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Effects of the Processing Methods of Forage Rye (Secale cereale) on Rumen

Fermentation Characteristics and Greenhouse Gas Emissions /n Vitro of Hanwoo
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ABSTRACT

This study was conducted to estimate the effects of the forage process on rumen fermentation characteristics and greenhouse gas
emissions of rye. Rye was grown at the Taeyoung Livestock farm and harvested at the heading stage. The harvested rye (5 kg) was
sub-sampled for fresh forage, hay, and silage in triplicates. The sub-sampled rye was freeze-dried or air-dried for fresh forage or rye
hay, respectively. For rye silage, the sub-sampled rye forage was ensiled into a 10 L mini bucket silo and stored for 90 days. For
72 h rumen incubation, each forage (0.3 g) was placed into the incubation bottle with the rumen mixture (30 mL) in quadruplicates.
After the incubation, total gas was measured and sub-sampled for CO, and CH4 analyses, and the bottle content was centrifuged for
in vitro digestibilities of dry matter (IVDMD) and neutral detergent fiber (IVNDFD), and rumen fermentation characteristics. Silage
had higher crude protein, crude ash, and acid detergent fiber concentrations than fresh forage and hay but lower non-fiber
carbohydrates and relative feed value (p<0.05). And, silage had higher lactic acid bacteria than the other forages but lower pH
(»<0.05). After 72 h incubation in the rumen, fresh forage had higher IVDMD and butyrate content than the other forages (p<0.05).
However, silage had higher rumen pH and propionate content than the other forages but lower A:P ratio (p<0.05). Regarding
greenhouse gases, silage had lowest total gas (mL/g DMD and NDFD) and CH4 (mL/g DMD and NDFD) emissions, while fresh
forage had lowest CO, (mL/g DMD) emission (p<0.05). Therefore, this study concluded that the ensiling process of rye can
effectively mitigate greenhouse gas emissions of Hanwoo.

(Key words: Forage process, Greenhouse gas emission, Rumen fermentation, Rye)

I. M2 Q1 2A7IARE= oARIEHANCO,), WIRHCH,), oFAERFAN,0),

SEIRKSF), TAEITA(HFCs), THEIRA(PFCs) 50|

T AR o R e al Ql= o 7o = Qlsf 7] UoH, SAHEoA = 7159 AU R4 CO,2F CHyol

FHg}o] oigk Fh4lo] FA} oAl glom, ot 7] SRst i) oA 7150 AAFHe AEE W W nidEe] Ea

9] zx] 9Jole LA HiEEF Zvl2 71551 Qlrk Aldhous A)71= 4ol A acetate, propionate, CO,, H, 52 ThSt tiA}

and Hirji, 2021). o]2]3F 2AZIA RS Fopds FAs} AbEo] A¥SHA =, ¥15=9] W methanogen methyl7]E 2&

F= W, AFA(29%), HE(29%), FEFA R H71E(Q20%), &5 = gekAh SRIE, CO,, acetate, H, 52 A1E2E o]gslo]
(15%), ZE(7%)2] =olH, FARIZ oF T%E XAl o= CH,2 /oM Eth(Wang et al., 2023).

HI=]QlthRivera et al., 2022). A7 23315 Zefioh= thEA] AR AR el 24 ©=rkE gFgo] =obA] B
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9 W Eoisert e Asked WARE HAS frdste]
EJEHIE S5k §E9] W] pHE HAIZI= AP} itk
(NIAS, 2015). o]2J5t RALRE= UERQ] U] ¥ka A] acetate R34
B8-S Z7HA)7IY oln 8] 4240122 methanogen 2J3t
CH, §49] AF4-=2= o] &= 4 Tt (Navarro-Villa et al.,
2013; Xue et al., 2019; Guo et al,, 2022). QuHog Y%=
7I=0l Fofshr] f18 Az, AFdEIA] 59 FEHZ 7HS5IE
], g4 g A=A 7ER]7F eI Navarro-Villa et al.
(2013)Z HEYYL Zo| 1A AJEA] AlEsi%e o, ¥
9] Y CH, EAzo] A4Sl 1519 0™, Pecka-Kielb et
al. Q021)2 L4 3 S TRl RARE AR AR
510 CH, WIS v RG9S 1, Algle]x) 7l Holsh
48 BB, oleiet MR 2AR] £R} 7}
70| 2A7RA Rl FRRS 1A ¢ 92 HojF
O]OL} oA 2ALE 7Rl 2t 2AEA e A
o SoYE|Qir)y. SE2 ogE|Ql o] 1etAlt 3 S
oflA] Ho] A= U= BA AEAREelH o] Hlsl 2k
A Wgo] 3 A 7RIt 94tk
wEha] 2 AoME I iy 54 AlERE 5 sh”l
29 7hsrRo] W] Wi A ST 24A7EA EAR0] 1]
R QS ZASKL Tl LA AL Pk ZAIR 71
& 7S 9 F1EARE AR ek

0. M= U

A AFA A4 G2AloA] el SYEZX)S 25710

Cejelsicy 481 SRS B A2 0 ARlel A28 9
27} 5 kg SUROR ARG Y HRE YL WY

Hals F4glslr] Qste] ZAAR 7](FDB-5502 Operon
Co. Ltd., Gimpo, Korea)Z 7AZ519 00, o9 Ax:= €gS
olgalo] 5zt izl Bk AL 42 UL 35
cm Zo]& A&sto] 10 L mini bucket silo (5 kg)of] 1L
(n=3), 907t A TAA] T 7RSS e AFd=ollA
Qdops gt w9l ) AR BAS ARl ko) A
o] 55C &3 X704 48A1t B3t XS

5 ARIEA)E cutting mill 2447
(Shinmyung Electric Co., Ltd., Gimpo, Korea)E 08010 £4]

SHaL 1 mm screend ST AlRE A0l ARSI = o

Z7](OF-22GW, JEIO TECH, Korea)o]|
A 24412t %o& A% 572 2745900, ZHAEL Kjeldahl
H(B-324, 412, 435 and 719Titrino, BUCHI, Germany), 4]
HES Soxhletf(OB-25E, JeioTech, Korea), Z31H-2 3|st2
(Muffle furnace, Nabertherm, Liliental, Germany)& ©J-89]
FA51H.0M, AOACH(1990)0] Fdlo] EA4451T}. Neutral
detergent fiber (NDF)2} acid detergent fiber (ADF) $h
Ankom®® fiber analyzer (Ankom Technology, Macedon, NY,
USA)E o]|83}o] Van Soest (1991)Ho] &0l A5
Non-fiber carbohydrates (NFC) @2 thad} Zo| Akl
t}. NFC = 100 - (NDF (%) + CP (%) + EE (%) + Ash (%)).
E3L relative feed value (RFV)+:= Jeranyama and Garcia (2004)
o] ®PHol Fslo] thgat o] Altslitt Digestible Dry
Matter (DDM) = 88.9 - (0.779 x ADF (%)). Dry Matter Intake
(DMI) = 120 / NDF (%). RFV = DDM x DMI / 1.29. $HH
7} w0 SRS e e BAs] fistd A0
@)% B FHA180 mL)E ERIte] HAIE 3027+ st
AZ1 3 4739] cheese cloth& A4 FE2HE AZsl0] A0
o]835}3t}t. pH+ pH meter (SevenEasy, Mettler Toledo,
Greifensee, Switzerland)E ©]83l3 o™, Ad=uole] 24
(Ammonia-N) @k H|AHo|| £3lo] E451tH Chaney and
Marbach, 1962). Volatile fatty acid (VFA) Y= auto sampler
(L-2200, Hitachi, Tokyo, Japan), UV detector (L-2400, Hitachi,

o
e
i
o
é
o
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Tokyo, Japan) % column (MetaCarb 87H, Varian, CA, USA)©|
H2ZFE] HPLCE o]-85}o] EAI5199tAdesogan et al., 2004).

oY= A} BHS Q) 2&9 | mLIF EF ,]HO“(O 84%
NaCl) 9 mL-& S35t F 1071 Ao Folo] 3|45 &

ol o]ttt ikt (Lactic acid bacteria, LAB)2 Lactobacilli
MRS agar media (MRS, Difco, Detroit, MI, USA), 50|
(Mold)2} aH(Yeast)=
Detroit, MI, USA)S]| S1494(100 pLyS E25}0] 30ColA] 484]
7t 8iost T F<(logl0 cf/g)S S5tk

potato dextrose agar (PDA, Difco,

3. =] W in vitro ASIE1} YHeEM

4YE BN 52YHL) 9188 52 ol
199 0 H(GNU-191011-E0050), HE=S] LH in vitro H8E
Adesogan et al. (2005)_4 Hoj| 3] )9}, vko]
P S B
52 BIR2 59 Fofeh T obel Aol AL 439
cheese cloth® ATFYch AFot QAL Van Soest medium
buffer®} 1:2 ¥]E-2 &391510] rumen bufferES A X5k COS
Sa1510] 71219 JehS QBT AR B ABAE03

%
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2)2} rumen buffer (30 mL)& 125 mL serum bottleo] @1l
(n = 4), 39T incubatoro]A] 72A17Fs<t viBIAT) wioks:

FOlR= Filter paper (Np. 2)E ©l-83lo] U=2] M 1=
< E2ol9itt. W2 pH, VFA & ammonia-N £-4J0f| ]85}
Ao, obA At Hiel o] pH meter, HPLC X H|[AHo]| &
Sto] 21z BA6199E THES in vitro dry matter digestibility
(IVDMD)E 34513Jal, Ankom 200 4 ++417](Ankom
Technology, Macedon, NY, USA)E ©|-85}o] NDF 35k &
A 3 in vitro neutral detergent fiber digestibility (IVNDFD)E

231900t

4. HEQ| U in vitro gas LAY

Total gast Digital manometer (06-664-21 Fisher Scientific
Pittsburgh, PA, USA)E ©ol&3lo =433 2™, Jin et al
(2021)2] HFHol| Z3lo] psi TS SABISIEE AL 2T
LajHo]| 27 1o, ZAE 7IAE= TCD detector?} column
(Supelco, Bellefonte, PA, USA)0] AAX]¥ gas chromatography
(Agilent Technologies HP 5890, Santa Clara, CA, USA)E ©o]-&
slo] BA51tKPatra and Yu, 2014).

5. SH X

E Aol AojR AFR= SAS program (ver. 9.4 program;
SAS, 2013)Z ol8slo] SARAS AABIeH, 7+ A2t
B AL Tukey’s test (p<0.05)Z AA[SIHACE

(72.5%)0014 7 =9kom(p<0.05), The-02 HZ2(20.6%)2}
AIRER(15.1%) =0 Yegth. £ehld, 2917, NDF 4
ADF 3FES- AJJ2]Z|(13.0, 8.27, 64.3 L 40.5%)0A 7P =2
HHH, NFC -2 H2(21.7%)°14 7 #81th(p<0.05). 1
RFVE HZ(94.002F AZ(88.5)014 7P £4eh(p<0.05). pH
= ARIFA|4.99)0014 7P Ro¥al(p<0.05), ammonia-N, lactate
9 acetater= 22} ZolA = UERA] gigtont Arde|xo]
A Z¥2+ 0.23, 10.5 9 4.80%2 YERHTE LABE= AFIE]Z](6.11

Table 1. Effects of the processing methods on chemical compositions, fermentation characteristics, and microbes of

forage rye
Fresh forage Hay Silage SEM

Chemical compositions

Dry matter, % 20.6° 72.5° 15.1° 1.275

Crude protein, % DM 8.80° 10.2° 13.0° 0.315

Ether extract, % DM 2.21 1.82 2.25 0.330

Crude ash, % DM 6.33° 6.35" 8.27° 0.223

NDF, % DM 60.9° 63.6" 64.3* 0.421

ADF, % DM 35.1° 36.4° 40.5° 0.406

NFC, % DM 21.7° 18.0° 12.1°¢ 0.753

RFV 94.0° 88.5% 82.9° 0.990
Fermentation characteristics

pH 6.42° 6.30° 4.99° 0.077

Ammonia-N, % DM ND ND 0.23 0.001

Lactate, % DM ND ND 10.5 0.201

Acetate, % DM ND ND 4.80 0.056
Microbes

Lactic acid bacteria, logl0 cfu/g 435 4.49° 6.11° 0.426

Yeast, logl0 cfu/g 4.30 ND ND 0.189

Mold, logl0 cfu/g ND ND 4.30 0.196

NDF, neutral detergent fiber; ADF, acid detergent fiber; NFC, non-fiber carbohydrates; ND, not detected; RFV, relative feed value; SEM.

a

standard error of the mean;

¢ Means in the same row with different superscripts differ significantly (p<0.05).
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logl0 cfiu/g)ollA 7P =3ka1(p<0.05), yeast= 2(4.35 logl0
cfu/g)ofA, mold= AFLZIA|(4.30 logl0 cfu/g)o iRt Liebgith
APl uPpEEo] ofpt Has R4t Il SISkl AR
2 W pH7} WolA|al 2l Bofrt A=), I ehest
S 20| YRIPolA EslEAY o= Qs ekl
SIS AH o2 ol 4= Qi (Stute et al., 2007). EF T
q 24RO )4 SRS Ash Aeie Sang % o
AEO B350 784 I 50| oflvAYe= o]§EH o= ?lsf
A4(NDF, ADF)9} £31E o] AdiFlos EoRitt
(Hoffiman et al., 2001; Stute et al., 2007; Guo et al., 2022). ¥t
9, 204 NFC o] =2 212 7% AR A 3 5ofl 9
S AR], ARJRIR] Alx Al BPEEC] Of3t JY4 o8- 5ol Lo
2] 99k7] mEQl Ao & Alg¥) o2 QI8 =2] RFVZ}
Az AldER]o] Hsf B A et Z0= HRITK(Stute et
al., 2007). %2} 7z Hs| AFde|x]9] pH7} @k=H], °]=
S A= AlRdER] daabgold LABSF 22 npiEe] ofgt &
o= lactate, acetate 52| F714lo] i HAYG7| wfjFolch
(McDonald et al., 1991). T3 ZARS E7]4 AlElz2 5519
= W, 714 v8ER] LABY] A2 SXAZIARE 2714 1]
A= yeast?} moldQ] AR AAIITHMcDonald et al.,
1991). wepA] 2 Aol AxE AFdER|] &2 f7 ik
LAB, =2 pH, yeast & mold= FE2] AL A7F A2EQ17]
2l Hog AlgErh

2. HEEQ| WY in vitro Asl21 WEEM

Se] 2AYR APEC] T2 W9 U] in vitro A5FE 2
FIEA} A5 ATHe Table 29 2k ¥ ] IVDMD
2(64.3%)°l14 7FE £} H(p<0.05), IVNDFD= A2t
o2l o)/} Lhelib] eigich we] i pHek propionate
SFeRS- AJRIE]2)(6.73 and 18.9% of M)oA] 7 &=9kom, AP
ratio= AFLR](3.12)94 7 B3It (p<0.05). Butyrate SI5F
L H2(10.5% of M)A 7F =9k11(»p<0.05), ammonia-N,
total VFA & acetate Qg A7 F214Q1 Zjo|7} Lt
A okt 2 AolA] WE=9] Wi Avk&2 XA 7HE &9k
=0, ok B2 e AlFol BIsl] 2 NFC o Wi
9 oM &t S21E A o= At pH He AlolA
A1 HYS LERH ©1(6.48~6.73), propionate T A1AE]
Aol 7P w3k=T, ol 2 BRlEe] 27s)E QIS 4
sleo] W7] Whel = AlmEH, AFJE|A|oA & propionate
SlEFo 7 9lolo] A:P H]E0] TASIHTHXue et al., 2019). Hx
= W] HiollA mPEe] 2Rt A E5l7E 2ds] doluk=
o], o3t IJollA] butyrate JikS EX5k= 5 n¥ESL

g2lo] Z/RIKGuo et al., 2022).

o ot Ik

4

i

©

3. HEQ| WY in vitro gas A2t

S9] ZAlE Ao T2 Wi9] ] 7 AR B
gt 23 Figure 1, 2, 33} k. DMD 7|E2% total gas®}
CH, 3RS AJUE]|%|(154 and 5.9 mL/g DMD)OA 714 &
9rout, CO, HHA¥ERS: %(15.8 mL/g DMD)OA 71 HSkct

Table 2. Effects of the processing methods on nutrient digestibility and fermentation characteristics of forage rye incubated

with rumen buffer for 72 h

Fresh forage Hay Silage SEM

In vitro digestibility, % DM
DMD 64.3° 59.3° 57.7° 1.341
NDFD 57.0 54.4 55.7 1.565

Fermentation characteristics

pH 6.48° 6.53° 6.73° 0.035
Ammonia-N, mg/dL 154 16.1 16.5 0.959
Total VFA, mM/L 65.9 65.3 60.1 6.841
Acetate, % of M 60.1 612 59.1 1.169
Propionate, % of M 18.6° 18.4° 18.9° 0.158
Butyrate, % of M 10.5* 10.0° 9.80° 0.217
AP ratio 3.24% 3.33° 3.12° 0.063

DMD, in vitro dry matter digestibility; NDFD, in vitro neutral detergent fiber digestibility; A:P ratio, acetate to propionate ratio, SEM, standard

error of the mean; “° Means in the same row with different superscripts differ significantly (p<0.05).

- 102 -



Forage Process on Rumen Fermentation of Rye

Total gas, mL/g DMD Total gas, mL/g NDFD
210 - 2 350 a
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forage foraze

Fig. 1. Effects of the processing methods on total gas emissions of forage rye incubated with rumen buffer for 72 h. DMD,
dry matter digestibility; NDFD, neutral detergent fiber digestibility; “° Means in the same row with different superscripts
differ significantly (£0.05).

CO;, mL/g DMD CO,, mL/g NDFD
20 ) . 32 - ab a b

b
15 A 24 -
10 16

i
(=]
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Frezh Hay Silage Frezh Hay Silage
forage forage

Fig. 2. Effects of the processing methods on CO, emissions of forage rye incubated with rumen buffer for 72 h. DMD,
dry matter digestibility; NDFD, neutral detergent fiber digestibility; *° Means in the same row with different superscripts
differ significantly (0{0.05).

CH,, mL/g DMD CH,, mL/g NDFD
7 12 4
ab 2 b a ab b
6 1 F f
5 g
4 |
3
B 4 7
14
0 0 -
Frezh Hay Silage Frezh Hay Silage
forage forage

Fig. 3. Effects of the processing methods on CH, emissions of forage rye incubated with rumen buffer for 72 h. DMD,
dry matter digestibility; NDFD, neutral detergent fiber digestibility; *> Means in the same row with different superscripts
differ significantly (p{0.05).
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(p<0.05). NDFD 7|&° 2% total gas, CO, ¥ CH, TRYHS A}
AR|(246, 27.6, and 10.2 mL/g NDFD)OJA 71 It
(p<0.05). BEF=9] W 7kA AR AR O] A SRt A5k
o] 2255 VI AR R4 o] =255 dayt
JollA 247k ARk ZASTal B 1613t Dhakal et al,
2024). £ Aol TEE ARIEA AxRsHS i, Aaa
(NDF, ADF) 352 3716kl AEASH(IVDMD)= 4
=8, o2 <lsto] B9} Wi CO,2t CH, Ao 4% Ao
2 AlmEry dUbEo g W] WY acetater= methanogen©]] 23
CH, 9] A+E4=E ol&d 4= 31O, propionate= TAF
ol-8gto 24 ¥k5=29] W CH, = AAIE 4= AUtk Meale
et al., 2012). & ALof|A] ARJZA] A[SLoflA] propionate
o] 7P =9kl AP ratio= Rok=T, o|2 QI5] AlAEA] AlF
TollA B9 W CH, YA8EFo]| 43t 2105 ATt Brask
et al. (2013)%= LHTE Az} AIRJF A2 AXo15S o, AL
ZA] AlFellA] gk WARo] FHasks 2aE ERIsiol o,
o= & et fARE A9kE YEhiIc

=

Iv. Q¢f

2 AollA= FuiollA ol8El= 3] AR 7RO
£ F%a A WS W a8ks, dasd © AV Y
= B7IeP] sl A=At S50 Skt a2
2 9 AR AElo] ARl ol8aiSih e,
+ 9 ADF 32 ARIE|R[ollA 71 &01a, AHZxolA 7MW
ATt NFC 53} RFVE x4 7H #3243 AR X[ofA]
£ 7R Yol S 5 ZARE 724K 59 599 1)
oAl in vitro HRSIEE W, IVDMDE= AZ27F %2} Alde]
o] W]g} £5EoLE IVNDED 4382 A2 Hol7t gk
t}. k9] Wi propionate Tl AlAFROA 71 3o,
o]2 Q3] AP ratio= 7} RIth IVDMD 7]& total gase}
CH, 852 AFJE|AI7} 7P Hekow, CO, AR =27t
Ioktt. SHH IVNDFD 7]& total gas, CO, W CH, TAYTRES- AL
LR7E 7HE Wk ool Anofld, 2 AldeR|= Alx
S o] 2AHA AN felg Aoz A

o
P

g

V. AfAL

B drs sEAEIe|EwrIY AARiEH S
RS-2021-1P321083)2] | oJaf o]=oiz&Lc}.
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