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Effects of freeze-thaw on bacterial and fungal succession during
aerobic exposure stage of oat silage
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and Veterinary Medicine, Qinghai University, Xining, Qinghai, China

Abstract: [Objective] To explore the effects of freeze-thaw on oat silage during the aerobic
exposure stage. [Methods] Oat silage was stored at a constant temperature (20 °C, group 20,
control) and freeze-thaw conditions (20 °C and -5 °C alternating every 12 h, group S) for 60 days
and then subjected to aerobic exposure. Samples were collected on day 60 of ensiling and after
aerobic exposure for 1, 3, and 5 days, respectively, for the determination of fermentation quality
and nutritional quality as well as for 16S rRNA gene and ITS sequencing.|[Results] The pH rose as
the aerobic exposure was prolonged. The samples subjected to aerobic exposure at room
temperature showed more rapid increases in ammonia nitrogen content and pH and more rapid
decreases in lactic acid and acetic acid content than those subjected to aerobic exposure at freeze-
thaw temperatures. Propionic acid and butyric acid were produced more rapidly in the S group,
especially in the case of aerobic exposure at room temperature. Enterobacteria and yeast increased
while lactic acid bacteria decreased as the aerobic exposure was prolonged (P<0.05). Shannon and
Simpson indices of bacteria increased during aerobic exposure, and the relative abundance of lactic
acid bacteria kept decreasing. The bacterial community structure presented a significant difference
on days 3 of aerobic exposure, and microbial succession was accelerated by aerobic exposure at
room temperature compared with that at the freeze-thaw temperature, with more species and higher
counts of yeast and molds indicative of spoilage in the S group. [Conclusion] Freeze-thaw
accelerated aerobic deterioration, especially aerobic exposure at room temperature. This study
provides theoretical guidance for high-quality modulation and storage of oat silage in alpine areas.
Keywords: silage; freeze-thaw; aerobic stability; oat
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Table 1 Fermentation characteristics of oat silage ensiled for 60 days and during aerobic exposure
I [ R pH A FL2 LR R T
Time T/rC NH;-N (%) Lactic acid Acetic acid Propionic acid Butyric acid
(mg/g) (mg/g) (mg/g) (mg/g)
Day 60 20 4.62k 3.50f 48.03a 11.87¢c ND ND
20/-5 4.92h 4.24de 28.06¢ 12.74c ND ND
AE Day 1 AE 20 4.67hi 3.88ef 41.36b 18.26a ND ND
AE 20/-5 5.24¢g 4.19de 19.95d 15.62b ND ND
RT AE 20 4.73hi 3.86ef 18.44¢ 18.64a ND ND
RT AE 20/-5 7.10e 4.25de 5.75h 14.71b 0.44d 1.31d
AE Day 3 AE 20 6.71f 4.25de 13.90f 13.08¢ ND ND
AE 20/-5 7.76d 4.43de 3.05jk 9.84d ND ND
RT AE 20 8.03¢ 4.61d 3.481 12.19¢ ND ND
RT AE 20/-5 8.46b 4.68d 3.991 7.18e 2.44b 3.11b
AE Day 5 AE 20 7.71d 6.29¢ 7.68g 9.84d ND ND
AE 20/-5 8.09¢ 6.30c 2.17kl 6.44ef ND 1.15¢
RT AE 20 8.45b 7.61b 1.891 9.22d 1.35¢ 2.13¢c
RT AE 20/-5 8.81a 8.58a 1.651 5.48f 2.71a 4.40a
SEM 0.091 0.103 1.003 0.166 0.133 0.175
Period sk3k * K3k kk * k3k
Temperature ok ok Hok ok NS ok
PeriodxTemperature NS NS o ok NS NS
B NE R R R AE0.05KF 22 5 B3 (*: P<0.05; **: P<0.01); NS: AW3H; SEM: frifiiR; DM: TH15;

AE: A% Z:8%; RT: Fiil; ND: REWH,

The same column followed by different lowercase letters are significantly different at the 0.05 level (*: P<0.05; **: P<0.01); NS:

Not significant; SEM: Standard error of mean; DM: Dry matter; AE: Aerobic exposure; RT: Room temperature; ND: Not detected.

B 7.10, 5dJEERARITT 8.00, AN
ST, SHERER TN pH HEL R E
F[R]— A Be A JFRE R ) pH {E(P<0.05). 20 4
BRES 1 RN, 55 3 KA 5 KW pH (HAL LN
[FIFERY R %, NH3-N &t AW B, mFLie &
HPGE R, AR SH. 2k LI n
TRE, MR T FRTE S 414 A2 5 5 sl
2, I H Bl A S 5 58 A ) 1) S 5 2 i
. SERETMAEREMIL, RN
HARESH pH HMAS AT R ETHE,
FUR IR &t FREER, 76 S 4, JukEile
R N AR, IR T R A ek

B, FLRR A LTRSS A B . I B LA K A 1
& 0 AE 447 R i 25 19 A DG (P<0.01) ., pH
{ECFN T PR S5 (1B ek B 2 R S S 1 R G
PE(P<0.01), {H 5P #1922 B AF H G B 3% 1
Ktk
22 EFEEOOH

Mk 2 firs, A %E 5dJa, 20 4
S ALY K3 ¥ .25 T+ (P<0.05), RIS i PE e
Y R ER N, SR, fEA A RER S d
Jii, 20 ZHRT S A 22 ] A Hh M e A £ A R P Tk
ARSI ERES . MEANE D E R
(P<0.05), HN[AIAbBRME]ITC 3522 7 . S 4N A]
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*2 MEBNIN6 dMAERES dVEF®ER
Table 2 Nutritional components in silage ensiled for 60 days and aerobic exposure for 5 days
] R W5y PSS PSS HLEC AR
Time T/°C Ash Neutral detergent Acid detergent Crude Water-soluble
(%) fiber (%) fiber (%) protein (%) carbohydrates (%)
Day 60 20 10.14d 56.98b 35.97b 8.67a 4.96a
20/-5 11.26¢ 59.03b 40.81ab 8.93a 4.84ab
AEDay5 AE20 11.91b 69.64a 43.85a 7.54b 4.33ab
AE 20/-5 11.45¢ 67.83a 41.95ab 7.97b 4.24ab
RT AE 20 12.79a 70.25a 41.01ab 7.82b 4.11b
RT AE 20/-5 12.47a 67.22a 37.26ab 7.62b 3.33¢
SEM 0.105 1.939 2.157 0.062 0.096

FIFIA /NG FRERRAE0.05KF 225 B3 SEM: FRifEiR; DM: THI5i; AE: AARER; RT: =i,

The same column followed by different lowercase letters are significantly different at the 0.05 level. SEM: Standard error of mean;

DM: Dry matter; AE: Aerobic exposure; RT: Room temperature.

GRS A E AR S d R B FRE(P<0.05),
It BAEE R AT A SRR, Al
B BT B R T U(P<0.05)
23 WHMEMITH

W 3 Fin, 7EHE 60 d JF4EH), S 4
KWE) T RFFEE, T 20 ZHA S 2H vh 24 ARG 3]
PERETR . Bl A1 AR EERT RIHERS , AT
P B TR 119 B0 N DT G o, 2L AT %) 50 DU AS D
W8/ (P<0.05). 7E S A AR 3 d Ja kil 2 2
B, T 20 A SR EE S d e A R B B R
S HTEZE R P ATA A RN, HRENERDE
Z T HABABE(P<0.05), HAREEE SdE, 54
LT BT o T 402% 5 .35 (P<0.05) . IAFF IR 1Y
Bt 55 I R] B BRI L 4 S A S 2 AR DGR, H
S5 WA 8 BEAE O . FLIR I 1T 8S
IFIR) B L B R B 5 30 3 114 58 AR FH A i 2 A 5
(P<0.01), 52 i 35 41 5GP (P<0.05). %
RETR 0185 B[] B B TS [R] B B 55 L 1) 28
AR IR A 6 (P<0.01), B 56 TG BB
Ktk FER MRS R B L R K B2
AR I8 SR i 2 A M (P<0.01),
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Table 3 Microorganism counts of oat silage ensiled for 60 days and during aerobic exposure (Ig CFU/g)

i ] T T FLRRE PP BT B A
Time TrC Coliform bacteria Lactic acid bacteria Yeasts Molds
Day 60 20 ND 5.04de ND ND
20/-5 4.42¢ef 5.37¢ ND ND
AE Day 1 AE 20 ND 5.41c 3.82f ND
AE 20/-5 4.25fF 6.0la 4.18ef ND
RT AE 20 ND 4.32g 3.00g ND
RT AE 20/-5 4. 3ef 5.27cd 4.42de ND
AE Day 3 AE 20 ND 5.39%¢ 5.31ab ND
AE 20/-5 6.21a 5.77ab 4.82¢ 2.62d
RT AE 20 4.53d 5.66b 5.46ab ND
RT AE 20/-5 5.12¢ 5.76ab 4.68cd 3.93b
AE Day 5 AE 20 2.15g 4.96¢f 5.06bc 2.54de
AE 20/-5 6.24a 4.79ef 4.89¢ 2.97¢
RT AE 20 4.97¢ 4.71f 5.69a 2.43e
RT AE 20/-5 5.61b 4.35¢g 5.45ab 4.71a
SEM 0.187 0.053 0.053 0.075
Period sksk sk sk kk
Temperature HoE * NS o
PeriodxTemperature NS *x *K *k

[RFIASTR NG FHER/RE0.05 /K- E 22 B2 (*: P<0.05; **.

RT: %ifi; ND: KA,

P<0.01); NS: ~E3; SEM: Fr#fii; AE: HEBE;

The same column followed by different lowercase letters are significantly different (*: P<0.05; **: P<0.01). NS: Not significant;

SEM: Standard error of mean; AE: Aerobic exposure; RT: Room temperature; ND: Not detected.

PR FREE (KT 1B AT LU B, 20 A ay) fi
FLUFF TR & (Latilactobacillus) FE A S Zx 82 5 Jcan,
S5d WD, S A B . AT REE
(Bacillus)Tr. 2 AP 2 e s, HE
N A A R R I A A s R, B
R K I (Leuconostoc) i 4 A 58 7% &5 Wi [B] (4 E 4
M /D, W2 IR ZF AR AT 18 & (Lysinibacillus)
EEWR T AAZEE S IR, JUHE
20 #H . Hafnia-Obesumbacterium F£ S 4 )7 i &
HEARTENE 3 R 5 R AR SN FRE.
e HUAT 1 & (Paenibacillus) i35 A7 %8 %% B I 1]
) S K 17T 28 T EE . AR LB (B 1)
AR 55, 20 4R S 43LA OTUs 2y 167

A, 20 ZH AR U R # U T A A R e A PR YRR
A OTUs 43 %0 42 A~ F1 47 4, i S AI5H
OTUs 43514 51 AF1 71 4>, HR¥EE BARXT
E(E 1C)al 5, 5 SAHMEt, 20 HhryEEHRE
J& (Penicillium) Fl Wickerhamomyces ) 8%} = Fif
B, TG AR BEEE (Pichia) (AN EEHAK. S
HH 1 Issatchenkia . i )R & (Fusarium) FE 5
& (Mucor) FABXT R T 20 41, 7ERMAA
Rgg AT (& 1D) 20 ZHH1 S 2H Y R A5
AR, A BAE, 20 4109 Wickerhamomyces
ey S, WA T A E R S Ay
Issatchenkia W) 3= B2 W N . AR 4 EC TR 55 B
(B 1F) &8, 20 41765 B =0 N A A R s
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Table 4 Alpha diversity of oat silage ensiled for 60 days and during aerobic exposure

HiJ i) R 41l 5] Bacteria L Fungi
Time e Shannon  Simpson  Chaol ACE Shannon  Simpson  Chaol ACE
Day 60 20 3.37d 0.81de 283.48 281.74 4.26a 0.87a 549.32a 562.44a
20/-5 2.97e 0.73¢g 252.28 261.59 3.29b 0.80a 297.60bc  195.57d
AEDay1  AE20 2.96e 0.79¢ 227.27 233.76 1.28def 0.41cd 172.93def 190.97d
AE 20/-5 2.53f 0.6%h 236.86 250.93 1.44cdef  0.38cde 206.11cde  212.14d
RT AE 20 3.50cd 0.84cd 280.91 285.38 1.81cd 0.48bc 274.41bcd  289.26¢
RT AE 20/-5 3.00e 0.74fg 253.33 265.44 1.11ef 0.27de 175.26def 195.83d
AEDay3  AE20 3.02¢ 0.79¢ 226.15 241.89 1.72cde 0.62b 94.95efg  137.5def
AE 20/-5 2.98e 0.78ef 252.55 258.01 0.92f 0.22¢ 43.05g 45.69¢
RT AE 20 3.75bc 0.87bc 242.27 250.92 2.05¢ 0.61b 356.63b  359.74b
RT AE 20/-5 3.95b 0.88b 248.86 266.45 1.15def 0.32cde 77.80fg 85.70efg
AE Day 5 AE 20 3.65¢cd 0.87bc 230.30 242.80 1.74cde 0.63b 55.791g 55.41g
AE 20/-5 3.46d 0.84cd 243.80 259.22 1.16def 0.28de 69.30fg 72.53fg
RT AE 20 4.44a 0.91ab 285.34 282.53 1.21def 0.42cd 84.38efg  85.29¢fg
RT AE 20/-5 4.70a 0.94a 286.79 286.45 1.50cdef  0.40cde 148.38efg  157.55de
SEM 0.061 0.007 5.037 4.896 0.061 0.018 13.865 10.661
Period Kk 3k NS NS 3k sk k3K k3k
Temperature ok 0.003** NS NS o ok 0.001** ok
PeriodxTemperature 0.054 0.031* NS NS NS 0.05 0.005%* ok

[FFIA F/ING FRER AR AE0.05 K 12253+ 3% (2 P<0.05;
RT: %ﬁlo

. P<0.01); NS: A3 ; SEM: rifEiR; AE: HA R,
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Figure 1 Bacterial and fungal community during aerobic exposure. A: Comparison of the relative abundance of

bacteria during the aerobic exposure phase between group 20 and group S; B: The relative abundance of bacteria
at various days of aerobic exposure between group 20 and group S; C: Comparison of relative abundance of fungi
during the aerobic exposure phase between group 20 and group S; D: The relative abundance of fungi at various
days of aerobic exposure between group 20 and group S; E: Venn plots of bacteria after 5 days aerobic exposure;
F: Venn plots of fungi after 5 days aerobic exposure. A: Aerobic exposure under freeze-thaw; RA: Aerobic

exposure at room temperature.
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Figure 2 Bacterial variations in samples during aerobic exposure using LEfSe analysis. A: 60 days silage; B:

Aerobic exposure for 1 day; C: Aerobic exposure for 3 days; D: Aerobic exposure for 5 days.
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Figure 3  Fungal variations in samples during aerobic exposure using LEfSe analysis. A: 60 days silage; B:
Aerobic exposure for 1 day; C: Aerobic exposure for 3 days; D: Aerobic exposure for 5 days.
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Figure 4 Matestate analysis of bacterial (A) and fungal (B) communities. *: P<0.05.
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Figure 5 The correlation analysis of silage quality and differential bacteria communities at 20 °C (A) and freeze-
thaw condition (B) during aerobic exposure. *: P<0.05; **: P<0.01.
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P DL R ORI A R E DY, IR AT
FH20HPERTAHEBRE SIAMH
biomarker, XZRHH 20 A A RRE M H 4T
33 FEEEREESZHMNTERRE
Al

T T AT 5 00 EL R R 75 25 A A A 3 22
5o 5k WA bR & O A OC W Blumeria F
Vishniacizyma 55 . & 0 3 98 2>, e o [ BE
(Pichia). Wickerhamomyces I Issatchenkia 55 I,
HPCEE R . AR ZHOE W AT A R R )
P B D O G B R, e A TR
FLIRVE RS, N Issatchenkia . Saccharomyces
Candida 56 5 W BE (Pichia), 8% J& 75 1) kL
AR G| &IPS 2 1 K R I EE
(Pichia). Issatchenkia F Candida W)%(i5 B % 2%
T 20 4, JUHIE S A R ERE (Pichia)TEA
SARER 1 RN T 75%, X —M%
TEZIR A A RENIUNYIE . Wickerhamomyces
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1220 APt R EZ T S A, AR ARZ
JBE v ) R S o s ol DA AR TR 1 A R D 3
A BB A 20 ZH e B PR A A D Y D PR 2
—o BN TEERERR, R AR N BT
HARTEWMERE, ¥ W FEA0HIE
W % W (Penicillium), W B W
(Aspergillus)® . £ 20 40, T HE R & (Penicillium)
MR ELT SH, TEAARES 1 RN,
FERRERIA 73.6%, (HAEEE 3 R AIBRIR T I,
AT RE 2 PR hy B8 iR B (Pichia) 15 A6 %A 7 55 J 1L i
YN, WA 5 R W B AR RS (Pichia) 2 1 75 5
B (Penicillium) i AP s i S 41 v 5 8
B & (Penicillium) = FEEARM R A . 74h, @il
FH I VE 3 B % 0 %5 T8 (Penicillium) 5 pH {H 2
W FE ARG, 5 LA FIAA BRFIEMC, 0
HR WA AT REE, AT k%R RE8 18
PP EHE . VEREE . SRR IR R
I S R A TR, R AR T R I T
P77 B T b A e R ), fe et i,
W A R TR IhRE, H Az ab
L, AR S 2 R AR 21 I AH ¢
P HT60d 5, S AT HRI]EE(Fusarium) .
E % H J& (Mucor) Il Gibberella 25 % biomaker,
AT S8 2 18 o e v e B T R Ay Y
biomaker, HIZH A ZEEE S5d /5, SHTW
Fusarium_sp. F1 A. restrictus 7 L[] biomarker .
i T 8 (Fusarium) 2B 5 ARk B 52 ) r=
HEHERMWARBZ —, HILFIrAMEH A
FE E R BRSO UL Bl ) TR
BER FEAMAT ) EEEE . KRR
AR 1 2% B1PY, M8 8 (4spergillus) 16
B W8 (Mucor) 72 5| #7078 W& 7 1) £ 2 H
WP HR R R, SRR Y T AR
TICARRE b B SR e A G, R AR
PR L T FE A MLER (UNFLER AN 2 R a1 75 )

(Fusarium) .
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B pH AEATREE , R T i 2RI 8 A T2 Al
WA KPR Xk R T 2% ZF A A
(Paenibacillus)TEAT %A %% & o 01 F BE RS i) i
B W T B T B AFTEA B R . IS,
Rk &, RE MRS FEZX Bacillus 1T
AreA W, RIS A i,
TE S A, ZEHFF B JE (Bacillus) W) AH X = B2 B
BACT 20 4. X—HR U], 7o A2
WrBe, dipS I Z A 2 A AR

4 i

ARRTRR , TR R A FL R
TECpH (EAWTHE, LRI & R [F
B, SRR R S R A T 28k, S 4l
fOfEvE R, JEHORAE S A H AR,
S AP HILF MR E L . X RUIRRIINE T4
HAMGERR, TCHRAE R M A5 .

1E# TR = A

AR BRI, IR SRS e
s BUSEE: BRI AL B SO B
WS FAb T S AR S0 TP
WM KAl PRI

B A 25w RATE WA

VR P ANTFAEAT AR T B8 23 52 W AR SCHI 4l
&AM MATH SR
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