
Nutr
fung
anti-

Xiao S
Bo Hu
a Departm
55108,  US
b Departm

a  r  t  i  

Article his

Received 

Received  

2021

Accepted

Available  

Keywords:

Fungal fe

Amino ac

Non-starc

Mycotoxi

Monogast

1.  I

Improving

mal  produ

nutrition,  

nexus  of o

stock  used

converted

distiller  dr

a  series of

feed  with 

to  25% of 

2006).  Soy

∗ Corresp
MN, 55108

E-mai
https://do
0960-3085
Food and Bioproducts Processing 1 3 0 ( 2 0 2 1 ) 1–13

Contents lists available at ScienceDirect

Food  and  Bioproducts  Processing

j ourna l ho me  page: www.elsev ier .com/ locate / fbp

ition  upgrading  of  corn-ethanol  co-product  by
al fermentation:  Amino  acids  enrichment  and
nutritional factors  degradation

una, Douglas G. Tiffanya, Pedro E. Urriolab, Gerald G. Shursonb,
a,∗

ent of Biosystems and Agricultural Engineering, University of Minnesota, 1390 Eckles Ave, St. Paul, MN
A
ent of Animal Science, University of Minnesota, St. Paul, MN 55108, USA

c  l  e  i  n  f  o

tory:

7 February 2021

in revised form 27 August

 2 September 2021

online 10 September 2021

rmentation

ids

h polysaccharides

n

ric feed

a  b  s  t  r  a  c  t

Corn wet distiller’s grain with solubles (WDGS) used as a feeding ingredient to monogastric

animal  diets is limited due to its imbalanced key amino acids, high fiber and potential exis-

tance  of mycotoxins. Fermentation of WDGS by edible fungi has potential of upgrading the

feedstock  into nutritional and low-risk feeding ingredient for monogastric animals. In this

study,  four different fungi Aspergillus oryzae, Rhizopus oryzae, Mucor indicus and Trichoderma

reesei  were employed to ferment the mixture of WDGS and soybean hull at 75/25 ratio at 28 ◦C

for 6–9 days. Urea at different concentration was supplied as additional nitrogen source.

Results  showed that, M. indicus improved total amino acids yield by 13.3% with over 95%

consumption  of the supplied urea at 1% N. Meanwhile, T. reesei degraded structural polysac-

charides  by 41% and concentrated amino acids by 19%. In addition, phytate was degraded

by  53, 56, 31 and 20% with A. oryzae, R. oryzae, M. indicus, and T. reesei, respectively. Total

aflatoxin  and deoxynivalenol was detoxified via T. reesei by 52.8% and 92.9%, respectively,

while  zaeralenone was detoxified via M. indicus by 89.2%. This study demonstrated a feasible

way  of producing nutritional-improved monogastric feeding ingredient from corn-ethanol
plant.

©  2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

 oil a

ver, 

stry h

leme

pprox

ss re

starch

ate,  a

 prote

 as ar

, whic

ry  and fish (Farkhoy et al., 2012; Liao et al., 2015; Lim et al.,
ntroduction

 feeding value of agricultural-industry co-products for ani-

ction has been considered beneficial to human health and

and meanwhile contribute to the fuel–energy–water (FEW)

ur planet. Corn (Zea mays L.) accounts for 94% of total feed-

 for ethanol production in U.S., and around 91% of the corn is

 via dry mill process to ethanol and co-products (mainly corn

ied grains with solubles, or DDGS.) (RFA, 2020). DDGS after

 downstream processing are used as ingredients in animal

limited inclusion ratio, which can sometimes account for up

total revenue for certain corn ethanol facilities (Hill et al.,

bean

Howe

indu

supp

for  a

proce

non-

phyt

ever,

such

(Thr)

poult
bean provides nutrition globally both as whole grains, soy-

onding author at: University of Minnesota, Department of Bioproducts a
-6005, USA.

l  address: bhu@umn.edu (B. Hu).

2011). Imb

i.org/10.1016/j.fbp.2021.09.004
/© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. A
nd soybean meal for human and animals (Jia et al., 2020).

soybean hull (SH) as a co-product of soybean processing

as lower value and has been commonly used as fiber source

nt for ruminant diet. The conversion of corn starch (accounts

imately 70% of total mass) into ethanol during dry-milling

sulted in the DDGS having higher concentration of protein,

 polysaccharides (mainly cellulose and hemicellulose) and

s compared to corn grain. Compared to soybean meal, how-

ins in DDGS contain lower concentration of key amino acids

ginine (Arg), lysine (Lys), methionine (Met), and threonine

h were reported to be limiting amino acids in diets of swine,
nd Biosystems Engineering, 1390 Eckles Ave, Saint Paul,

alance of these amino acids in DDGS limited its inclusion

ll rights reserved.

http://www.sciencedirect.com/science/journal/09603085
www.elsevier.com/locate/fbp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fbp.2021.09.004&domain=pdf
mailto:bhu@umn.edu
https://doi.org/10.1016/j.fbp.2021.09.004


2  Food and Bioproducts Processing 1 3 0 ( 2 0 2 1 ) 1–13

ratio in m

tate  are n

in  increas

ronmenta

as a majo

monogast

unable  to

some  min

ents  such

and  becom

Ravindran

presence  o

ing  inappr

2012).  Afla

parasiticus

Fusarium  s

cause  loss

egg  produ

Mycotoxin

ratio  or sim

(Zain,  201

starch  pol

including  

value  for 

refineries.

ingredient

utilization

duction,  th

Biologi

route of u

used duri

regarded a

indicus),  A

were  com

food-grad

and  Zama

fungal  stra

et  al., 201

tant  enzy

corn-etha

protein,  am

(Fang  et a

than  enzy

pounds  in

such  as p

toxins  (Ji 

nitrogen c

animal  pr

nificant  qu

their  gastr

Matsumot

and  poult

bacteria w

into  micro

suppleme

tributing f

acids  profi

feed.

This  s

nutritiona

soybean  p

gal  strains

SH  was us

oryzae,  and

urea.  Ami

dry  weigh

evaluate t

and  urea 

tate,  total 

e and

us.

M

F

S w
t  (Ab
0 ◦C

 Rep
cool

 10%
 moi
trate

sture
large
s  ha
ubst

F

esei (
C  10
on (A
rose

fami
h  Am
Che
4.0 g

 pH 

etri-d
us  an
ium  

tain
nt  m
th  r
ring

rose
akes
rose
e fu
re  cm

d  fla
sferr
0 mL
00 m
met

rence
us,  T

 × 10
res 

er  fo
elia  (
he su

S
rent  

use o
inan
is  of
onogastric animal diet. Moreover, hemicellulose and phy-

on-digestible component to monogastric animals, resulting

ed manure production that causes management and envi-

l issues (Chen et al., 2013). Phytate (inositol polyphosphate)

r storage form of phosphorous in WDGS is unavailable to

ric animals because their endogenous mucosal phytase is

 hydrolyze enough phytate (Humer et al., 2015). Moreover,

eral nutrients such as calcium and zinc and dietary nutri-

 as protein, lipid and starch could be chelated with phytate

e less available for the use of monogastric animals (Selle and

,  2008). One of the most safety concerns about DDGS is the

f mycotoxins which are generated by pathogenic mold dur-

opriate storage of corn grain and DDGS (Zhang and Caupert,

toxins (produced mainly by Aspergillus flavus and Aspergillus

), zearalenone (ZEN) and deoxynivalenol (DON) (produced by

pecies) are the most toxic and prevalent mycotoxins that

 of animal and human life, loss of livestock, meat, milk and

ction, and loss of crops and feeds globally (Ji et al., 2016).

s remaining in DDGS could significantly limit its inclusion

ply be prohibited as feeding ingredient for certain animals

1). Therefore, increasing key amino acids, reducing non-

ysaccharides in DDGS and reducing anti-nutritional factors

phytate and mycotoxins have potential to raise its feeding

monogastric animals and increase benefits of corn-ethanol

 In addition, upgrading SH to a more nutritional feeding

 to swine, poultry and aquaculture life could promote its

 in animal feeding market with lower cost for animal pro-

us bringing potential revenues to the rural economy.

cal processing is an environmental-friendly and economic

pgrading animal feeding material (Ji et al., 2016). Fungi

ng biological processing for feed production are generally

s safe (GRAS). Rhizopus oryzae (R. oryzae), Mucor indicus (M.

spergillus oryzae (A. oryzae) and Trichoderma reesei (T. reesei)

monly used fungal strains for production of human food or

e  enzymes (Benabda et al., 2019; Hoa and Hung, 2013; Karimi

ni, 2013; Li et al., 2017). The enzymes produced from these

ins include carbohydrase (Ezeilo et al., 2020), proteinase (Li

7), phytase (Sun et al., 2021), which were proved as impor-

mes for feed nutrition improvement. Apply of enzymes to

nol fermentation process had also been reported to improve

ino acids, fatty acids and minerals of the remaining DDGS

l., 2018). However, as cell factory, fungal strains do more

mes production which include converting low-value com-

to high valued ones, breakdown of indigestible component

hyate, and detoxify undesirable compounds such as myco-

et al., 2016). Urea as a low-cost nitrogen source with high

ontent has long been used as a replacement of vegetable and

otein source in ruminant diet due to the presence of a sig-

antity and diversity of rumen ureolytic microorganisms in

ointestinal tracts (Chavez et al., 1966; Kornegay et al., 1965;

o,  1955). In comparison, monogastric animals such as swine

ry showed relatively low quantity and diversity of ureolytic

hich are unable to convert large amount of feeding urea

bial protein (Patra and Aschenbach, 2018). Therefore, urea

nted to fungal bioprocessing could have potential of con-

ungal biomass and metabolisms, therefore improving amino

le and reducing anti-nutritional factors of the fermented

tudy on improving nutritional value while degrading anti-

l compounds of co-products from corn-ethanol plant and

rocessing plant by biological processing with different fun-

 had never been reported. In this study, WDGS mixing with

ed as substrate for fermentation by R. oryzae, M. indicus, A.

 T. reesei with supplementation of different concentration of

no acids, urea, non-starch or structural polysaccharides, and

t changes were monitored before and after fermentation to

he capability of amino acids enrichment, fiber degradation

utilization by the different fungal strains. In addition, phy-

befor

fung

2.  

2.1.  

WDG
plan
at  -2
from
and  

than
50%
subs
moi
and  

plier
for  s

2.2.  

T. re
(ATC
lecti
prim
the  

Nort
Food
(/L):  

with
in  p
indic
med
main
siste
grow
cultu
dext
lin  L
dext
of  th
squa
ilize
tran
of  25
the  1
Cello
Law
indic
8.27
cultu
shak
myc
for  t

2.3.  

diffe

The 

rum
thes
aflatoxins, zearalenone, and deoxynivalenol were measured could  pr
tric  anim
 after fermentation to evaluate detoxification ability by each

aterials  and  methods

eedstocks

as supplied by a dry-milling corn (Zea mays  L.) ethanol
solute Energy, St. Ansgar, IA) and was stored frozen

 upon received. Soybean hull (SH) were purchased
ublic Mills, Inc., Okolona, OH, and was stored at dry

 area upon receipt. SH are light and bulky with less
 moisture content. When mixing with WDGS (around
sture), the WDGS/SH mixture could provide organic
s  and support for fungal strains with appropriate

 content, large specific surface area for colonization,
 inner space for ventilation. WDGS and SH from sup-

d particle size of less than 2 mm and was directly used
rate preparation without milling.

ungal  strains  preparation

ATCC 28217), M.  indicus (ATCC 24905), and A. oryzae
11) were purchased from American Type Culture Col-
TCC). R. oryzae was isolated from the seeds of evening

 (Oenothera biennis), a species of flowering plant in
ly Onagraceae which is native to eastern and central

erica. Potato dextrose agar (PDA) medium (ActeroTM,
k  Systems Inc., Calgary, Alberta, Canada) containing

 of potato infusion, 20.0 g of dextrose, 15.0 g of agar,
of 5.6 were sterilized (121◦C for 15 min) and prepared
ish to maintain T. reesei for 7 days and R. oryzae, M.
d A. oryzae for 4 days before transferring to new PDA
or being used for inoculum preparation. This was to

 the activity of each fungal strain to develop con-
ycelia and spores. To obtain inoculum with active

ate to minimize lag phase after fermentation, sub-
 of each strain was performed in sterilized potato

 broth (PDB) medium (DifcoTM, BD Diagnostics, Frack-
, NJ, USA) containing (/L): 4.0 g of potato starch, 20 g of
,  and with pH of 5.1. To do sub-culturing, five pieces
lly grown fungal mycelia (each piece around 0.5 × 0.5

)  of each strain in PDA medium were cut with ster-
t-top spatula (Supplementary material Fig. S1) and
ed  to 100 mL  of freshly prepared PDB medium in each

 Erlenmeyer flasks. The initial number of spores in
L  of PDB medium for each strain was counted using

er  Auto×4 Cell Counter (Nexcelom Bioscience LLC,
,  MA, USA) and the count of spores for R. oryzae, M.
. reesei and A. oryzae were approximately 1.61 × 108,
7, 1.45 × 107, and 7.79 × 106 CFU, respectively. The sub-
for all strains were shaken at 150 rpm in an orbital
r 3 days at 28 ◦C for a good development of pelletized
size between 1 to 3 mm)  that were used as inoculum
bsequent solid-state fermentation.

olid-state  fermentation  of  WDGS/SH  mixture  by
fungi  with  supplementation  of  urea

f urea in monogastric animals was less efficient than
t  due to lack of efficient gut bacteria. In vitro syn-

 protein or amino acids from urea by fungal strains

ovide chance of effective use of urea for monogas-
als. The effect of urea supplement on amino acids



Food and Bioproducts Processing 1 3 0 ( 2 0 2 1 ) 1–13 3

accumul
reduction
uated  wi
indicus,  a
ture  in e
included
(based  on
the  subs
which  wa
(9%  w/w)
treatmen
ments  wi
grams  of
mixed  fo
solution.
after  inoc

Urea (
was  add
basis).  Ni
(N-5%) an
A. oryzae,
of  WDGS
was  mea
centratio
N-5%:  10
ing  treatm
same  vol
ment.  Ea
foam  sto
exchange
mentatio
each  flas
moisture

The s
lated ase
strain.  Th
inoculate
30  min) s
vated  str
hand-sha
spores.  In
and  R. ory
6 days w
compare
were  per
culation  

for  all the
and  non-
ing  oven 

The  dried
fee  grind
Weight  o
of  the sa
monitor 

Each trea

2.4.  A

2.4.1.  A
sugar an
The dried
down  pr
mixed  wi
for  24 h in

 was
ation
e  an
filte

. The
mato
San

 C18 

 and
amin

 by 

rofor
)  in p
gies,

 mob
mol  

sted
450 m
r.  Am
d  on
truct
man

 dete
REL

 cont
ctose
ere 

-87P  

ctor  

ow r
d  fr
dro  

se)  a
ctose
rind
:10 (w
ged  

supe
ble  su
nt  w
e  wit
rmin
).  Br

er st
 prod
prese
ur)  (M
onta

inos
 afte
 con

sacch
rmin

.  A
ic ac
ted  t
and

y  kit
yniv
t  wa
lowe
ation, fiber degradation, and anti-nutritional factors
 during fermentation of WDGS/SH mixture was eval-

th four different fungal strains, A. oryzae, R. oryzae, M.
nd T. reesei. The total dry weight of substrate mix-
ach 250 mL  Erlenmeyer flask was kept at 10 g which

 7.5 g dry mass of WDGS and 2.5 g dry mass of SH
 preliminary study). The initial moisture content of

trate was kept at 70% (w/w) (Barnharst et al., 2021)
s contributed by the moisture of WDGS (50% w/w), SH
, inoculum (5 mL)  and additional deionized water (for
t without urea) or prepared urea solution (for treat-
th urea supplement). Therefore, for each flask, fifteen

 WDGS (wet basis) and 2.75 g of SH (wet basis) were
llowed by addition of 10.58 mL  of DI water or urea

 The 70% (w/w) initial moisture content was achieved
ulating with 5 mL  of sub-cultured fungal strain.

CH4N2O) contains 47% of nitrogen on mass basis and
ed based on nitrogen/substrate ratio (on dry mass
trogen/substrate ratio of 1% (N-1%), 2.5% (N-2.5%), 5%
d control without adding urea (none) were tested for

 M.  indicus, R. oryzae, and T. reesei during fermentation
/SH mixture. Urea for each nitrogen/substrate ratio
sured and dissolved in DI water to make different con-
n of urea solution (N-1%: 20.11 g/L; N-2.5%: 50.28 g/L;
0.55 g/L), which was then added to each correspond-

ent at the volume mentioned above. DI water of the
ume was added to treatments without urea supple-
ch flask with prepared substrate was plugged with
pper (JAECE Industries, Inc., NY, USA) to allow air

 while preventing possible contamination during fer-
n. Aluminum foil was used to cover the stopper of
k before sterilization (121 ◦C for 20 min) to prevent

 loss during stay in autoclave.
terilized substrate in each flask was then inocu-
ptically with 5 mL  of the sub-culture of each fungal
e control treatment (Ctrl) without fermentation was
d  with the same volume of sterilized (121◦C for
ub-culture of corresponding fungal strain (deacti-

ain). After inoculation, the substrate in each flask was
ken  briefly to homogenize the fungal mycelia and
cubation for non-inoculated and A. oryzae, M.  indicus,
zae inoculated substrate was conducted statically for

hile T. reesei for 9 days (due to relatively slow growth
d to other fungal strains). Incubation of all treatments
formed in a 28 ◦C incubator with continuous air cir-
by an installed fan to provide consistent air exchange

 flasks. After fermentation, the flasks with fermented
fermented (Ctrl) substrate were dried in a 60 ◦C dry-
for 48 h to have a moisture content below 10% (w/w).

 sample was then milled into fine particles with cof-
er and stored in −20 ◦C freezer for further analysis.
f each empty flask before substrate preparation and
me flask containing dried sample were measured to
the weight loss of the substrate during fermentation.
tment was performed in triplicates.

nalytical  methods

mino  acids,  structural  polysaccharides,  soluble
d  urea  analysis

 and ground solid samples were hydrolyzed to break-
otein into amino acids. Each sample (50 mg)  was

tube
oxid
onin
and  

tion
chro
ogy,  

Plus
Inc.)
The  

tized
chlo
USA
nolo
Two
10  m
(adju
(/L):  

wate
base

S
tan,  

were
on  N
ples
gala
ter w
HPX
dete
at  fl
verte
anhy
bino
gala

G
of  1
trifu
the  

solu
nata
valu
dete
1955
und
tion
the  

colo
ars  c
arab
HPLC
HPLC
poly
dete

2.4.2
Phyt
men
(MI)  

assa
deox
men
The  
th 1.0 mL  of 6 M HCl solution and hydrolyzed at 110 ◦C
 a 2 mL  sealed centrifuge tube. The headspace of each

per  billio
well  mic
 purged with pure nitrogen before hydrolysis to avoid
 and degradation of certain amino acids (methi-
d cysteine). The hydrolyzed samples were diluted

red through 0.22 �m Nylon filter before quantifica-
 analysis was performed in high performance liquid
graphy (HPLC, 1200 Infinity series, Agilent Technol-

ta Clara, CA, USA) equipped with ZORBAX Eclipse
column (4.6 × 150 mm,  3.5 �m)  (Agilent Technologies,

 Diode array detector (DAD) using UV light source.
o acids in each sample and standards were deriva-

ortho-phthalaldehyde (OPA) and 9-fluorenyl-methyl
mate (FMOC) (Agilent Technology, Santa Clara, CA,
lace by HPLC auto sampler (G1329A, Agilent Tech-

 Inc.) before injection (Henderson and Brooks, 2010).
ile phases were used. Mobile phase A contains (/L):
Na2HPO4, 10 mmol  Na2B4O7, 5 mmol NaN3, pH 8.2

 with concentrated HCl). Mobile phase B contains
L  acetonitrile, 450 mL  methanol, 100 mL ultra-pure
ino acids standards were prepared and calibrated

 procedures described (Henderson and Brooks, 2010).
ural  polysaccharides (glucan, xylan, arabinan, galac-
nan) of the samples before and after fermentation
rmined with two-step acid hydrolysis method based

 protocol (Sluiter et al., 2008). The hydrolyzed sam-
aining monomeric sugars (glucose, xylose, arabinose,
,  and mannose) after filtration with 0.22 �m Nylon fil-

determined with HPLC equipped with Biorad Aminex
analytical column (300 × 7.8 mm)  and refractive index
(RID). Ultra-pure water was used as mobile phase
ate of 0.6 mL/min. The polymeric sugars were con-
om their corresponding monomeric sugars using an
correction of 0.88 (132/150) for C5 sugars (xylose, ara-
nd a correction of 0.9 (162/180) for C6 sugars (glucose,
, mannose).

ed  dry samples were soaked with DI  water at a ratio
/v) at 4 ◦C overnight. The mixture was then cen-

at 13,000 for 10 min  to settle down  the solids while
rnatant was collected for analysis of urea, pH, and
gar. For analysis of urea and soluble sugar, the super-

as further diluted as required to allow the detected
hin calibration range. The concentration of urea was
ed  based on diacetyl monoxime method (Rosenthal,
iefly, urea reacts directly with diacetyl monoxime
rong acidic conditions to give a yellow condensa-
uct. The reaction was intensified to red colour by
nce of ferric ions and thiosemicarbazide (stabilise
ahesh et al., 2019). The concentration of soluble sug-
ining monosaccharides (glucose, xylose, galactose,

e, mannose) and cellobiose were determined using
r filtrating through 0.22 �m Nylon member filter. The
dition was the same as it for analyzing structural
arides. pH for the supernatant of each sample was

ed  directly with electronic pH meter.

nalysis  of  phytic  acid  and  mycotoxins
id concentrations in non-fermented (Ctrl) and fer-
reatments by A. oryzae (AO), R. oryzae (RO), M. indicus

 T. reesei (TR) were determined using Phytic acid
 (Megazyme). The concentrations of total aflatoxin,
alenol (DON) and zearalenone (ZEN) for each treat-
s determined using their ELISA assay kits (BioVision).
r detection limit for total aflatoxin is 0.2 ppb (part

n), for DON is 150 ppb, and for ZEN is 6 ppb. The 96-
roplate for each mycotoxin assay was prepared by



4  Food and Bioproducts Processing 1 3 0 ( 2 0 2 1 ) 1–13

the manu
tion  in ea
Instrume
absorban
630  nm w

2.5.  C

The term
consider
mentatio
of  substr
structura
toxins  w
Eqs.  (1)–(

Conc. of i

Yield of i 

×  Dry m

Conversi

= Initi

where: d
acid,  ure
total  afla

The s
tiple  com
JMP  Pro 

tistical  a
differenc
charides
figures  a
tions  wit

3.  R

3.1.  E
different 

The pH, t
after  ferm
ent  urea
substrate
without  

ply,  whic
into  amm
during au
by  the re
fermente
urea  sup
reduction
increase  

substrate
ever,  com
affected  

Therefor

.  Com
 afte
o bet
ente

a fina
e fu

 of u
on  fo
otal 

e  (C
rent
ns  b
tion,

 redu
 (not
esei. 

 pept
been
ae (Be
,  pro
imi  a
ted  s
.  indi

biom
bstr
hen
ed  

t  wit
enta
yza, 

pare
entr

%,  an
us  s
88 m
). Fro
dicu

cates
tal A
d  du

 of u
but n

 the 

arat
 ure

on  in
ght d
dicu

tmen
ighe

t  ind
zatio

 com
trate
ed  m

 1% 

 prom
e  no
her  i

as o
vere
ae,  R.
facturer and was directly used following the instruc-
ch kit. Microplate Bio-kinetics reader (EL340, Bio-Tek
nts, Winooski, VT, USA) was used to determine the
ce  of each well on the microplate at 450, 405, or
avelength.

alculation  and  statistical  analysis

 Yield was used to define the quantity of analyte
ing the substrate mass loss during solid-state fer-
n.  The data of yield was based on initial dry mass
ate (10 g). The results related to amino acids, urea,
l  polysaccharides, soluble sugars, phytate and myco-

ere expressed after calculation using one or more  of
3) shown as below:

(mg/g  d.b.) = Mass of i (mg)
Dry mass of solid sample (g)

(1)

(mg per initial substrate) = Conc. of i (mg/g  d.b.)

ass of solid sample (g) (2)

on of i (%)

al  mass of i (g) −  remaining mass of i (g)
Initial mass of i (g)

× 100 (3)

.b., dry basis; Conc., concentration; i: analyte (amino
a, structural polysaccharide, soluble sugar, phytate,
toxin, ZEN or DON).
tatistical analysis was performed with Tukey’s mul-
parison of means at 95% confidence interval using

14.0.0 (SAS Institute Inc., Cary, NC, USA). The sta-
nalysis was used to determine pair-wised statistical
es (p < 0.05) of amino acids, urea, structural polysac-
,  soluble sugars, phytate and mycotoxins. Data in
nd tables were presented as mean of three replica-
h standard deviation shown as error bar in figures.

esults  and  discussion

ffects  of  urea  on  amino  acids  accumulation  by
fungal  strains

otal AA concentration, and AA yield in the substrate
entation with different fungal strains under differ-

 level were shown in Fig. 1A. pH in non-fermented
 (Ctrl) showed increased value from 4.5 in substrate
urea to 5.6 in substrates with increased urea sup-
h could be due to the partial decomposition of urea
onia (NH3) (Yim et al., 2004) under high temperature
toclave. Urea decomposition can also be witnessed
duced concentration of urea detected in the non-
d substrate (Ctrl) (Fig. 1B) as compared to the initial
plied. It was noticed that around 45%, 31%, and 24%

 of urea, and corresponding 0.81, 1.07, and 1.07 unit
of pH were occurred, respectively, for the sterilized

 with supply of 1% N, 2.5% N, and 5.0% N of urea. How-
pared to bacteria, fungal growth was less strongly

tion
urea
4.5  t
ferm
had  

to  th
tion
reas

T
strat
diffe
actio
addi
was
9.2%
T.  re
into
had  

oryz
ever
(Kar
trea
by  M
cell  

in  su
W

show
men
ferm
R.  or
com
conc
25.1
indic
to  2
(Ctrl
M.  in
indi
of to
duce
80%
sei,  

that
(Nav
With
trati
a  sli
M.  in
trea
the  h
men
utili
1% N
subs
sum
with
ther
whil
neit
AA  w
of  se
oryz
by pH between the range of 4.0–8.3 (Rousk et al., 2010).
e,  no pH adjustment was conducted before inocula-

72.3,  345
pared to substrate with urea, the substrate without
r fermentation showed the highest pH increase from
ween 5.5 and 6.0 by all fungal strains. Moreover, the
d  substrate with or without urea by each fungal strain
l pH between 5.3 and 6.1, which may not be inhibitive
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 the total AA yield in substrate after fermentation
ced by 40.6% with A. oryzae, 23.8% with R. oryzae,

 significant, p > 0.05) with M. indicus, and 29.8% with
Production of protease that can breakdown protein
ides and amino acids for metabolisms of organisms

 widely reported using A. oryzae (Zhao et al., 2019), R.
nabda et al., 2019), and T. reesei (Sun et al., 2021). How-

tease production from M. indicus was rarely reported
nd Zamani, 2013). No consumption of AA in M. indicus
ubstrate could be due to lack of protease synthesized
cus. This could render M.  indicus ability to accumulate
ass with rich AA without consuming existing protein
ates, thus improving AA profile of the final product.
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improvement of total AA compared to the treat-
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Fig. 1 – Amino acids concentration and yield (A) and urea yield (B) in WDGS/SH (75/25) mixture without (Ctrl) and with
fermentation by A. oryzae (AO), R. oryzae (RO), M.  indicus (MI), and T. reesei (TR). All values are means with error bars
representing standard deviations of three replications.

Table 1 – Urea conversion efficiency and consumption by each fungal strain.

Conversion Total urea consumptionb

% mg per initial substrate

Fungal straina N-1% N-2.5% N-5% N-1% N-2.5% N-5%
AO 80.14 69.29 14.05 92.85 252.65 113.55
RO 85.50 25.97 8.95 99.06 94.69 72.31
MI 95.98 52.95 42.70 111.21 193.06 345.10
TR 90.29 69.59 6.30 104.61 253.73 50.88

a AO: A. oryzae RO: R. oryzae, MI: M. indicus, TR: T. reesei.
b Total urea consumption was calculated by subtracting urea yield of treatment AO, RO, MI or TR from that of Ctrl.
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Table 2 – Yield and concentration of key amino acids in non-fermented (Ctrl) and fermented WDGS/SH (75/25) mixture with increased urea supplement.

Urea Fungia Thrb Arg Val Met Ile Leu Lys Total key AA Thr Arg Val Met Ile Leu Lys Total key AA
Yield (mg per initial substrate) Conc.  (mg/g d.b.)

None

Ctrl 93.95 101.39 124.36 29.71 94.58 294.49 62.59 801.07 9.63 10.39 12.75 3.05 9.70 30.19 6.41 82.12
AO 65.02 122.01 71.18 9.50 52.27 112.86 50.82 483.66 7.93 14.88 8.68 1.16 6.37 13.76 6.20 58.98
RO 74.15 140.15 91.39 23.93 72.43 172.29 58.16 632.50 9.00 17.02 11.10 2.91 8.79 20.92 7.06 76.80
MI 93.09 130.95 111.02 29.77 87.20 218.91 74.69 745.64 10.78 15.16 12.86 3.45 10.10 25.35 8.65 86.35
TR 87.93 96.29 68.89 16.41 44.87 93.61 55.48 463.49 11.99 13.13 9.39 2.24 6.12 12.77 7.57 63.21

N-1%

Ctrl 91.65 109.09 124.52 31.17 95.42 287.75 50.15 789.74 9.29 11.06 12.62 3.16 9.67 29.17 5.08 80.05
AO 70.31 115.77 82.07 11.08 57.86 129.99 47.56 514.65 8.51 14.00 9.93 1.34 7.00 15.72 5.75 62.25
RO 81.12 136.17 104.93 28.84 81.68 216.80 53.80 703.33 9.42 15.79 12.19 3.35 9.49 25.19 6.24 81.67
MI 105.66 143.35 135.43 39.70 107.87 295.89 76.67 904.57 11.83 16.05 15.16 4.45 12.08 33.13 8.58 101.27
TR 104.42 108.88 94.18 24.98 63.26 141.33 57.31 594.36 13.98 14.58 12.61 3.34 8.47 18.93 7.68 79.60

N-2.5%

Ctrl 90.68 113.66 120.14 30.66 93.93 283.69 41.21 773.97 8.92 11.19 11.82 3.02 9.25 27.92 4.06 76.18
AO 82.33 101.47 106.61 27.27 83.68 250.17 30.74 682.28 8.44 10.41 10.93 2.80 8.58 25.65 3.15 69.97
RO 92.40 127.64 117.44 35.07 93.92 259.41 60.40 786.28 10.55 14.58 13.41 4.00 10.73 29.63 6.90 89.80
MI 99.28 131.70 124.28 33.83 100.17 271.59 59.56 820.40 11.11 14.74 13.92 3.79 11.22 30.39 6.68 91.86
TR 105.45 87.25 132.82 32.74 105.87 288.93 50.79 803.84 11.12 9.20 14.01 3.45 11.17 30.47 5.36 84.79

N-5%

Ctrl 99.58 117.24 128.84 30.52 98.85 290.38 33.88 799.28 9.30 10.94 12.03 2.85 9.23 27.11 3.16 74.61
AO 107.92 121.66 133.51 31.37 105.31 302.14 34.56 836.47 10.29 11.60 12.73 2.99 10.04 28.80 3.29 79.74
RO 100.32 141.05 124.00 31.36 100.20 271.21 40.82 808.95 10.63 14.95 13.14 3.32 10.62 28.75 4.33 85.74
MI 118.22 156.78 142.47 38.02 112.91 317.04 50.51 935.96 12.06 15.99 14.53 3.88 11.52 32.34 5.15 95.47
TR 96.93 113.82 125.03 31.11 100.84 279.96 38.64 786.32 9.29 10.91 11.98 2.99 9.67 26.79 3.72 75.35

a AO: A. oryzae RO: R. oryzae, MI: M. indicus, TR: T. reesei.
b Thr: threonine, Arg: arginine, Val: valine, Met: methionine, Ile: isoleucine, Leu: leucine, Lys: lysine.
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 in M. indicus with a 17.1% net essential AA improve-
ntributed by enrichment of each essential AA. It was
hat the yield of Lys and Arg changed in Ctrl treat-
en urea concentration was increased (Table 2), which

 related to urea-amino acids interaction that caused
enaturation (Stumpe and Grubmüller, 2007). The con-
f urea into amino acids could be due to the de novo

 of amino acids, where the fungal strains firstly cat-
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considered as the first limiting AA in swine diets
was used as substrate for gaining body protein, pep-

11  mg/g o
These  so
., while excessive Lys were used as energy source
l., 2015). Lys concentration was significantly improved
in fermented substrates by M.  indicus without urea
y R. oryzae, T. reesei and M. indicus when 1.0% N and

 urea were supplied, by R. oryzae and M.  indicus when
 urea was supplied. The highest concentration of total
as observed in M. indicus fermented substrate with

f urea supplied (Table 2). Therefore, M.  indicus could
ered as efficient fungal strain to improve key amino

 swine and poultry nutrition.

ffects  of  different  fungal  strains  on  degradation
ral  polysaccharides

 of structural polysaccharides (SP) in the substrates
d by A. oryzae, R. oryzae, M.  indicus, and T. reesei with-
with different level of urea addition were shown in
e highest degradation of total SP was observed in T.
mented substrate without and with addition of 1%
ompared to non-fermented substrate (Ctrl), T. reesei
rea and with 1% N urea degradated total SP by 39.7%
, respectively. However, when the urea addition was
creased to 2.5 and 5.0% N, no total SP degradation
ed, indicating that urea at these levels had a severe

 on fiber utilization by T. reesei. A similar trend was
en in profiles of glucan, xylan and arabinan. T. ree-
ported as a efficient producer of carbohydrase with
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oluble sugars containing total monosaccharides
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 each treatment after fermentation were shown in
e substrate mixture WDGS/SH (75/25) had around

f total monosaccharides and 7.5 mg/g of cellobiose.

luble sugars were reduced gradually when increased
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Table 3 – Mycotoxin conversion of each fungal strains in substrate without and with 1% N supply of urea.

Mycotoxina None 1% N Urea

AOb RO MI TR AO RO MI TR
%

Total aflatoxin −54.34c 33.21 45.90 52.82 −61.95 26.25 −8.13 51.03
ZEN 59.16 24.85 89.19 −26.24 46.81 37.49 81.56 −10.42
DON 38.03 −73.29 69.64 92.87 65.97 70.55 33.02 44.90

a ZEN: zearalenone, DON: deoxynivalenol.
b AO: A. oryzae, RO: R. oryzae, MI: M. indicus, TR: T. reesei.
c Negative mark represents either non-conversion or production of mycotoxin.
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