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Processing of lignocellulosic feeds with electron beam irradiation and fungal
fermentation can improve fiber availability. This study examined the synergistic
effects of electron beam irradiation and an Aspergillus oryzae liquid culture extract on
wheat straw. Treatments included irradiation at 200, 300, or 400 kGy before (first set)
or after (second set) fungal extract application. The chemical composition of the
control treatment (unprocessed) and the six other treatments was determined according
to standard methods, and the contents of neutral detergent fiber (NDF), acid detergent
fiber (ADF) and indigestible NDF after 240 h of incubation (iNDF240) were measured
using an ANKOM system and the filter bag technique. Gas production and ruminal
degradability of dry matter and NDF were determined. A completely randomized
design was used for statistical analysis, and data were analyzed using SAS 9.4. As
irradiation dose increased, the contents of DM recovery, NDF, and ADF in all
treatments decreased significantly compared to the control (P < 0.05), and this
reduction was greater in the pre-irradiated treatments. With increasing incubation time,
cumulative gas production and ruminal degradability of DM and NDF increased
markedly (P < 0.05). For all treatments, a very strong correlation was observed
between gas production and ruminal degradability. Overall, the combination of 400
kGy electron beam irradiation prior to fungal processing showed the best performance,
and its application could be a promising approach to improving the nutritional value
of wheat straw.
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Extended Abstract
Introduction

In ruminant nutrition, lignin in the plant cell wall restricts the access of ruminal enzymes to cellulose and
hemicellulose, thereby reducing fiber digestibility. Various physical, chemical, biological, or combined
treatments have been employed to overcome this limitation. Electron-beam irradiation, as a physical
pretreatment method for lignocellulosic materials, is capable of disrupting lignin structures, depolymerizing
cellulose crystals, and converting hemicellulose into soluble fractions. Fermentation with the liquid-state
culture of Aspergillus oryzae, as a biological processing technique, not only supplies fibrolytic enzymes but
also enhances the population of cellulolytic bacteria, thereby improving fiber bioavailability and the nutritional
value of the substrate.

Materials and Methods

The experimental treatments consisted of untreated wheat straw as the control, three combined treatments
in which electron-beam irradiation at 200, 300, or 400 kGy was applied prior to fermentation with the liquid-
state extract of Aspergillus oryzae (first treatment category), and three additional treatments in which the order
of processing was reversed (second treatment category). Electron-beam irradiation was performed at the Iran
Radiation Processing Center (Yazd, Iran) using a Rhodotron electron accelerator to achieve the desired
absorbed doses.For the biological processing, the fungal fermentation extract was prepared after 9 days of
incubation in a liquid medium containing 50% potato extract and 50% straw extract, supplemented with 20 g
of sugar and 3 g of wheat bran per liter, at 28°C. Ground samples (1-mm sieve) were oven-dried at 60°C for
24 h. Ruminal fluid and nylon bags for in situ incubations were obtained using three rumen-fistulated, two-
year-old Qezel rams.Dry matter, organic matter, and crude protein were analyzed according to standard
procedures (AOAC, 2000). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined
using the filter bag system (Komarek, 1994) with an Ankom fiber analyzer following the method of Van Soest
etal. (1991). To determine indigestible neutral detergent fiber (iNDF), 0.5 g of samples were weighed into F57
filter bags and incubated for 240 hours in a mixture of rumen fluid and buffer (1:4 ratio) at 39°C under
anaerobic conditions (Goering & Van Soest, 1970). After incubation, the bags were washed with hot water,
and the residual material was treated with neutral detergent according to the method of VVan Soest et al. (1991).
The residue was considered as iINDF. Gas production parameters were measured according to the procedure
described by Fedorak and Hrudey (1983). In situ dry matter and NDF degradability were evaluated following
the standardization guidelines of Vanzant et al. (1998).

A completely randomized design was used to assess the effects of treatments on chemical composition,
correlation coefficients, and estimated kinetic parameters, analyzed using the General Linear Model (GLM)
procedure of SAS 9.2. Mean comparisons were performed using Tukey’s test at the 0.95 confidence level. For
gas production and in situ degradability data, the MIXED procedure with a first-order covariance structure was
applied. Results are presented as least square means with their corresponding standard errors.

Results and discussion

With increasing irradiation dose, the contents of dry matter, organic matter, neutral detergent fiber, acid
detergent fiber, and undegraded NDF at 240 h of the processed treatments decreased significantly compared
with the control (P < 0.05). These reductions were more pronounced in the first treatment category
(irradiation prior to fermentation) than in the second category (irradiation after fermentation). Treatments in
the first category also produced higher cumulative gas volumes and exhibited greater improvements in the
potentially degradable fraction and degradation rate.

The kinetics and parameters of dry matter degradability (DMD) were significantly affected by the
combined processing and its sequence. At all incubation times and in both processing orders, DMD in the
treatments irradiated at 300 and 400 kGy was significantly higher than the control (P < 0.05). These
improvements were associated with increases in the potentially degradable fraction, degradation rate, and
effective DMD at a passage rate of 2% per hour. Neutral detergent fiber degradability (NDFD) increased as
ruminal incubation time progressed, and except for the 200-kGy treatments up to the 24-h incubation point,
all processed treatments showed significantly greater NDFD than the control across all incubation times (P <
0.05). Moreover, in all treatments, cumulative gas production exhibited a strong and positive correlation with
both DMD and NDFD. The findings indicated that in vitro gas production has considerable potential for
predicting ruminal DMD and NDFD.

Conclusion

The combination of electron-beam irradiation and biological processing with Aspergillus oryzae can serve
as an effective strategy to enhance the degradability of dry matter and neutral detergent fiber in wheat straw.
However, treatment responses may vary, and further research is needed to optimize irradiation dose and the
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culture conditions used for producing fungal enzymes before practical application is feasible. Consideration
must also be given to limitations such as the cost and technical requirements of irradiation facilities, the
prolonged duration of biological processing, and the overall complexity of the procedure. Therefore, future
studies should focus on optimizing this approach for on-farm application and assessing its long-term effects on
rumen health and animal performance.
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1. Rodotron TT220
2. DMrecovery = (DM remaining / DM initial) x 100
3. Rn
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(Getachew 34, 5 eslizul b (SCFA) 505 0ligS oy (sladuwl y3ie 5 (NRC, 2007) akal, b slle (TDN)
5 4wl €t al., 2002)

TDN(%)=81.38+0.36 CP-0.77 ADF (

NEL(Mj/Kg DM)=(0.0245 TDN-0.12)*4.184 (
ME(Mj/Kg DM)=2.2+0.136 GP+0.057 CP+0.0029 CF (¥ ol

OMD(%)=14.88+0.889 GP+0.45 CP+0.0651 XA (

SCFA (mmol/200mgDM )=0.0222 GP-0.00425 (

Sl 03095 5 Jglomal BLI (S o3l 5l o)) pls g polie oy 4 XA 4 CF (GP ADF P ] > o
3 30y3) pB s fWiges Suid o3lo p)S (o Voo lil @ 3 (o) el YT 3 g S oo (i3 03l I o )
il oo (Siid 00l 1 o pd) JiwSE g (Sis oolo
o3zl s 5 IN'SItU 39, 4 (NDFD) L5 odiye 5 Jslxel Gl 5 (DMD) (Sis o3le (glaseSis (4 sy 5
(Vanzant s w)p (VAAA) ) Ken 5 cllpy lawss o lo IS 48,5 Jlas o b jlsVgid J38 35 zo8 wly 4w jl
SlaanS 132 S Y/ e 4 iy @)D Bl (gl ot o S 6595 b s Sl g Clawl 5l ey ladiges £t al., 1998)
13L @y yro Bl 2 p)S e VIO digad (55 4 o Comd & (5 pgbody 0 03l )13 19,8 B+ 18Lis o L (g sl Ly
4SS YolS 3o,k 5l celw A% s YV FA XY OY A & F & Soo 4 y5mm0b5SS] (6l aws (Diao et al., 2020)
93 OgeboSSl Gloj o uibly (B (sl b odliel S (lgieds 5 diged (o LS dunS g Wa5 031> )3
19155 S ¢35 25 5| e (Mehrez & @rskov, 1977) wi plosil (LS5 5) o dus 5 o0zl b o Jlsto (e
(Coblentz & Walgenbach, ouis aiws 295 o fas Blo ol b Sy ¢ 5ibgS o9y slae Ly 9 3w
@905y (5l NDFD g DMD 4500 coles 53 .0 SKiid 51,5 b aspd £+ clod b o9l 13 caclio FA @ 4  2010)
.
b yé bl g Fitcurve 158l e sl oslatul b (25 odgd )3 Joloeal LIy Suts 0slo (g iy o5 (sladoninal 3
& a9 b opisen (Drskov & McDonald, 1979) wi yuss P=atb(1-e) & jgo 4 (VAVR) WbgiSe 5 oS
Cas o 3 (5 0dgd ) Joloel Bl g Sis 03lo g (s pdh o (lje eidgy 048 A5 (51 g )3 baply 4
2 Al (VAVF) W50 5 oSl g 3o ED=art (22 dsles 31 eolitl by ceelis 13 20 ¥ 43005 51y
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ol S Glews ST cwlialie JS ke P wsalinoYij b Jao ool 50 b odlitw! Y= p+Ti+lt+Tit j+e;  Jae
sloag, ookl b gyll JIUT gy tlojl olzil S1eij 5 syl £55 g ommabsSl Gloj ilize 51 TiE jje 5ol oS
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o sl
B4 903 (Slowws oS

5 o slo> > S5 S 5555 b o155 byl (sl el oo cad by paiS 815 5,518 o8 3 a5 ¥ Sy ol
(S5 o3le 033l o235 53 Gl L (P<e/0) w35 (plond S 53 oigine Sy cage (silosd Jlosl i 0
ssbods AnLd o 4y s (5 0k 5 Jslowel 3B 5)lsS B 55 g gl g S 010 ) Joloal LI ¢ ST eolo
D91 o35 5l g (U5 Sl i (208 o3 ) e (U9 b slajles 3 pRalS pl ad il pials ()l e
B lmply S9ySl slagin b puS ol plgi (5y9])3 0 saalie 400A.OT jlas )3 bayadld ol ol (g e
Jols (S il a5 S8 o3lo spisar 25 e Sl (LB 1S Bllas ik (guins 55l AO
o cadlas ol 55 (P<e/+0) w5 adigas T o3le I im0l g S doyd s Ll ¢ g0 ADF 5 NDF
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Table 2- Chemical composition and dry matter recovery of wheat straw processed with a liquid culture of Aspe
oryzae and electron irradiation at various levels and two different application sequences

p-value Treatments .
SEM tl composition
Order  Dose  Treat r400  r300 r200 AOr AOr AOr trol
<0.000 <0.000 <0.000: 0.132  90.7¢ 91.9¢ 92.3° 89.3¢ 90.6¢ 90.6¢ 95.02 DM 1

<0.000 <0.000 <0.000 0.165  90.3° 91.0° 91.2° 89.54 90.2° 90.2°¢ 92.82
<0.000 <0.000 <0.000 0.005  3.30¢ 3.27d 3.26¢ 3.33° 3.30¢ 3.53¢  3.20¢
<0.000 <0.000 <0.000 0.097 63.1¢ 66.9° 67.5° 57.07 60.5¢ 65.0° 72.62
<0.000 <0.000 <0.000 0.072 44.1° 45,00 45.4° 43.54 43.9« 44.3° 4752
<0.000 <0.000 <0.000 0.041 32.9¢ 34.3¢ 34.5° 30.99 31.8f 33.3¢ 36.32

1. Potential degradability (PD)
2. Generalized Linear Model (GLM)
3. Standard Error of Means
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Table 3. Kinetics and gas production parameters of wheat straw processed with Aspergillus oryzae liquid culture and
electron irradiation at three doses and two different application sequences (mL/g DM).

p-value Treatments N
SEM Incubation times
Order Dose Treat A.Or400 A.Or300 A.Or200 400A.Or 300A.Or 200A.Or control
0.3972 <0.0001<0.0001 1  9.3° 2.8¢ 6.2 7.1° 12,52 0.49 2.0¢

2
<0.0001<0.0001<0.0001 16  18.2° 10.8¢ 10.3% 27.7° 24.0° 4.8f 8.0¢ 4
6
8

<0.0001<0.0001<0.0001 16  29.3° 19.6¢ 12.6f 53.12 39.5° 13.6f 16.5¢
<0.0001<0.0001<0.0001 16  42.2° 31.94 16.8f 77.02 56.0° 26.0¢ 26.0°

<0.0001<0.0001<0.0001 1  65.3° 52.54 36.79 110.82 86.0° 49.8¢ 414 12
<0.0001<0.0001<0.0001 1  92.8° 75.24 62.3¢ 14112 115.0° 74.7¢ 60.4¢ 16
<0.0001<0.0001<0.0001 @1 140.3° 112.3° 119.0¢ 194.9° 166.8° 1182% 95.3f 24
<0.0001<0.0001<0.0001 g1 209.5¢ 171.2F 174.8° 26858 243.6° 192.0¢ 141.49 36
<0.0001<0.0001<0.0001 g1 245.8° 212.0° 212.7¢ 30528 282.3° 2325¢ 165.9f 48
<0.0001<0.0001<0.0001 @1 285.0° 251.9¢ 253.3¢ 339.6°8 314.2° 284.1° 192.0° 60
<0.0001<0.0001<0.0001 g1 316.5° 278.6° 279.4° 360.0° 333.3° 306.8¢ 210.9f 72
<0.0001<0.0001<0.0001 g1 337.9° 298.5° 297.82 380.0° 345.6° 325.2¢ 220.0f 84
<0.0001<0.0001<0.0001 g1 342.1° 307.3° 304.2f 385.1° 349.2° 339.0¢ 225.8¢ 96
<0.0001<0.0001<0.0001 g1 351.6° 31824 307.4° 391.4® 3553 353.9% 231.1f 120
Gas parameters
<0.0001 0.0001 <0.0001 135 419.59® 404.83° 400.30¢ 419.48° 392.96° 463.898 274.53 A
<0.0001 0.0002 <0.0001 g g7 0.0179¢ 0.0149° 0.0148° 0.0266% 0.0243° 0.0138" 0.0183° C

(P<140) 8l oo 4o dme (glol OIS osimd (Uis o yb )3 Cglite w5V Chgy>

SosSN bgiy :B00A.OF dlygl syl 2)8 (oou sl o)lac + (6,5 5kS Yoo SgSI Wiy :200A.0T s (40,8 puiS oIS :CoNtrol
ALOr200 d5ly) osspesl 2,8 ol olas + ,5okS Fov SouSIl bgsy AOOA.OT dislygl ossyend 2,8 ol olias + (6,5 oks Yo
WSS Yoo 98I (g + alysl Gaglis sl @8 sou 5l 0 las AALOT300 «(5 Sl Yoo 58Il 2y + ialygl sk sl )8 o3l o)lae
lil 2 ) o8 JB i B (50l )ikl (sllas : SEM g )S5bs Fe o 595Ul g + 1zl sl el @8 o 0 las :A.OT400
() A Lo 55wy g5 b :C o (Sis odle )5 0
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Table 4- Estimated parameters of wheat straw processed with Aspergillus oryzae liquid culture and electron
irradiation at three doses and two different application sequences.

p-value SEM Treatments Estimated
Order  Dose Treat A.Or400 A.Or300 A.Or200 400A.0r 300A.0r 200A.0Or control parameters
ME (M/kg
0001 <0.0001 <0.0001 31 56¢ 744 7790 703 73¢ 10"
<0.0001 <0.0001 <0000L o 63 5.56 5 9 03 5.73 5.10 DM)
<00001 <00001 <00001 g3 4193  3691° 3807 5L72 4667 3812 3373  Oump (%)
SCFA(M
<0.0001 <0.0001 <0.0001 062°  049° 052  086° 074> 052 042  mol/200mg
0.004 DM)
00001 <00001 <00001 q75 48.60° 47901  4760°  49.04° 4878  4856° 4598' DN (o6)
<0.0001 <0.0001 <0.0001 NEL(Mj/Kg

0007 448  441° 438 453 449"  447° 421 DM)

(P /+0) wib o I3 dxe (gylel W] odimd L ylaws yo 5> Coglite g5 VL Chgy>
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Table 5- Kinetics and dry matter degradability parameters of wheat straw processed with Aspergillus oryzae liquid culture and electron
irradiation at three doses and two different application sequences (% DM).

p-value Treatments

Incubation
Ord D Treat SEM times
raer ose rea A.0r400 A.0r300 AOr200  400A.Or  300A.Or  200A.0r  control
<0.002 <0.0004 <0.0001 (39 5.86b 4.28° 3.03° 9.05° 7.03 4.33° 4.18° 2
<0.0001 <0.0001 <0.000L (39 9.350 6.95° 6.45° 14.30° 11.25 7.05° 6.78° 4
<0.0001 <0.0001 <0.0001 (39 12.68° 9.50¢ 8.80¢ 19.03 15.18 9.70¢ 9.23¢ 6
<0.0001 <0.0001 <0.000L (39 15.73¢ 11.98¢ 11.10¢ 23.38° 18.83 12.20¢ 11.58¢ 8
<0.0001 <0.0001 <0.0001 (39 21.38° 16.53¢ 15.33¢ 30.97% 25.30° 16.98¢ 15.90¢ 12
<0.0001 <0.0001 <0.000L (39 34.78° 27.83« 26.05° 47.07° 39.63° 29.03¢ 26.53° 24
<0.0001 <0.0001 <0.0001 (39 50.48° 42.73¢ 40.53% 61.83° 54.23 45.78¢ 40.10° 48
<0.0001 <0.0001 <00001  ,3q  58.03* 51.10¢ 49.00% 66.83° 59.98" 55.95° 47.40° 72
<0.0001 <0.0001 <0.0001 (39 61.53 55.70° 53.83° 68.50° 62.20° 61.95 51.23¢ 96
Parameters
00123 0.0034 0.0023 2,190 1.44¢ 133 334 2,42 1.44¢ 1.40°
0.333 : : : : : : : a
<0.0001 <0.0001 <0.0001  e3s 62.83° 60.33% 59.43¢ 66.06 61.27¢ 69.96° 5438"
<0.0001 <0.0001 <00001 g 4ey 64.95° 61.76¢ 60.75¢ 69.40° 63.69° 71.40° 55.78° PD—(a+b)
<0.0001 <0.0001 <00001 g  0.0806° 0.0240°% 0.0224¢ 0.0453 0.0389° 0.0209'  00258¢
<0.0001 <0.0001 <0001 9p 40.09¢ 34.34° 32.74 49.13° 42.89 37.20¢ 32.069 ED(k=0.02)
0.0420 0.0063 0.0098 0.975®
0005  0.967% 0.980° 0.980° 0.952° 0.962% 0.980° : bi(a+b)
<0.0001 <0.0001 <00001 477 22.7° 28.9° 30.9 15.39 17.8f 33.2° 26.8¢ YED()
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Table 5- Kinetics and NDF degradability parameters of wheat straw processed with Aspergillus oryzae liquid culture

and electron irradiation at three doses and two different application sequences (% DM).

p-value SEM Treatments Incubation
Order Dose Treat AOr400 AOr300 A.Or200 400A.0r 300A.Or 200A.0r  control times
00257 00001  -0.0001  0.189 743% 6.23° 453 777° 6.53° 6.33° 413° 2
00322 00001  -0.0001  0.189 10.50° 8.30% 5.83¢ 1112 8.63° 7.23% 6.70°% 4
00057 00001  -0.0001  0.189 14.35¢ 11.50° 6.93¢ 15.50° 11.83° 8.50° 8.10% 6
00305 00001  -0.0001  0.189 21.80° 18.38¢ 11.43¢ 23.20° 19.30° 11.48¢  11.00¢ 8
00001 00001  -0.0001  0.189 28.63 24,28¢ 17.95¢ 30.48° 26.40° 18.200  17.20° 12
00001 00001 00001 0189 3528 30.40° 23.68 37.43 33.18° 2553 23.40' 24
00001 00001 00001  0.189 39.83 34.18¢ 32.18¢ 4213 38.28¢ 3430°  30.38 48
0.0001 00001 00001 0189 4258 38,23 36.20° 45.18° 41,83 37.10¢  32.58° 72
00001 00001 00001 0189 4520 40.68° 39.45 48.56° 45.10° 40.30°  34.13¢ 96
Parameters
00001 00001  -0000L  0.008 0.32° 0.40° 1.09° 0.277 0.099 2.21° 0.67° a
<0.0001 00001  -0.0001  (qo7 42,625 37.96f 38.22° 45.422 42.49° 38.25¢  33.199 b

<0.0001  -0.0001 <0.0001 0.004 42.93° 38.36" 39.31° 45.69° 42.58° 40.46¢ 33.869 PD=(at+b)
C

<0.0001  -0.0001 <0.0001 0.001 0.0790° 0.0703" 0.0383¢ 0.0791* 0.0674¢ 0.0386°  0.0494¢

<0.0001  -0.0001 -0.0001 0.004 34.32° 29.954 26.19° 36.52* 32.87° 27.40° 24.30° ED(k=0.02)

00001 0.0001  -0.0001 0001 0990  0990°  0.970¢ 0.990° 1.000? 0.950°  0.980°
0.0001  -0.0001  0.0001  ggog 8.8' 9.9¢ 18.1° 8.8' 10.3¢ 18.0° 14.0°

b/(a+h)
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Table 7- Correlation coefficients between gas production and ruminal degradability of DM and NDF, linear
regression equations, and coefficients of determination.

R2(NDFD! RZ(DMD‘QDES‘)”GSS“” (GP‘)ME‘;greSSiO” - (P [ (GP_NDFD (GP-DMD  Treatment:
0.83 0.92 )FD=0.165GP-2.30 vID=0.259GP+1.84 0.91 0.95 control
0.97 0.98 DFD=0.09GP+0.6 viD=0.163GP+7.18 0.98 0.99 200A.0r
0.93 0.98 'FD=0.094GP-1.64 vID=0.157GP+8.98 0.96 0.99 300A.0r
0.94 0.97 'FD=0.094GP-0.95 1D=0.151GP+13.83 0.97 0.98 400A.0r
0.96 0.98 FD=0.097GP+0.55 vID=0.155GP+6.62 0.98 0.99 A.0r200
0.97 0.99 2JFD=0.1GP-0.038 vID=0.164GP+6.37 0.98 0.99 A.Or300
0.96 0.98 DFD=0.1GP-0.74 vID=0.162GP+8.14 0.98 0.99 A.Or400
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