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Abstract

The present work focused on the fodder yeast production, an attractive source of proteins for the
livestock nutrition through the efficient growth of microorganisms on inexpensive waste substrates.
Two agricultural by-products, sugar beet pulp and barley husks, rich in simple carbohydrates (88 g/L and
31.77 g/L for sugar beet hydrolysate and barley husks hydrolysate, respectively) were mixed after acid
hydrolysis and used as a carbon and energy source for the “fodder yeast” Candida utilis production.

Various nutritional requirements affecting the yeast growth were considered and investigated
through an experimental design approach. The Response Surface Methodology was applied in order to
optimize the medium composition aiming to increase on the one hand the yield on biomass rich in
protein content and the substrate bioconversion on the other hand. Statistical analysis of the
mathematical models developed for the studied response functions revealed a good correlation between
the experimental data and the predicted values. In a medium containing 32-34 g/L reducing sugar,
1.022-1.079 g/L nitrogen and 0.406-0.427 g/L phosphorous, 6.47-6.62 g/L biomass were obtained.
Under these conditions the final product protein content was of 50.40-51.55% (w/w) for a substrate
consumption yield (expressed as monosaccharides content) of 92.94-95.4% (w/w).

Keywords: acid hydrolysis, barley husks, Candida utilis, fodder yeast, Response Surface Methodology,
sugar beet pulp

1. Introduction

In order to meet the specific nutritional demands of different species of animals it is
often necessary to insure an adequate intake of proteins. One possible solution is represented
by the use of fodder yeast (M.R. ADEDAYO & al. [1]). Besides the high amount of proteins, this
yeast contains also fats, carbohydrates, nucleic acids, vitamins, minerals (M.J. ASAD & al. [2];
P. JAMAL & al. [3]) and certain essential amino acids which are limited in most plant and animal
foods. Fodder yeast can be used as an additive to the main diet instead of other sources, which
are known to be costly, such as soybean and fish supplements (A.S. GAD & al. [4]). Moreover,
according to different researches (M.M.Y. ELGHANDOUR & al. [5], C.J. NEWBOLD & al.
[6], J.P. JOUANY & al. [7], V. ROGER & al. [8]), fodder yeast may have a buffering effect
by mediating the sharp drops on rumen pH, can remove oxygen on the surfaces of freshly
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ingested feed to keep rumen as anaerobic chamber, decreases the redox potential in the rumen
providing appropriate conditions for strict anaerobic cellulolytic bacteria development and
ameliorates the animals response to vaccination against infectious diseases (M. KIM & al. [9],
F. CECILIANI & al. [10]) etc.

Fodder yeast production requires certain specific nutrients such as carbon and nitrogen
sources, vitamins, mineral salts etc. In recent years, agricultural wastes such as bagasse
(P. PATELSKI & al. [11]), rice straw (Y. KOYAMA & al. [12]), citrus wastes
(T. AGGELOPOULOS & al. [13]) or molasses (P. NIGAM & al. [14]) have been successfully
used to this purpose especially due to their important content of saccharides. According to
these researches Geotrichum candidum, Candida utilis, Debaryomyces hansenii are among
the yeast strains possessing the capacity to multiply on substrates containing or being
represented by the above mentioned materials.

In this context, the present work investigated the possibility to valorise two different
agricultural wastes, sugar beet pulp and barley husks, for obtaining yeast biomass. The first
one is an important residue resulted from sugar extraction process while the second one
constitute 10-13 wt.% of the main crop employed for beer industry (H. KRAWCZYK & al.
[15]). Both are composed mostly of polysaccharides, such as cellulose or hemicellulose, and
various types of lignin and pectin. To the best of our knowledge, even though these industrial
wastes are very attractive as carbon sources, there are no researches using a mixture of them
as substrate for fodder yeast production. Candida utilis commonly was considered in this work as
model microorganism based on its ability to easily adapt to different growth conditions,

Generally, the growth of a microorganism is strongly affected by several experimental
factors such as nutritional requirements, cells energetic status and physicochemical cultivation
conditions. Thus, the investigation of the influence of experimental parameters should conduct to
determine the optimal experimental conditions that play a key role in the fodder yeast production
process. Generally, traditional optimization strategy based on “one factor-at-a-time” technique
(the most common method holding all other variables constant) is well recognized as time-consuming
and requires an important amount of tests to establish the optimal levels of the process parameters.

Thus, to overcome the drawbacks indicated above, statistical optimization using
factorial experimental design and response surface methodology (RSM) can be considered as
a promising alternative. This strategy was successfully applied in the fermentation process
and in the enzyme production and was considered as an interesting tool allowing to rapidly
evaluate the effects of the significant process parameters and their interactions on the response
variables with a limited number of experiments (C. POPA UNGUREANU & al. [16]).

An experimental program was developed and Response Surface Methodology (RSM) and
associated statistical tools were used to optimize the influence of total sugar, nitrogen and phosphate
contents in fermentative medium composition on the biomass yield, protein content and residual
sugar content. The resulted mathematical models containing not only linear relationships, but
also quadratic forms and interactions of independent variables and also the chosen response
functions were analyzed in order to establish their consistency with the experimental data.

2. Materials and methods

Reagents

Analytical grade reagents purchased from Sigma Aldrich (St. Louis, MO, USA) were
used for all the experiments.

Beet pulp and barley husks hydrolysis

In order to facilitate the microorganisms’ access to carbon sources, it is necessary
to remove most of the lignin and to facilitate the cellulose and hemicellulose hydrolysis
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(K. ZIEMINSKI & al. [17]). An efficient pre-treatment used to this purpose is the acid hydrolysis.
Its optimization was studied and described in detail in our previous works (A. SIMION & al.
[18], P. DOBROVICI & al. [19]). Briefly, the spent beet-pulp noodles were treated with
sulphuric acid in two hydrolysis stages (1% stage: 3.02 g/L concentrate H,SO,, 323.35 K, 282
minutes and the 2" stage: 75.2 g/L concentrated H,SO4, 368.65 K, 26.7 minutes).

Barley husks were hydrolyzed according to the procedure described by P. DOBROVICI
& al. [19] using a two steps strategy. The first one was carried out using 38.5 g/L concentrated
H,SO4 and required 170.4 minutes at a temperature of 338.55 K. The second step was
conducted with 63.5 g/L concentrated H,SO, was employed at 380.05 K for 25.2 minutes.

In both cases, the obtained hydrolyzed was submitted to a series of filtrations,
neutralizations and chromatographic separations processes of the components (A. SIMION & al.
[18]). The average chemical composition of the resulted hydrolysates is presented in Table 1.

Table 1. Chemical composition of sugar beet pulp and barley husks hydrolysates

Value
Characteristics Sugar beet pulp hydrolyzed B}?}I:ier};ll'; l;se]:is
Dry matter, % w/w 17.42 16.66
Monosaccharides, g/L 88 (£3%) 32 (= 4%)
(%, w/w total sugar)
Glucose 35.33% 43.74%
Arabinose 29.47% 5.32%
Galactose 7.4% 0.91%
Xylose 1.85% 32.26%
Mannose 1.38% -
Rhamnose 1.23% -
Other monosaccharides 23.3 17.84%
Phurphurol, mg/L 0.21 0.25
Ash % w/w at 800 + 5°C, 2.66 2.11
Density, kg/m’ at 20°C 1048 £5 10405
pH 4.0-5.0 4.0-5.0

Yeast growth

Candida utilis yeast strain used in this study was provided by SC ROMPAK SRL
Pagcani. The stock culture was maintained by cultivation on a solid medium containing (g/L):
D-glucose 20, Bacto peptone 10, yeast extract 5 and agar 20.

The inoculum was obtained in test tubes by cells inoculation in 10 mL of sterile liquid
culture medium containing D-glucose 20 g/L, Bacto peptone 20 g/L and yeast extract 10 g/L,
into and incubation at 30°C for 24 h.

For the growth experiments a basal liquid medium composed of sugar-beet and barley
husks hydrolysates in a ratio 1:1 (after dilution of each with demineralized water to 25-35 g/L
fermentable monosaccharides, according to the experimental algorithm) supplemented with
MgSO4 1 g/L, ZnSO4 1.0 g/L, MnSO4 1.0 g/L, FeSO4 0.8 g/L and KCl1 1 g/L was used. Also
according to the experimental program up to 1100 mg/L nitrogen and 420 mg/L phosphorous
from (NH4),SO4 and (NH4),HPO4 were added. The resulted mixture was sterilized at 120°C
for 15 minutes, cooled to 30°C and centrifuged at 4000 rpm for 10 minutes. The supernatant
was recovered and its pH was adjusted to 5.5 with Ca(OH), (0.5 mol/L concentration).

2.5 L of the obtained basal medium were introduced in a 5 L bioreactor tank for batch
culture and inoculated with the yeast strain. Semi-aerobic conditions at 38°C for 48 h and an
air flow of 0.02 L/h were ensured.
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The experiments were conducted using a trinocular microscope NOVEX, K Series,
Model 85 340 (Euromex Microscopen BV, The Netherlands), a hood with sterile air (laminar
flow), ”SPACE” PBI, 120/180 (Thermo Fisher Scientific, United Kingdom), a 5 L capacity
bioreactor with steering system with adjustable speed 10-1000 rpm, heater system up to 100°C,
air and ingredients dosing systems (Syrris Ltd., United Kingdom), a Hettich Table Centrifuge
EBA 111, 4 x 15 g load, adjustable speed 800-6000 rpm (ESBE Scientific, Canada) and a Kern
MLB 50-3 Moisture Balance (KERN, Germany).

Biomass content assay

For biomass separation, samples of 10 cm’ were centrifuged at 4000 rpm for 15 minutes,
washed with distilled water and then dried at 105°C at constant weight. Biomass concentration
was gravimetrically measured and expressed as dry mass.

Protein and total nitrogen content determination

The content of biomass total nitrogen was determined through the Kjeldahl method
[20] using a Hach — Digesdahl Digestion Apparatus and an Auto Analyzer, model 1030, Tecator,
Hoganas (HACH Lange GmbH, Germany). The protein content was calculated according to
the method described by M.H. CHOI & al. [21].

Residual sugar content assay

In order to establish the sugar content from the medium, samples of 1 mL were mixed
each with 1 mL 3,5-dinitrosalicylic acid (DNS) 1%. After 5 minutes of heating at 99°C and after
cooling down at room temperature, 8 mL of distilled water were added. The resulted mixtures
were introduced in square glass UV-Vis cells (path length, 2.5 cm) and their absorbance was
measured with a HACH DR/2000 spectrophotometer (HACH Lange GmbH, Germany) set at
575 nm. A calibration curve was prepared by replacing the samples with glucose solution.

Response surface methodology (RSM) design

27 experiments were carried out by RSM using the NemrodW version 2000 software
(NemrodW, France) in order to study the influence of initial total sugar, nitrogen and
phosphorus amounts on protein, yeast biomass production and residual sugar contents.
The effect of the independent variables X, (total sugar content, g/L), X, (nitrogen content, mg/L),
X3 (phosphorus content, mg/L) at three variation levels (Table 2) on the yeasts multiplication
process is shown in Table 3. Replicates were used to estimate the experimental error and to
check the adequacy of the model.

Table 2. Independent variable chosen for RSM and levels of variation

Symbol Levels
Variables 7 | 0 | 1 Step change value
Coded Uncoded AX
Actual values
Total sugar content, g/L X4 X, 25 30 35 5
Nitrogen content, mg/L X5 X, 700 900 | 1100 200
Phosphate content, mg/L X3 X3 340 | 380 420 40

The equation 1 represents the correspondence between the coded and the uncoded values:
X =X, =X, )/ AX, ()

where x; is the coded value of an independent variable; X; is the actual value of an
independent variable; Xy is the average between the maximum and the minimum values of
the independent variable and 4X; is the step change value of an independent variable.

For predicting the optimal point, a quadratic polynomial model (equation 2) was fitted
to correlate the relationship between the independent variables for each response function.
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3 3 2 3
nY:AO +ZA7nXl +n ZAUWXIZ +n ZZAU,”X;.”X} (2)
i=l i=l

i=l j=i+l

where the values of n are between [ and 3, ,Y are the responses (;¥ biomass yield, »Y protein
content, ;Y residual sugar content), ,4g, »4i, »4ii, and ,4;; are the regression coefficients of
variables for the intercept, linear, quadratic and interaction terms, respectively, X; and X; are
the independent variables (i).

Statistical analysis

Five replicates measurements were performed for each sample. The results were
analyzed by using analysis of variance (ANOVA) of XLSTAT-Pro 7.5 version (Addinsoft,
France), and the #-Test was used to examine the differences. Results with a corresponding
probability value of p < 0.05 were considered to be statistically significant.

3. Results and discussions

RSM in known as using various statistical and mathematical techniques effective
especially for optimizing processes implying a response function that is influenced by different
independent variables. It is based on the fit of a polynomial equation to the experimental data
that describes the relationship between independent variables and responses.

Table 3. RSM algorithm test with the corresponding experimental data and the absolute relative errors
between observed and predicted values.

Total sugar| Nitrogen | Phosphate | p. .- yield, /L Proteoin content, Reségﬁ?é;tl’l gar
Run content, content, content, % wiw L
g/L mg/L mg/L i, e g
Obs. |Pred. | & Obs. | Pred. | &, |Obs. |Pred.| e

1 25 700 340 3.80 | 3.59 | 5.37 |29.22 (2581 [11.68] 1.71 | 1.58 | 7.66
2 25 700 380 4.05 1 4.01 1 0.77 [29.90|28.39| 5.05 | 1.23 | 1.31 | 6.10
3 25 700 420 4.07 | 414 | 1.74 |30.1629.48| 2.27 | 1.24 | 1.19 | 3.71
4 25 900 340 442 1 4.59 14.03 |31.82134.88] 9.60 | 1.01 | 1.12 [10.50
5 25 900 380 4.93 | 5.01 | 1.76 |37.49|37.84]| 0.92 |1 0.94 | 0.90 | 4.36
6 25 900 420 5.10 | 5.14 | 0.71 |37.82]39.30| 3.91 | 0.89 | 0.85 | 5.06
7 25 1100 340 4.79 | 472 | 1.57 [32.50|34.76| 6.96 | 0.94 | 0.99 | 5.32
8 25 1100 380 5.18 | 5.13 | 0.95 |39.55]38.10| 3.67 | 0.86 | 0.83 | 3.49
9 25 1100 420 526 | 5.25 | 0.25 140.02]39.94| 0.20 | 0.77 | 0.83 | 8.05
10 30 700 340 4.70 | 5.12 | 8.83 |34.54|37.12| 7.46 | 1.94 | 1.77 | 8.81
11 30 700 380 548 | 5.39 | 1.70 | 35.01 [38.42] 9.73 | 1.36 | 1.56 [ 14.93
12 30 700 420 549 | 536 | 2.39 |35.17(38.23| 8.69 | 1.34 | 1.52 | 13.51
13 30 900 340 6.41 | 6.08 | 5.16 |50.23[46.86| 6.71 | 1.24 | 1.32 | 6.13
14 30 900 380 6.32 | 6.35 | 043 149.40]48.54| 1.74 | 1.23 | 1.17 | 5.12
15 30 900 420 6.34 | 6.32 | 0.39 |49.90|48.73| 2.35 | 1.25| 1.18 | 5.52
16 30 1100 340 599 | 6.16 | 2.79 |48.15[47.42| 1.52 [ 1.19 | 1.20 | 0.76
17 30 1100 380 6.47 | 642 | 0.73 |51.35[49.48| 3.65 | 1.18 | 1.11 | 6.19
18 30 1100 420 6.37 | 6.39 | 0.27 |51.07]50.04| 2.01 | 1.27 | 1.18 | 7.24
19 35 700 340 547 ] 536 | 1.96 [36.7237.21| 1.32 [ 3.14 | 3.27 | 4.24
20 35 700 380 545|549 | 0.64 |36.8737.23| 098 | 3.17 | 3.14 | 1.10
21 35 700 420 5.26 | 5.31 | 0.86 |40.04]35.76|10.69 | 3.37 | 3.16 | 6.20
22 35 900 340 6.32 | 6.29 | 0.51 |48.62[47.63| 2.05 | 2.85|2.83 | 0.77
23 35 900 380 6.39 | 6.41 | 0.25 |48.00]48.03| 0.06 | 2.77 | 2.75 ] 0.79
24 35 900 420 6.18 | 6.22 | 0.70 |45.44146.94| 3.29 | 2.75 | 2.83 | 2.95
25 35 1100 340 6.34 | 6.33 | 0.17 [48.7348.86| 0.27 | 2.77 | 2.72 | 1.77
26 35 1100 380 6.39 | 6.44 | 0.85 |48.09149.64| 3.23 | 2.71 | 2.70 | 0.48
27 35 1100 420 6.30 | 6.26 | 0.68 |47.71 4893 | 2.55 | 2.70 | 2.84 | 5.04

*QObs. — observed; **Pred. — predicted; ***¢% — relative error.
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Various statistical parameters and coefficients namely standard error, the coefficient of
determination (R?), the adjusted coefficient of determination (R ad}.), the predicted coefficient
of determination (R’ pred.), the predicted residual sum of squares (PRESS) and the precision
adequacy (Adeq. Prec.) were used for evaluating the adequacy of the generated polynomial
equations.

The specific values of these statistical parameters for the studied functions are given
in Table 4. Their values indicate that the mathematical models describe with high accuracy
the behavior of the analyzed experimental data.

Table 4. Estimates and statistics of the coefficients

Statistical parameters Biomass yield | Protein content R;slgi;al
Standard Error, SE 0.164 2.488 0.126
Coefficient of determination, R’ 0.975 0.929 0.986
Adjusted coefficient of determination, R’ Adj. 0.962 0.892 0.979
Predicted coefficient of determination, R Pred. 0.938 0.799 0.960
Predicted residual sum of squares, PRESS 1.123 297.945 0.792
Adequate Precision, Adeq. Prec. 28.53 16.00 31.85

ANOVA served to calculate the significance of quadratic models coefficients. As revealed
by the data shown in Table 5, it can be observed that sugar and nitrogen contents influence
significantly all the studied parameters (p < 0.01). The phosphate amount strongly affects
the biomass yield (p < 0.01). In a less important way, it has an impact on the residual sugar
found in the growth media (p = 3.54) but it does not affect at all the protein content (p = 12.7).

The relative error (g4,) between observed and predicted values (Table 3) and the analysis
of the residuals also indicate a good fit between mathematical models generated and the
experiments results. For the calculated relative errors, an average, in absolute values (not taking
in consideration the positive and negative values) of 1.72% for biomass yield, 4.17% for
protein content and 5.40% for residual sugars was obtained.

Table 5. Regression coefficients values and the their significance in the mathematical models

Cocfficicnt Value and coefficient significance, p %
Biomass yield Protein content Residual sugar

Ay 6.347 <0.0] *** 48.539 <0.0] *** 1.167 <0.0] ***
A, 0.694 <0.0] *** 5.097 <0.01 *** 0.924 <0.01 ***
A; 0.518 <0.0] *** 5.530 <0.0] *** -0.228 <0.0] ***
A; 0.118 0.701 ** 0.933 12.7 -0.067 3.54*
A -0.636 <0.0] *** -5.608 <0.01 *** 0.657 <0.0] ***
A -0.442 <0.0] *** -4.591 0.0343 *** 0.168 0.448 **
As;s -0.151 3.67 * -0.748 47.8 0.082 12.7
A -0.038 43.5 0.676 36.3 0.009 79.9
Az -0.151 0.541 ** -1.278 9.0 0.068 7.5
Az; -0.003 94.3 0.378 61.1 0.057 13.4

* p 9% >99.99%:; ** p %> 99%; ¥ p %> 95%

The equations of the studied response functions were used to generate 3D surfaces by
fixing one independent variable at the zero level while the others are varied within the range
of study to further analyze the effects of independent variables on the responses (Fig. 1, 2 and 3).
These plots showed how total sugar content, nitrogen content and phosphate content are in
direct correlation with biomass yield, protein content and residual sugar in the Candida utilis
multiplication process.
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Figure 1. Response surface plots (1) and contour plots (2) for the effects of sugar content
and nitrogen content (A); sugar concentration and phosphorous content (B);
nitrogen and phosphorous content (C) on biomass yield
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Figure 2. Response surface plots (1) and contour plots (2) for the effects of sugar content
and nitrogen content (A); sugar concentration and phosphorous content (B);
nitrogen and phosphorous content (C) on biomass concentration in protein
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Residual sugar, g/L. Residual sugar, g/L Residual sugar, g/L
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Figure 3. Response surface plots (1) and contour plots (2) for the effects of sugar content
and nitrogen content (A); sugar concentration and phosphorous content (B);
nitrogen and phosphorous content (C) on residual sugar in fermentative medium

Based on the developed mathematical models and on the realized statistical analysis
we were able to establish the optimum amounts of sugar, nitrogen and phosphorus required
for obtaining the highest biomass yield and protein biosynthesis in correlation with a high
bioconversion rate of the substrate (Table 6).

Table 6. Optimal values of the independent variables affecting the studied response functions
Maximum coordinates

Variable - Cod;(j1 value L Factor - Reallealue e
X, 0.306 0.512 0.352 Sugar, g/L 32 33 32
X, 0.697 0.736 0.895 Nitrogen, mg/L 1039 1047 1079
X3 0.648 1.109 1.177 Phosphorus, mg/L 406 424 427

Maximum characteristics
Response function T V;{He 3

Y Biomass yield, g/L 6.62 6.52 6.47
Y Protein content, % w/w 51.55 51.21 51.05
5Y Residual sugar, g/L 1.47 1.85 1.63

For all three proposed mathematical models, the differences in desirability are reduced.
As consequence, the yeast multiplication process can successfully conducted if the amount of
total sugar is established between 32 and 33 g/L and when simultaneously the quantities of nitrogen
and phosphorus insured are between 1039 and 1079 mg/L, respectively between 406 and 427 mg/L.

The validation of the mathematical models was achieved by realizing 5 replicates of
each optimized medium composition variant. The analysis of the obtained results led to a final
fermentative medium composition including: 32 g/L (+ 3%) total fermentable sugar, 1050
mg/L (£ 3%) nitrogen amount and 425 mg/L (+ 5%) phosphorus content. The fermentation
products were characterized by 6.47-6.61 g/L dry biomass containing 50.40-51.45% w/w
proteins with a rate of and at 92.9-95.5%, w/w, fermentable monosaccharides consumption.
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4. Conclusions

Two agricultural by-products (sugar beet pulp and barley husks) were successfully employed,
after a preliminary acid hydrolysis, for fodder yeast production. Due to their important content
of fermentable sugar (31.77 g/L in case of barley husks hydrolysate and 88 g/L for sugar beet
hydrolysate) they constituted adequate carbon sources for the growth of Candida utilis yeast strain.

Response Surface Methodology was used as tool for optimizing the multiplication
process in order to increase the biomass yield based on a high rate of substrate bioconversion.

Statistical analysis of the results showed a very good fit between the experimental data
and those obtained from the developed mathematical models. When the fermentative medium
contains 32-34 g/L reducing sugar, 1022-1079 mg/L nitrogen and 406-427 mg/L phosphorous
it is possible to obtain 6.47-6.62 g/L biomass containing 50.40-51.55% proteins, w/w; In these
conditions, 92.94-95.4%, w/w of the fermentable monosaccharides are consumed.
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