentrations in g/100 g of substrate.
Log S, Log B3: Counts of microorganisms expressed in log of c.f.u./mL for Saccharomyces cerevisiae
(S) and Bacillus subtilis strain 3 (B3), respectively.
S+3: S. cerevisiae yeast; S+3: medium seeded with S. cerevisiae + Bacillus subtilis strain 3.
a, b and c: means with the same letter are not significantly different (Fisher’s test); D: variation.
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shown in the initial conditions and in the results of the
process, which are summarized in Table 4.
Using the ANOVA we determined that there were
significant differences (p < 0.05) between the initial
protein concentration and the number of days of the
fermentation period in both bioreactor groups. In the
same way as for the grapefruit bagasse meal substrate using a 2×4 block factorial design, we determined
that there were significant differences between the
protein concentrations of days 4 and 8 and between
days 8 and 16 for the bioreactors S (only yeast), where the highest value was on day 4. However, in the
bioreactors containing S+3 there was a statistically
significant difference between the protein concentrations obtained on day 16, compared to days 4 and
8. The highest protein concentration for level S was
obtained on day 4, and it was of 14.8 g/100 g, and
the highest mean of the S+3 was obtained on day 16
and it was of 15.50 g/100 g. This corresponds to an
increase of 115 % of protein in the bioreactors containing yeast (S) and of 98 % in the bioreactors containing the combination S+3.
The pPIs calculated using the microbial protein
data obtained (on the day of the maximum concentration for each level) and the initial sugar content, were
of 0.166 for the bioreactors containing yeast (S) and
0.172 for those containing the combination (S+3). The
residual sugars were at a range of 3.6 to 5 g/100 g.
Mesquite pods
This plant matrix showed the highest amount of soluble sugars, 50.59, 50.81 and 66 g/100 g of the sample. In relation to the assessment of the organoleptic
properties of the bioreactors, two bioreactors from the
second assay were discarded because they showed
signs of contamination and unpleasant odors. Both
bioreactors were seeded with yeast alone. The rest had
a vanilla aroma, which is characteristic of that fruit.
Table 5 describes the initial composition of the reaction and the results of the protein concentrations obtained in the bioreactors with mesquite pods.
The analyses of the averages of protein concentration, through the block factorial design, resulted in a
statistically significant difference (p < 0.05) between
the initial values and the intervals tested separately,
but not between days 4, 8 and 16 (in other words, there are no statistically significant differences between
the protein concentrations obtained on day 4 and those
obtained on day 8, or those obtained on day 8 with
those of day 16). Therefore, the mean value of the protein concentration for the periods of the trial at the S
level was of 23.58 g/100 g and at S+3 it was of 23.92
g/100 g.
In this case, the calculation of the productivity indices was made taking into account the means of the
microbial protein on the days tested and the initial
sugar content of each trial; for the bioreactors containing the yeast (S) it was of 0.182 and 0.179 for those
containing the combination. In relation to the residual
sugars, the maximum value found was of 5.63 g/100 g
of residual sugars.
Analyzing the statistical design in a global manner,
it was found that the level of significance attained with
the block factorial design reached, in all cases, a value
of p < 0.05, for the model and the time period factor.

Table 5. Initial conditions, final concentrations and protein variations of the solid state fermentation
according to the reference parameters, microbial composition and time period in the banana peel matrix
Final protein
Initial conditions
Microorganism
Day 4
Day 8
Day 16
composition Log S Log B3 Sugars* Protein*
D
D
D
Protein*
Protein*
Protein*
S
7.5
11.2
58.5 13.25 a 24.10 b 10.85 24.76 b 11.51 21.88 b 8.63
8.1
11.0
58.9 13.14 a 24.15 b 11.01 23.14 b 10.00 24.48 c 11.34
S+3
Average
7.8
11.1
58.7 13.17 a 24.12 b 10.93 23.43 b 10.76 24.01 c 9.99
* Total protein and sugars concentrations in g/100 g of substrate.
Log S, Log B3: Counts of microorganisms expressed in log of c.f.u./mL for Saccharomyces cerevisiae
(S) and Bacillus subtilis strain 3 (B3), respectively.
S+3: medium seeded with S. cerevisiae + Bacillus subtilis strain 3.
a, b and c: means with the same letter are not significantly different (Fisher’s test).

This enables us to reject the null hypothesis for all
trials and matrices; in other words, a statistically
significant difference was produced between the initial and final protein concentrations in all the substrates in their respective levels of microbial constitution. However, it was not possible to reject the null
hypothesis for the ‘microbial composition’ treatment,
in any of the substrates analyzed.
In order to evaluate if the protein concentrations
obtained according to the substrates analyzed are
significantly different, as well as the possible interactions among the treatments, a three factor design was
proposed, considering substrate, time period and microbial composition. The results of the ANOVA made
it possible to reach the following conclusions: reject
the null hypothesis of the substrate and time period
factors, since statistically significant differences were
found between the concentration values of the final
protein obtained with the different substrates: banana
peel meal, grapefruit bagasse meal and mesquite pod
meal; accept the alternative hypothesis in relation to
the time factor: significant statistical differences were
found between the initial and the different number of
days of fermentation and in the interaction between
both factors, time period per substrate. The rest of the
interactions were not statistically significant.
Table 6 compares the characteristics of the fermentation process of this study from a practical perspective, considering the time needed to reach the maximum amount of proteins in each substrate and the
microbial composition.
The analysis of variance indicates that there are no
significant differences in the microbial protein concentration produced between the grapefruit bagasse and
the banana peel substrates, or with the mesquite pod
substrate, although statistical differences were observed between the concentrations of microbial protein
Table 6. Comparison of the results obtained in the fermentative process using three substrates and
two different microorganism compositions
Final protein
Grapefruit
Banana
Mesquite
Initial conditions
S
S+3
S
S+3
S
S+3
Initial protein (g/100 g)
6.41
6.23
6.88
7.81
13.25
13.14
Maximum protein (g/100 g)
16.4
16
14.8
15.5
NS
NS
Maximum time for protein
4
NS
4
16
NS
NS
concentration*
Microbial protein produced
10 a, b
9.8 a, b
7.92 a
7.69 a
10.33 b 10.78 b
Productivity index
0.180
0.210
0.166
0.172
0.182
0.179
* Time expressed in days.
S: Saccharomyces cerevisiae; S+3: medium seeded with S. cerevisiae + Bacillus subtilis strain 3.
NS: no statistically significant differences were found in the protein concentration determined by the
fermentation time.
a, b: means with a letter in common are not significantly different (Fisher’s test).
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produced with the banana peel and the mesquite pod
substrates. This observation is repeatedly present in the
bioreactors with the different microbial compositions.
Taking into account the productivity index used
in this experiment, which establishes a relationship
between the microbial protein unit (response variable) generated, in relation to the soluble sugars unit
(i.e. reducing and non-reducing sugars), it should be
considered that the material having the highest PI is
the most efficient one, which is the one producing the
largest amount of microbial protein (under the fermentation conditions established that are similar in all
cases) per gram of sugar. Under the ideal fermentation
conditions established for S. cerevisiae the value of
Yx/s (where X and S represent the concentration of the
biomass and the substrate respectively) should ideally
be of about 0.5 g of dry biomass per gram of sugar
absorbed, but since the specific product evaluated is
microbial protein concentration, the yield of the product will be given by Yp/s, where P would be the protein produced per gram of sugar absorbed [3]. When
considering that the amount of protein contained in
the yeast is of approximately 40 % of the biomass,
then the ideal value should be of approximately 0.2 g
of protein per gram of sugar. In this study, the highest
productivity index was 0.21 and it was obtained with
grapefruit bagasse meal as the substrate and the yeast/
bacteria combination, but no statistically significant
differences were found between the indices obtained.
Although all the substrates used achieved a similar
microbial protein concentration, they all started with
different initial protein levels and therefore the increase in protein produced by solid state fermentation implies a different percent increase for each substrate.
Table 3 summarizes the data on the protein increase in
relation to the material analyzed. As shown, a maximum percent increase in protein is obtained in the
grapefruit bagasse meal and the lowest increase was
in the mesquite pod meal, although the latter substrate reached the maximum absolute value of final total
protein. The bar graph format in the table makes it
possible to compare the data from the same column
graphically.

Discussion
The maximum fermentation time of 16 days was
established as a function of the results obtained by
Bairagi et al. [11] who used two strains of cellulaseproducing Bacillus in the fermentation of Leucaena
leaf meal where they obtained an increase in the
protein concentration and other modifications of the
substrate. To evaluate the process, the proteins were
measured at 4 and 8 days. A factorial design was used
for the analysis of the experimental data obtained in
the solid state fermentation process of each substrate.
There were two hypotheses. The first hypothesis assumed that significant differences should occur in the
protein concentration between the initial time and the
fermentation periods of 4, 8 and 16 days. The second expressed that differences between the protein
concentrations obtained at levels S and S+3 would
be expected. The main characteristic of the isolated
Bacillus strain used in this study is the production of
endoglucanase. Since the plants used are complex matrices, the assumption was that a combination of yeast

and bacteria would enable the endoglucanases, of the
Bacillus strain used, to act on the polysaccharides and
increase the availability of simple sugars, in order to
favor the yeast growth.
The results of the analyses of variance confirm the
first hypothesis for all substrates since there were statistically significant differences between the initial and
final protein concentrations at the levels with different
microbial compositions, and in all cases, the difference
was established between days 1 and 4.
The statistical analysis indicates that, in grapefruit
and mesquite when the incubation time is longer than
4 days, there are no significant modifications in protein concentration on using either S. cerevisiae or the
combination of S. cerevisiae/B. subtilis. This makes it
necessary to learn the dynamics of the system between
0 and 4 days of the study in more detail.
Banana peel reached its maximum protein concentration on day 16 using S. cerevisiae/B. subtilis, with
significant differences in the protein concentrations
with less fermentation time. In the samples seeded
with S. cerevisiae, a maximum protein concentration
is also obtained on day 16, although there was no statistically significant difference with the other fermentation periods.
These experimental data led to the fact that it is
possible to increase the protein content of the materials used in the study with S. cerevisiae and B. subtilis, under the experimental conditions stated. With
grapefruit bagasse, there was an increase of over 150
% in the amount of protein of the original material.
This was in contrast to that obtained by Oboh et al.
[14], who found an increase from 6.03 to 12.8 g/100 g
in the amount of protein of the grapefruit peel, which
is an increase of 112 %, in a very similar experiment
using S. cerevisiae at 14 days of fermentation.
It is possible that the composition in complex carbohydrates of the different substrates would involve
an unequal susceptibility to the attack of the microbial
endoglucanases. In the grapefruit substrate the prevailing polysaccharides are pectins, and in mesquite these
are gums [27], both of which form part of the soluble
edible fiber. The pectins and gums are healthy products
because of their capacity to absorb water; this produces the sensation of fullness to repletion and they act
as moderators of glucemia, while helping to prevent
diseases of the digestive system, mainly colon cancer.
In the food industry, the pectins and gums are very
useful as gellants (pectins) and as thickeners (gums),
although in other types of industries, such as those of
juices and wines, they must be eliminated. With this
objective, we have used enzymes produced by B. subtilis, such as xylanases that act on the arabinoxylans
(composed by 5 carbon sugars that cannot be degraded
by the endogenous enzymes of the animals) mainly
found in cereals. Cuyvers et al. demonstrated that a
strain of B. subtilis produced xylanases that act on the
soluble and insoluble fractions of the xylans [28]. These also produced a hydrolyzate of xylans that could
be metabolized by the bacterial genera Lactobacillus
and Bifidobacteria, offering a competitive advantage
in relation to other bacterial genera that are unable to
use this type of substrate as a probiotic. This means
that the action of the xylanases on the arabinoxylans
produces substances with probiotic potential [29].
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Particularly, banana peels are made of starch in approximately 40 % of their dry matter, and another
40 % is formed by neutral detergent fiber (NDF) components, cellulose, hemicellulose and lignin [30]. This
polysaccharide constitution is probably responsible
for the fermentative behavior that differentiates it
from the other two substrate matrices.
Other factors affecting enzymatic activity, besides
the constitution of the carbon hydrates and the susceptibility of the microbial enzymes, are the pH, temperature, the presence of ions such as calcium, among
others, in which their maximum activity is reached.
Soriano Lasheras [31] determined that the pectate
lyase enzyme obtained from B. subtilis presented its
maximum activity at pH 10 and 65 °C in the presence
of 2 mM Ca2+ [31], which are quite different from the
conditions used in this study.
The Bacillus strain is not the only endoglucanase producer. The presence of glucanases was also
demonstrated in S. cerevisiae. Hien and Fleet [32]
isolated 6 types of (1-3) β-glucanases, two of them
exoenzymes and the other 4 were 4 endoenzymes
[32]. More recently, Restuccia et al. isolated a total of
80 strains belonging to the S. cerevisiae genus of wine
must with β-glucosidase activity [33]. Also isolated
from wine are the wild strains of S. cerevisiae that
were evaluated under the conditions having the maximum activity of the β-glucosidase, where it was found
that in grape juice at a pH 4.0, the aerobic conditions
and the temperature of 40 to 50 °C favor the activity
of these enzymes [34]. Several publications now deal
with the use of S. cerevisiae having β-glucosidase in
order to improve wine aroma [35, 36].
The Bacillus genus produces characteristic anti-microbial substances [37] that may confer protection and
inhibit the development of undesirable microorganisms in the bioreactors containing it. This may be an
explanation as to why the bioreactors that were contaminated were those that only contained S. cerevisiae
and the matrix with the highest amount of sugars, i.e.
mesquite.
The questions that arise from this study for future
research are mainly related to the analysis of which
and how these fermentation factors affect each particular matrix, in order to optimize the process and to
be able to reach a higher scale of production. In this

sense, Ray et al. found that humidity, temperature and
the nitrogen source, play a crucial role in the production of cellulases in Bacillus strains isolated from fish
intestine, although the variables concerning the amount of the inoculum and pH were also evaluated [38].
Another aspect of fermentation conditions that should
be included in further studied is that related to the
amount of O2, which is crucial for the development of
these aerobic microorganisms, particularly the effect
of shaking. Another important factor that should be
evaluated is the possibility of performing the inoculation of the microorganisms at different time periods,
and the influence of all these factors in order to decrease fermentation time. The main challenge may be
the design of a bioreactor that will simplify scaling
up, and enable the best evaluation capacity of the above variables.
Noteworthy, although the solid state fermentation
process has been practiced for several centuries in the
preparation of traditional food, its application in the
production of new biotechnological developments is
limited, as it is the case in Argentina.

Conclusions

This study has demonstrated that solid state fermentation with S. cerevisiae and B. subtilis enables the
production of microbial protein. Using the grapefruit
bagasse meal as a substrate with a 4 day fermentation,
we obtained a product with a maximal protein concentration of 16.4 g/100 g, of which more than 60 %
is of microbial origin; this substrate had the best productivity index with the use of S. cerevisiae/B. subtilis. Dry ground banana peels that were fermented
for 16 days produced a material with the maximum
protein content of 15.5 g/100 g of which 50 % is
microbial protein. The pods of the dry ground mesquite produced a maximum protein content of 23.92
g/100 g of which 45 % is microbial protein, and this
matrix had the highest amount of microbial protein
produced.
Although the use of the combination of S. cerevisiae + B. subtilis strain 3 (S+3) did not show any
statistically significant differences in the final protein
concentration of each substrate, the inclusion of B.
subtilis would offer an additional benefit based on its
probiotic potential.
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