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Abstract

Cassava-based dried distiller’s grain (Cassava-based DDG) is known as a by-product of the bio-ethanol industry with low
nutritional value due to the presence of cyanide and to the low content of protein. More value can be added to cassava-based
DDG through solid-state fermentation (SSF) using mold and yeast. SSF were conducted with cassava-based DDG in 8 and
5 days of fermentation, respectively. Under optimal conditions, the crude protein fraction of cassava-based DDG fermented
by Trichoderma harzianum BiomaTH1 or Yarrowia lipolytica W29 was increased from 11.84% DM for unfermented sample
to 15.29 and 14.06% DM, respectively. In addition, the total amino acids of fermented samples using 7. harzianum and Y.
lipolytica was increased from 11.01% DM to 13.86% DM and 12.39% DM along with an increase in the essential amino
acids content which enhanced by 55% and 22%, respectively, including limiting amino acids in pig feeds. The in vitro
protein digestibility was improved significantly from 82.5% to 89.2 and 86.9% for T. harzianum and Y. lipolytica fermenta-
tion, respectively. Beside increasing the nutritional value, the SSF showed a clear effect in reducing cyanide content of raw
cassava DDG from 62.3 mg/kg DM to 24.3 and 53.6 mg/kg. The obtained results indicated that the protein enrichment of
this bio-ethanol by-product using mold and yeast fermentation could be very promising to be used efficiently as a cheap and
abundant source of essential amino acids for animal feed ingredients in Vietnam. The nutritional projection of adding this
cheap ingredient was discussed.
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Statement of Novelty

This manuscript was the first report on protein enrichment of
cassava-based distillers dried grains collected in bioethanol
factories in Vietnam via solid state fermentation for animal
feed ingredients.

Introduction

Despite being a country in Southeast Asia with a big tradi-
tion of agriculture, Vietnam imports annually 65-70% of
raw materials for feed production, mostly from Europe and
America, with a total import value of around 4 billion USD.
These materials include dried-grain distillers with solubles
(DDGS) from corn and wheat that are by-products from
bio-ethanol plants. According to the Ministry of Industry
and Trade, in comparison with other countries in the Asian
region, the price of feed production in Vietnam is always
15-20% higher because of this importation. Therefore, the
use of local available by-products and materials has been
suggested as the most important alternative for livestock.
Cassava is one of the most popular crops, playing a key role
in Vietnam’s agricultural structure. Besides being used as
a rich source of starch in foods, cassava is considered an
attractive raw materials for bioethanol production which
would achieve 1.8 million liters in 2025, accounting for
5% of country’s demand [1]. In our previous research, the
content of cassava based DDG was characterized as high
in crude fiber (32.8%); low in protein (12%) and amino
acids (5.16%) with limited interest for animal feeding [2].
Therefore, the question is how to increase value-added in
this potential source, improve farm profitability, provide
jobs, produce protein material for feed processing indus-
tries and reduce dependence on imported raw materials for
feed production.

One of the most popular ways to enhance protein con-
tent in lignocellulosic substrate is solid-state fermentation
(SSF). The advantage of this method is its low investment
requirement. It has been used in many fields, including pro-
tein enrichment in animal feed production [3, 4]. SSF is a
process whereby an insoluble substrate containing sufficient
moisture but without free water allows the microorganism
to grow and metabolize. Besides some bacterial species,
yeast genera such as Saccharomyces, Yarrowia, Candida,
and filamentous fungi of Aspergillus, Chaetomium, Paecilo-
myces, Penicillium, and Trichoderma genera have been used
for protein enrichment. Trichoderma species are considered
useful or at least not harmful to humans and animals [5].
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They have been known for producing many extracellular
enzymes and are mostly used in food and textile industries to
degrade complex polysaccharides [6]. For instance, Tricho-
derma harzianum actively takes part in the decomposition
of plant residues in the soil [7]. Its efficiency to enrich the
protein content in various cellulosic agricultural by-products
was reported in previous studies such as peels of mango,
orange, apple, banana and tomato wastes [8]; rice polishing
[9]; sunflower lignocellulosic fraction [10]; and cassava root
meal [11].

On the other hand, the non-conventional yeast Yarrowia
lipolytica was certified as GRAS (Generally Recognized As
Safe) from FDA (American Food and Drug Administration)
for use in food and pharmaceutical industries. Recently, it
has received great attention as a potential source of single
cell protein (SCP) [12]. This obligate aerobic yeast is well
known for its ability to produce proteases, peptidases and
lipases, increasing the nutritional value of the agricultural
substrate. However, Y. lipolytica does not produce cellulases
and hemicellulases so it cannot reduce the content of fiber in
agricultural residues [13].

Many previous studies have shown that SSF processes
using molds and yeasts not only increase the crude protein
content but also enhance significantly the profile of essential
amino acids in agricultural substrates at very low cost. The
essential amino acids, especially lysine, leucine, methionine,
valine, isoleucine, threonine have been commonly used in
animal feeds, since they tend to be deficient in natural feed-
stuffs and cannot be synthesized by animals [14, 15]. This
is why the addition of protein obtained from bio-processing
of agro-byproducts to animal feed has played an increas-
ingly important role in reduction in animal feed costs which
account up to 2/3 or more of total animal production cost,
especially in developing countries [16, 17]. In addition, with
many environmental concerns about the use of wild fish for
production of fish meal protein, leading to overfishing, eco-
logical imbalance as well as unsustainability of fisheries, the
partial replacement of this commercial protein ingredient
feed by fermented agro-byproducts has been studied to meet
the development needs of livestock sector [18, 19].

Hence, using Trichoderma harzianum and Yarrowia lipo-
lytica for solid state fermentation on cassava based DDG
brings the following benefits: (a) being common microorgan-
isms, well adapted to climates in Vietnam; (b) not harmful to
humans and animals; (c) produce proteolytic enzymes that
help increasing protein-value and reduce of anti-nutrients in
byproduct; (d) increase the value added of agro by-products.
For these above reasons, our research focused on enrich-
ment of protein and essential amino acids of cassava-based
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DDG:; decrease of hydrogen cyanide—anti-nutrient by the
SSF using Trichoderma harzianum and Yarrowia lipolytica.
The nutritional projection of adding this cheap ingredient
in pig feed to replace partially, about 10-40% protein from
fish meal was investigated. To realize this aim, the optimal
conditions of fermentation process and nutritional composi-
tions of fermented cassava-based DDG were carried out.

Materials and Methods
Samples Collection

The wet distiller grain (WDG) from a cassava-based bioetha-
nol plant (BSR-BF) located in Quang Ngai province (Center
of Vietnam) was separated after distillation by decanter and
dried immediately in order to obtain cassava-based dried
distiller’s grain. Those samples were collected, transported
immediately after production to Hanoi University of Science
and Technology and dried using a circulating dryer to obtain
cassava-based dried distiller grain (CDDG). CDDG samples
were packed in plastic bags and stored at room temperature
in a dry place for further usage.

Microorganisms and Inoculum Preparation

Trichoderma harzianum BiomaTHI1 was from the col-
lection of the microbiology pedagogic unit BioMA from
AgroSup Dijon (France) and Yarrowia lipolytica W29
(ATCC 20460) was obtained from the UMR PAM labora-
tory collection of AgroSup Dijon—University of Burgundy
(Dijon, France). Trichoderma harzianum BiomaTH1 was
maintained on potato dextrose agar (PDA) slants at 4 °C.
The inoculum was grown in PDA for 5 days at 28 °C.
Spores were harvested and suspended into sterile dis-
tilled water. The spore concentration in suspension was
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Fig.1 Solid State Fermentation process using 1) 7. harzianum Bio-
maTHI1 and 2) Y. lipolytica W29

determined by using a counting chamber (Marienfeld-
Superior, Germany) under a 40X objective—Nikon EFD-3
microscope.

Yarrowia lipolytica W29 was cultured at 28 °C for
48 h on YPDA (Yeast Peptone Dextrose Agar: 20 g 17! of
glucose, 20 g 17! of tryptone pancreatic digest of casein,
10 g 17! of yeast extract and 15 g 17! of agar). Cells were
inoculated into 500 ml baffled Erlenmeyer containing
200 ml of YPD medium. Flasks were shaken for 24 h at
100 rpm at 28 °C until the cultures reached late logarith-
mic growth phase. Cells from the culture media were col-
lected by centrifugation for 15 min at 4000xg at 4 °C and
washed twice with sterile saline solution (0.9% of NaCl
(w/v)). The cell number was also determined by the count-
ing chamber as mentioned above.

Solid State Fermentation (SSF)

10 g of CDDG were weighed into 250 ml Erlenmeyer flask
using cotton plugs to facilitate air transfer. Distilled water
and NaOH 0.1 N or HC1 0.1 N were added into substrate
to obtain desired moisture and pH. These flasks were auto-
claved at 121 °C for 15 min and allowed to cool to ambient
temperature. The samples were inoculated separately with
spores of T. harzianum BiomaTHI (at 5x 10° spores g~
or with Y. lipolytica W29 cells (at 10° cells g~! of CDDG).
The SSF process was carried out at 28 °C for 5 and § days
for yeast and mold fermentation, respectively (Fig. 1). For
both microorganisms, a sample was taken every day and
dried at 50 °C for 24 h for further analysis.

Optimization of Protein Production from T.
harzianum BiomaTH1 and Y. lipolytica W29

Three factors: initial moisture content, initial pH, nitrogen
supplementation, affecting the crude protein levels of fer-
mented CDDG under SSF process, were optimized by using
a search technique varying one factor at a time approach
which has been used extensively in SSF process [15, 20].

First the initial moisture content was investigated: the fer-
mentation was conducted as described above under various
initial moisture content (60%, 70%, 80% w/w for T. harzianum
BiomaTH1 and 70%, 75%, 80% w/w for Y. lipolytica W29).

The best moisture conditions were used to evaluate the best
initial pH content from the three initial pH contents 4, 5 and 6.

Then, keeping the two previous factors at their optimized
level, nitrogen supplementation was investigated: the effect
of additional nitrogenous sources on protein enrichment of
CDDG was tested by adding urea and ammonium sulfate
ranging from 0.5 to 1% w/w.

@ Springer



3878

Waste and Biomass Valorization (2021) 12:3875-3888

Table 1 Composition of animal feed ingredients (expressed in % dry matter)

Ingredients (express in % DM) Crude protein Crude fiber Lysine Leucine ME (kcal Kg™") Price
(USD
Kg™)
Fish meal®® 57.89 1.50 5.25 3.34 3090.00 1.50
Soybean meal*® 43.40 5.05 3.39 3.79 3362.00 0.30
Maize*® 9.80 2.00 0.27 1.10 3298.00 0.25
Cassava root meal®® 2.87 2.25 0.07 0.12 3152.00 0.24
Rice bran*® 13.00 7.71 0.55 0.98 2671.00 0.22
CDDGTH 15.30 30.00 0.95 1.62 1784.00 0.24
CDDGYL 14.10 33.56 0.71 1.10 1571.00 0.24
Salt 0.25
Premix 2.00

CDDGTH Cassava-based dried distiller’s grain fermented by T. harzianum BiomaTH1, CDDGYL Cassava-based dried distiller’s grain fermented

by Y. lipolytica W29
“[56]
°[57]

Evaluation of Using Fermented Cassava Based DDG
for Partial Replacement of Fish Meal in Pig Feed

To evaluate the effectiveness of the use of fermented by-
products of cassava bioethanol as a fishmeal’s alternative
source in animal feed, fishmeal was partially replaced by
fermented CDDG with a ratio ranging from 0 to 50% DM
in formulation. Based on the nutrient composition of each
ingredient (Table 1), the nutritional value of different for-
mulations was assessed for their ability to meet the nutri-
tional needs of animals, including crude protein, crude fiber,
lysine, leucine and metabolizable energy (ME). The econ-
omy benefit of different formulas blended with fermented
cassava based DDG was also investigated.

Ingredient composition (IC) (Crude protein; crude fiber,
lysine and leucine) in animal feed formulation and formula-
tion cost (FC) were calculated using the following formulas:

Analytical Methods

Cassava-based DDG compositions were analyzed for
moisture (AOAC 927.05 (2005)); crude protein (ISO
059,831:2005) which was afterwards calculated by multi-
plying the total nitrogen content of the sample with a factor
of 6.25 using Kjeldahl method, crude fiber was determined
by ANKOM bag method (ANKOM Technology Corp.,
Fairport, NY); fats (ISO 6492:1999), ash (AOAC 930.30
(1930)). Total sugar was determined by the acid hydroly-
sis method, in which starch was hydrolyzed to the reducing
sugar by HC1 2% for 2 h in boiling water bath [22]. Cyanide
content was measured by titration with AgNO; [23].

The amino acid profiles were determined by using Agilent
1200 series HPLC systems (Germany) with DAD detector
(at 338 nm). To determine the amino acid profiles, the sam-
ples (around 20-40 mg) were hydrolyzed in vapor phase of

IC ( g kg'l) = IC in ingredient (%) * Quantity of ingredient (g) in 1 kg formulation

FC (USD kg™') = Price of an ingredient unit (USD kg™') =*

Quantity of ingredient (g) in 1 kg formulation

Digestible and metabolizable energy (DE and ME) values
were calculated using the following formulas [21] based on
nutrient compositions in feed:

1. DE kcal kg™'=4151—(122x % Ash)+ (23 x % Crude
Protein) + (38 X % Fat) — (64 X % Crude Fiber)

2. ME kcal kg‘1 =DE x (1.2003 — (0.0021 X % Crude Pro-
tein))
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1 ml HCI 6 M, 0.5% phenol for 24 h at 120 °C. Afterward,
the hydrolyzed samples were re-suspended in deionized
water for neutralization to pH 7 with NaOH and brought
up to 10 ml of total volume. Hydrolyzed samples were then
filtered through 0.2 pm Sartorius membranes. Amino acids
in samples were derivatized with OPA reagent (Sigma, USA)
in the autosampler of system. After 2 min of reaction, deri-
vatized amino acids were injected and separated in the C18
ElipseZorbax 5 pm, 4.6 X 150 mm column (Agilent, US).
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Table 2 Experimental design used for solid state fermentation using 7. harzianum BiomaTH]1 and Y. lipolytica W29

Experiment steps Factors

Experimental domain Response

T. harzianum Bio- Y. lipolytica W29

maTHI1
Optimization of SSF Moisture content (% w/w) 60; 70; 80 70; 75; 80 Crude protein; Cell
process pH 4,5:6 growth
Nitrogen supplementa-  Urea 0;5;1 Crude protein
tion (% w/w) Ammonium sulfate 0; 5; 1

Comparison of sample ~ Without fermentation
with and without SSF

process

With fermentation

Evaluation of use of Nutritional composition (% of fish meal

fermented CDDG for protein replaced by crude protein from
partial replacement of fermented CDDG)
fish meal

No fermentation Nutritional proper-
ties; Digestible
and metabolizable
energy; In-vitro pro-
tein digestibility

Optimized conditions

0; 12.5; 25; 37.5; 50 Nutritional properties;

Economy benefit

The gradient elution was performed at flow rate of 1 ml/
min with two buffers including sodium phosphate 40 mM
pH 7.8 (buffer A) and mixture of HPLC grade methanol/
acetonitrile/deionized water with volume ratio of 45/45/10
(buffer B). During elution, the ratio of buffer A and B was
changed, in which ratio of buffer A controlled as follow-
ing: maintained at 100% for 1.9 min, decreased to 50% until
15.5 min, decreased to 43% until 21 min, decreased to 0%
until 22 min, maintained at 0% until 26 min, increased to
100% until 27 min and then maintained at 100% until 31 min
before starting the next injection. The temperature of separa-
tion was maintained at 30 °C [2].

The in vitro protein digestibility was evaluated based on
method using AOAC (1999) method [24]. Briefly, initial
ground samples were de-fatted by Soxhlet extraction with
petroleum ether. Thereafter, 0.5 g of defatted sample was
suspended in HC1 0.075 mol/L with pepsin solution 0.002%
(pepsin, activity 1:10,000, Sigma-Aldrich, St. Louis, MO,
USA) and agitated for 16 h at 45 °C, and the resulting
digested solution was filtered. Crude protein content of the
indigestible residue remaining on the filter was determined.
The amount of protein digested by pepsin was subtraction
of the initial protein to the indigestible protein.

Experimental Design Used for Solid State
Fermentation Using T. harzianum BiomaTH1 and Y.
lipolytica W29

The experimental design for SSF process of cassava based
DDG using two strains of microorganisms was summarized
and shown in Table 2. Firstly, the CDDG was analyzed for
proximate compositions. Then, in the goal of improving its
nutritional properties, this by-product was incubated with
T. harzianum BiomaTH1 (for 8 days) or with Y. lipolytica

W29 for (5 days) by using solid-state-fermentation method
(SSF). The fermentation conditions were optimized for both
strains of T. harzianum BiomaTH]1 and Y. lipolytica W29
concerning initial moisture content, pH and supplemented
nitrogen sources. Using optimized conditions, the SSFs of
CDDG with mold and yeast were carried out to evaluate
the efficiency of nutritional enhancement of strains. The
nutrients and protein digestibility of fermented CDDG by
both strains were evaluated and compared to that of non-
fermented CDDG. Finally, the potential applications of these
treated CDDG were estimated, especially for partial replace-
ment of fish meal in feed formulation in terms of nutrition
and cost.

Results and Discussion
Proximate Composition of Cassava-Based DDG

The moisture and pH of CDDG used as fermentation
medium were 5.7% DM and 4.02, respectively. The proxi-
mate composition of CDDG was analyzed in this study
in which protein, total sugar and crude fiber content cor-
responded to 11.9; 28.6 and 34.3% DM, respectively. In
addition to the low protein content and high fiber con-
tent, CDDG was characterized by a low content of total
essential amino acids (5.16%) and the presence of hydro-
gen cyanide (62.3 mg kg™!) which may cause depressed
thyroid function, decreased utilization of oxygen and
decreased weight gain in animal. The cyanide content in
CDDG is lower than other cassava by-products in Vietnam.
According to a study by Ho [25], cyanide content of cas-
sava residues from starch extraction process obtained by
factory and household varies from 270 to 331 mg kg™' dry

@ Springer



3880

Waste and Biomass Valorization (2021) 12:3875-3888

weight. That could be explained by the variety of cassava
and the pre-treatment process. This latter involves soaking
in water, followed by flash drying as well as boiling and
fermentation which can reduce the cyanide content due to
the dissolution of glucosides in water [26]. The cyanide
content in CDDG was higher than the threshold recom-
mended by the EFSA (European Food Safety Authority),
which is less than 50 mg kg™! feed, to prevent acute toxic-
ity in animals [27].

Cassava-Based DDG Particle Sizes

CDDG particle size was measured using a sieve anal-
ysis. Three fractions of CDDG based on particle
size (21.6% < 0.5 mm; 0.5 mm<19.5% <1 mm and
1 mm <58.9% < 2.5 mm) were found. It is noted that the
small particle sizes decrease interparticle space leading
to reduction in substrate porosity [28] which pose prob-
lem in aeration. In contrast, larger particles provide better
aeration but lesser surface area which limits the growth of
the filamentous organism [29]. According to Membrillo,
dry sugar cane bagasse using blend of particle size with
average diameter size of 1.68 mm was most suitable for
protein enrichment with Pleurotus ostreatus strains [30].
Mixed-culture (Bacillus sublitis, Saccharomyces sp. and
Lactococcus lactis), the results indicated that the optimal
sizes in SSF of soybean meal ranging from 1.0 to 1.4 mm
gave the highest peptide production. SSF of soybean meal
using mixed-culture (Bacillus sublitis, Saccharomyces

Fig.2 Effect of moisture on 20

crude protein of cassava-based
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Fig.3 Growth of Y. lipolytica W29 at different initial moisture con-
tent during solid state fermentation

sp. and Lactococcus lactis) indicated that the optimal
sizes ranging from 1.0 to 1.4 mm gave the highest pep-
tide production [31]. Therefore, this blend of particle
sizes is promising to address the aeration and surface area
problems and improve the permeability conditions of the
media, the contact surface between the substrate and the
microorganisms.

Effect of Initial Moisture Content on Protein
Enrichment

Moisture level is one of the most important factors that
influence directly fungal growth, depending on nature of
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substrate and micro-organism in SSF process. Proper mois-
ture content varies between 35 and 80% w/w, and especially,
more important for cellulosic substrates which are known
for their high water absorption capacity [32]. The increase
in protein content is closely related to the growth of micro-
organisms. Under appropriate moisture conditions, thriving
microorganisms promote the use of available nutrients in the
substrate, especially carbon sources, resulting in an increase
in microbial biomass and a decrease in dry matter mass [33].
As can be seen on Fig. 2, the moisture of 70% w/w had
a clear impact on protein content in substrate which was
increased significantly to 15.09+0.19% DM compared to
13.96+0.16 and 12.63+0.19% DM for the samples man-
aged the moisture at 60 and 80% w/w, respectively, after
8 days of fermentation. For protein enrichment using Y. lipo-
Iytica, the growth of Y. lipolytica is shown in Fig. 3. The
initial moisture content of 75% w/v led to the best perfor-
mance of yeast cells. After 5 days of fermentation, the yeast
number was increased from 1x 10° cells/g DM to 3.7 x 108
cells/g DM. On the one hand, for both used microbes, the
high initial moisture of substrate (80% w/w) had no posi-
tive effect on biomass production. This could be caused by
compaction of the substrate, reduction in porosity of the
interparticle space and consequent interference with oxygen
transfer, leading the reduction of microorganism growth. On
the other hand, insufficient quantity of water does not allow
a good diffusion of solutes and gases, leading to a cellular
inhibition because of a lack of substrates or through too high

Fig.4 Effect of pH on crude
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concentration of inhibitive metabolites in or near the cells
[34]. In other research on optimization of SSF using 7. har-
zianum, when the initial moisture content was set to 75%,
the sporulation decreased significantly [35].

Effect of Initial pH

Along with initial moisture content, an appropriate pH is
also a key factor facilitating microorganism growth through
the synthesis of biomass and the degradation of available
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Table 3 Effect of nitrogenous sources on protein enrichment (crude protein-expressed by % dry matter) during SSF using 7. harzianum Bio-
maTH]1 and Y. lipolytica W29

Fermentation day Microorganism for SSF Without supplementa-  Urea (% w/w) Ammonium sulfate (% w/w)

tion
0.5 1.0 0.5 1.0
0 For both strains 11.96 +0.17 13.45+0.12 14.72+0.14 12.65+0.18 13.36+0.12
5 Y. lipolytica 14.06 +0.09 15.83+0.10 17.29+0.24 14.92+0.18 15.79+0.18
Change of crude protein (%) 2.11+0.10 238+0.09 258+0.16 227+0.10 2.43+0.07
Protein improvement” (%) 17.62+0.99° 17.71+£0.75* 17.50+1.09* 17.94+0.88* 18.21+0.37*
8 T. harzianum 15.27+0.19 17.10+0.16 18.82+0.14 16.18+0.16 17.05+0.13
Change of crude protein (%) 3.32+0.36 3.64+023 4.10+£0.09 3.53+0.13 3.69+0.17
Protein improvement” (%) 27.73+0.92° 27.1+1.89° 27.89+0.72° 27.91+1.26" 27.65+1.44°

Values are means of three replicates per treatment. Means in a row with no common letters differ significantly (P <0.05)

*Protein improvement Change of crude protein after 5 days (for Y. lipolytica) or 8 days (T. harzianum) of fermentation/Crude protein of initial

samples (0 days of fermentation)

nutrient sources. The influences of pH on microbial growth
were shown in Fig. 4 and Fig. 5. Maximal protein produc-
tion obtained after 8 days of fermentation for 7. harzianum
at pH 4.0 was 15.27+0.19% DM. The best growth perfor-
mance of Y. lipolytica was at pH 5.0, reaching 5.58 x 108
cell g7! or protein production of 14.06+0.09% DM after
5 days of fermentation. This result was consistent with pre-
vious investigation which confirmed that acidic pH favored
the growth of Trichoderma species and Y. lipolytica [36,
37]. The optimal pH for fungal biomass protein production
from T. harzianum using rice polishing, cassava root meal,
cellulosic agricultural wastes were around 4.0-4.5 [15, 38,
39]. According to Osama et al., after 10 days of fermen-
tation using 7. harzianum, crude protein of tomato leaves,
sugar beet leaves and sugar beet pulp was increased to 18.12;
13.23 and 16.85% DM from 15.12; 10.62 and 14.31% DM
respectively [39]. For protein enrichment of biofuel waste
using Y. lipolytica A-101 at optimized pH (5.0), the protein
concentration was increased to 8.% DM—a 44% increase as
compared to the original (3.65% DM) [40]. The conditions
can thus be considered as optimal for the CDDG source of
substrate which has an initial pH of 4.02.

Effect of Nitrogenous Sources

An addition of nitrogen sources for protein enrichment dur-
ing fermentation of cassava residues was reported in many
previous studies [41-44]. Fungi and yeast require an inor-
ganic or organic nitrogen source as nutrient to synthesize
the biomass and the chitin/chitosan which is a nitrogen
containing biopolymer for their cell wall [45]. To evaluate
whether the nitrogen source was a limiting factor for the pro-
duction of proteins by the two strains, urea and ammonium
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sulfate were used. Results were shown in Table 3. Without
addition of N, the initial protein content was 11.96+0.17%
DM. In the presence of urea, the initial crude protein con-
tent of fermentation medium for both microorganisms was
13.45+0.12 and 14.72 +0.14% DM with supplement of urea
of 0.5 and 1% w/w respectively. Meanwhile, the supplement
of ammonium sulfate with a ratio of 0.5 and 1% w/w resulted
in an increase of initial crude protein of 12.65+0.18 and
13.36 £ 0.12% DM, respectively.

For T. harzianum, after 8 days fermentation, the sup-
plement of urea of 0.5% and 1% has led the increase of
the crude protein of fermented samples to 17.10 +£0.16;
18.82+0.14%, respectively. Similarity, the increase of crude
protein was also observed with ammonium sulfate, which
was 16.18 +0.16 and 17.05+0.1% DM with supplemented
ammonium sulfate of 0.5 and 1% w/w respectively. The
improvement of crude protein was then estimated of around
27-28%.

For Y. lipolytica, after 5 days of fermentation, by using the
same concentration of urea and ammonium sulfate, the crude
protein achieved 15.83 +0.10 (for 0.5% urea); 17.29 +0.24
(for 1% urea) and 14.92 +0.18 (0.5% ammonium sulfate) and
15.79+0.18% DM (1% ammonium sulfate). The crude pro-
tein improvement ranged from 17.62-18.21%. However, the
results were not significatively different for both nitrogenous
sources (P <0.05) compared to without supplementation.
This happens for both strains. In other words, nitrogen sup-
plementation had no effect on protein enrichment for both
tested strains. Maybe, a suitable ratio of N:C in this study
(approximately 1:5) facilitates the fermentation process. Pre-
vious study recommended this ratio between 1:4 and 1:7 for
SCP production from Trichoderma album by using sugar
beet residue as the substrate [46].
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Table 4 Proximate composition (expressed by % dry matter) of unfermented mix and fermented products using 7. harzianum BiomaTH1

Time (days) Crude protein Crude fat Crude fiber Crude ash Total sugar

0 11.96+0.17* 2.49+0.03 34.28+1.02* 7.91+0.17% 28.41+2.11°

1 12.40+0.01* 2.53+0.04 34.39+0.73* 8.14+0.31% 26.11+0.55*

2 13.78+0.33 2.59+0.04° 35.13+1.35° 8.66+0.09° 23.47+0.40

3 13.91+0.08" 2.57+0.16* 34.42+0.85" 8.86+0.03 23.53+0.19°

4 14.16+0.01° 2.63+0.04* 32.17+0.44° 9.04+£0.04° 23.07+1.16°

5 14.46 +0.07 2.55+0.07" 30.23+0.11° 9.16£0.03° 22.76+0.18°

6 1491+0.11° 2.49+0.03* 29.76 +£0.19° 9.15+0.06° 22.46+0.52°

7 15.28 +£0.02° 2.34+0.04° 29.95+1.13° 9.19+0.01° 20.78 £0.33¢

8 1527 +£0.19¢ 2.30+0.03° 30.01+0.87¢ 9.37+0.02¢ 20.48+1.18°

Values are means of three replicates per treatment. Means in a column with no common letters differ significantly (P <0.05)

Table 5 Proximate composition Time (days) Crude protein Crude fat Crude fiber Crude ash Total sugar

(expressed by % dry matter) of

unfermented mix and fermented () 12.11+0.19* 253+001° 3270170  7.93+0.17°  28.78+1.90°

{’{,‘;‘;“Cts using ¥. lipolytica 1 12.46 +0.09* 25240.02°  3200+0.61°  840+£0.09°  26.40+0.47"
2 13.42+0.04° 2.49+0.04* 32.36+0.59* 8.54+0.14° 23.71x1.01°
3 13.84+0.05° 2.46+0.02° 32.28+1.28" 8.61+0.03 22.31+0.55
4 14.12+0.07¢ 2.44+0.05° 32.16+0.16* 8.85+0.06° 21.73£1.39°
5 14.06+0.09 2.43+0.05° 33.56+0.46" 8.88+0.16° 21.37+1.29°

Values are means of three replicates

nificantly (P <0.05)

Changes in Nutritional Value of Cassava-Based DDG
Substrate After Solid State Fermentation

Under optimized initial pH and moisture of CDDG substrate,
nutritional changes and cyanide content during the course
of fermentation were investigated. The total cyanide con-
tent of CDDG fermented by T. harzianum and Y. lipolytica
reduced from 62.3 mg kg~! DM to 24.3 mg kg~! DM and
53.6 mg kg~! respectively. This result was in accordance
with a FAO (1981) study reporting that a longer fermen-
tation period reduces the content of free hydrocyanic acid
[47]. A previous study showed that the HCN content was
reduced significantly by yeast and mold due to their ability
of utilizing cyanogenic glycoside [48].

Tables 4 and 5 showed that the SSF using filamentous
fungi and yeast enhanced the nutrient compositions of cas-
sava DDG, helping to increase crude proteins and amino
acid content. The crude protein content was enriched sig-
nificantly during fermentation, especially for T.harzianum,
a 27.8% increase in crude protein was recorded at the 7th
day. Meanwhile, the Y. lipolytica resulted in a crude protein
increase of 16.6% at the 4th. The loss of dry matter during
fermentation could be a possible reason for an enrichment in
the nitrogen ratio [49]. Crude fiber was gradually decreased
during fermentation with 7. harzianum from the initial value
of 34.28% to 30%. The increase of crude fiber observed

per treatment. Means in a column with no common letters differ sig-

Table 6 Amino acid profile of unfermented and fermented products
using T. harzianum BiomaTH1 and by Y. lipolytica W29

Unfermented Cassava DDG fermented
cassava DDG by

No Amino acid

T. harzianum Y. lipolytica

1 APS 242+050 1.85+0.03 1.54+0.03
2 GLU 1.41+0.05 1.22+0.02 2.01+0.04
3 SER 0.55+0.02 1.06+0.02 0.86+0.02
4  HIS 0.25+0.02 0.35+0.01 0.31+0.01
5 THR" 045+0.03 0.27+£0.02 1.61+0.05
6 GLY 0.09+0.01 0.03+0.01 0.63+0.01
7 ARG’ 1.19+£0.04 1.40+0.05 0.05+0.01
8 ALA 1.04+0.06 1.43+0.04 1.04+0.03
9 TYR 0.14+£0.03 0.26+0.02 0.24+0.02
10 CYS 0.2+0.03 Trace Trace
11 VAL+MET" 042+0.02 1.56+0.06 1.13+0.04
12 PHE' 0.56+0.03 0.85+0.02 0.67+0.02
13 ISO" 0.51+£0.03 1.01+£0.03  0.72+0.02
14 LEU" 090+0.04 1.62+0.04 1.10+0.04
15 LYS" 0.88+0.03 0.95+0.03 0.71+0.02

Essential amino 5.16+£0.04 8.01+0.04 6.30+0.03

acids
Total amino acids  11.01+£0.06 13.86+0.03 12.62+0.02

* Essential amino acids (p <0.05)
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during the initial phase of fermentation can be explained
by the utilization of the available nutrients by the fungi and
the later reduction was due to the degradation of non-starch
polysaccharide to fungal protein. However, the crude fiber
was almost unchanged during fermentation by yeast. A diet
with reasonable fiber content helps also to increase satiety
for pregnant sows, improve reproduction efficiency, reduce
environmental cost of pig production via a reduction of the
nitrogen loss in manure [50]. The ash content increased and
reached a maximum on the 8th day (9.37 +0.1%) using mold
fermentation and 5th day (8.88 +0.16%) using yeast fermen-
tation with an increase of 18.5% and 12%, respectively, from
initial content. This can be explained by the increase in mold
and yeast biomass during the course of fermentation as well
as the degradation in organic matter caused by the SSF pro-
cess. It can be noted that the percentage of the decrease in
the total sugar content from the initial value was 28% using
mold and 25.7% using yeast fermentation. A slight reduction
in crude fat which was 7.6 and 4.0% respectively during fer-
mentation process using 7. harzianum and Y. lipolytica could
be explained as assimilation of lipids from cassava DDG
possibility for biomass production. Loss of lipid in agricul-
tural wastes during SSF due to its conversion into fungal
biomass or maybe as a result of the lipolytic activity of these
microorganisms using Trichoderma and Y. lipolytica strains
were previously reported [51, 52]. These changes resulted
in a significant improvement in metabolizable energy (ME)
which was 1571+ 63 kcal kg™! and 1784 +79 kcal kg™~ 'for
mold and yeast fermentation, respectively, compared to that
of non-fermented sample (1377 +61 kcal kg™1).

The changes in the amino acids composition in the fer-
mented products using T. harzianum and Y. lipolytica are
given in Table 6. The total amino acid of fermented sam-
ples increased to 13.86 and 12.39 (% DM), respectively
from unfermented sample 11.01 (% DM) along with an
improvement of essential amino acids profile. The samples
fermented by T. harzianum and Y. lipolytica showed a sig-
nificant increase in the essential amino acids content which
rose to 55% DM and 22% DM compared to initial sample,
respectively. For mold fermentation, essential amino acids
whose concentration increased were histidine (40%), argi-
nine (18%), valine and methionine (271%), phenylalanine
(52%), isoleucine (98%), leucine (80%), and lysine (8%).
Only essential amino acid threonine showed a reduction
in concentration of 40%. Some non-essential amino acids
also increased their concentration after 8 days including
alanine (37%) and tyrosine (86%). After 5 days of fermen-
tation by yeast, except arginine and lysine, other essential
amino acids which showed increased during solid state
fermentation include histidine (24%), threonine (257%),
valine and methionine (169%), phenylalanine (20%), iso-
leucine (41%), leucine (22%). Some non-essential amino
acids got reduced except glutamic (42%), serine (56%),
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tyrosine (71%) which showed increase on fermentation.
Higher percentage of essential amino acids was present
in cassava based DDG after fermentation, especially
lysine, valine, methionine, threonine and isoleucine that
are essential amino acids in those of pig feeds due to not
being synthesized by animals [53]. Essential amino acids
content of fermented cassava DDG by fungi and yeast
were 8.01 and 6.30% DM respectively, being relatively
competitive compared to other commercial cereal byprod-
ucts used widely for animal feed such as barley distillers
grains (10.38%), brewers grains (9.12%), maize DDGS
from ethanol production (11.94%), wheat distillers grains
with starch > 7% (9.72%) [36]. Those fermented products
were considered as cofeeding with commercially available
protein which decreases the cost of protein ingredient for
feeds.

Those results are consistent with the previous study on
protein enrichment by 7. harzianum using rice polishing
which showed that all essential amino acids in substrate
were increased significantly after 3 days of fermentation
[15]. In another study, using fungi and yeast improved
nutritional of okara in which the amino acids in Rhizopus
oligosporus mono-culture and Rhizopus oligosporus and
Yarrowia lipolytica co-culture were increased by 2.3 and
2.5-fold respectively [14]. Depending on the substrate and
the fermentation condition used in SSF, the composition
of the single cell protein (SCP) biomass of the microor-
ganism varies [33]. The SCP biomass obtained by these
two strains via fermentation using agro-industrial wastes
as substrate has been showed to be rich in essential amino
acids [15, 52, 54]. Therefore, the increase in amino acids
in the substrate can be explained by the loss of dry mat-
ter, the SCP biomass production and the extracellular
proteases secreted by T. harzianum and Y. lipolytica.

Formulation in which fish meal protein replaced

Initial formulation  partially by crude protein from fermented cassava DDG

Maize Maize
Soybean meal Soybean meal
Rice bran Rice bran
e Salt+ Premix______| i Salt+ Premix |
C: g t 1
Sastavasrost mea | assava root mea
Fish meal Protein replacement
using Cassava based
Fish meal Cassava DDG DDG

Fig.6 Formulation with partial replacement of fish meal by fer-
mented cassava-based DDG for farrowing sows pig (Left column
without and right column with cassava-based DDG)
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Proteolysis of CDDG proteins releases peptides and free
amino acids; the latter can be further deaminated and cat-
abolized by microorganisms. This explained the reduction
in some essential amino acids which were utilized for the
production of enzymes and other organic compounds by
the filamentous fungi and yeast strain.

In Vitro Protein Digestibility

Regarding to nitrogen source, the nutritional quality of ani-
mal feed depends on amino acid composition, availability of
essential amino acids, protein digestibility, and physiological
capacity of utilization of specific amino acids after diges-
tion and absorption [55]. Protein digestibility is an impor-
tant index to estimate the protein availability for intestinal
absorption after digestion which reflects on the efficiency
of protein utilization on diet. The result showed that the
crude protein digestibility of initial CDDG is 82.5+0.6%
which is near wheat DDGS (79.6-92.2%) and corn DDGS
(71.8-79.6%) [15]. The protein digestibility of CDDG fer-
mented by T. harzianum and Y. lipolytica were increased
significantly at 89.2 + 1.4 and 86.9 +0.6% compared to that
in unfermented CDDG (82.5 +0.6%). Other researchers
[14] also reported that SSF increased the protein content
and quality of several substrates. Increases in in vitro protein

digestibility could be explained by elimination of undesir-
able factors and protein hydrolysis during solid state fermen-
tation, which result in proteins that are more vulnerable to
enzyme action.

Potential Use of Fermented Cassava-Based DDG
for Partial Replacement of Fish Meal in Pig Animal
Feed in Vietham

CDDG fermented by fungi and yeast contained a crude pro-
tein content of 15.3% and 14.1% DM; ME of 1784.0 and
1571.7 (kcal kg™') along with an important amount of essen-
tial amino acids. It could be thus a suitable candidate as a
source of crude protein and amino acids with low cost to
partly replace imported animal ingredient feed, especially
fishmeal which was showed in Fig. 6. The recommendation
for mixing feed varies depending on the purpose and stage
of development of the pig. For example, for farrowing sows
(exotic), recommendation of nutrient requirements includ-
ing crude protein, fiber, lysine and ME is 180; 70; 9.5-11
(g kg™! formulation) and 3000 kcal kg~! DM respectively
[56]. Table 7 showed the pig feed formulation which con-
sists in a mixture of ingredients, including starch, protein
and amino acids based on locally available ingredients with
cheap cost. In Vietnam, although used as a common source

Table 7 Impact of replacement of 0 to 50% of the fishmeal by fermented cassava-based DDG on the formulation, nutritional composition and

price of the pig feeding

Formulation FMO" FM12,5" FM25" FM37,5" FM50°

Ingredient (express in % DM) m (g)

Fish meal 80.00 70.00 70.00 60.00 60.00 50.00 50.00 40.00 40.00
Soybean meal 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00
Maize 402.00 402.00 402.00 402.00 402.00 402.00 402.00 402.00 402.00
Rice bran 150.00 150.00 150.00 150.00 150.00 150.00 150.00 150.00 150.00
Cassava root meal 200.00 169.32 164.96 134.97 125.86 100.62 86.75 66.02 47.38
CDDGTH 0.00 40.68 0.00 85.03 0.00 129.38 0.00 173.98 0.00
CDDGYL 0.00 0.00 45.04 0.00 94.14 0.00 143.25 0.00 192.62
Salt 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Premix 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
SUM (g) 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
CP (gkg™ 180.39 179.94 180.48 179.95 179.96 179.96 179.97 180.01 180.01
ME (kcal kg™ 3141.97 3086.94  3071.38 3026.88 3014.42 2966.83 2947.86 2906.44  2880.94
CF (gkg™) 33.48 44.84 46.05 57.22 59.75 69.60 73.45 82.05 87.23
Lysine (g kg™ 11.67 11.51 11.55 11.39 11.47 11.26 11.38 11.13 11.30
Leu (gkg™) 14.85 15.14 15.20 15.48 15.62 15.82 16.03 16.17 16.45
CDDG TH, % of formulation 0.00 4.07 4.50 8.50 9.41 12.94 14.33 17.40 19.26
CDDG TH, % of fish meal 0.00 13.44 14.88 28.09 31.10 42.74 47.32 57.47 63.62
Formulation price (USD kg™ 0.36 0.34 0.34 0.32 0.31 0.29 0.29 0.27 0.27

FMO All supplementary protein from fish meal, FM12.5 12.5% of fish meal protein replaced by crude protein from CDDG fermented by 7. har-
zianum BiomaTH1 (CDDGTH) or by Y. lipolytica W29 (CDDGYL), FM25 25% of fish meal protein replaced by crude protein from CDDGTH
or CDDGYL, FM37.5 37.5% of fish meal protein replaced by crude protein from CDDGTH or CDDGYL, FM50 50% of fish meal protein

replaced by crude protein from CDDGTH or CDDGYL
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of protein and amino acids for animal feed, fishmeal which
is characterized by high cost, limited supply, variable qual-
ity and unsustainable production that leads to depletion of
ecosystems, environmental damage, and the collapse of local
fisheries due to over-exploitation of marine sources, could
be replaced by fermented CDDG. As our calculation, the
replacement ration of fish meal by fermented CDDG was of
12.5; 25; 37.5 and 50% DM in the feed diet for farrowing
pig with the purpose of reducing feed costs, maintaining
nutritional needs, including CP; CF, lysine and ME as shown
(Table 7). It can be seen that all replacement rates helped
significantly increase fiber, leucine content and maintain
nutrient requirements (CF, lysine and ME) for pig. How-
ever, the replacement rate of 37.5% in pig feed formula-
tion is the most effective, reaching 2967-2968 kcal kg_1
ME; 69.6-73.4 g kg~! CF; 11.26-11.38 g kg~! lysine;
15.82-16.3 g kg~! leucine. In addition, this ratio reduces
up to 19.5% of final formulation cost compared to with-
out replacement. There is no doubt that using fermented
CDDG—a promising source of industrial by-products as a
substitute for fishmeal in animal diet reduces the dependence
on imported protein materials as well as negative impacts on
environment due to overexploitation of marine resources for
making industrial fishmeal, promoting sustainable develop-
ment in Vietnam.

Conclusions

In this work, the nutritional composition of CDDG in Viet-
nam bioprocessed by solid state fermentation was deter-
mined. The fermentation of this by-product with T. har-
zianum BiomaTH]1 for 8 days and with Y. lipolytica W29
for 5 days could enrich the crude protein content without
supplementing source of nutrient when the substrate was
moistened at 70% and 75% w/w respectively. The nutritional
value of the fermented products as potential livestock feeds
was evaluated by taking into account their composition in
protein, especially amino acids content. Using 7. harzianum
BiomaTH1 and Y. lipolytica W29 for SSF process, the crude
protein was increased significantly from 12.0% to 15.29%
and 14.06% DM respectively. In addition, the essential amino
acids-key-protein source for animal feed was enhanced 55%
and 22% DM. Moreover, this process using fungi and yeast
helped improve in vitro protein digestibility of fermented
CDDG from 82.5% to 89.2% and 86.9% respectively. The
use of yeast or mold in SSF as pig ingredient feed depends
on efficiency and fermentation time. In this study, although
the use of T. harzianum increased the protein content com-
pared to Y. lipolytica, but the fermentation time (days) was
much longer (1.6 times higher) as well as reduced more the
fiber and starch content of the substrate. An important fac-
tor of SSF which using agro-industrial residues resources
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as substrate for pigs and poultry feeds production being rich
in amino acids content with value-added at low production
costs allows SSF to be economically viable. Furthermore,
along with economic efficiency, reducing environmental
treatment cost and environmental problems make SSF pro-
cess attractive, and have great potential for application in
the current conditions of Vietnam, where the investment in
agriculture and livestock development still remains limited.

These findings could encourage animal feed mills to uti-
lize these protein-enriched sources more efficiently at low
cost.
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