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ABSTRACT The objective of this study was to investigate effects of different lactic
acid bacteria (LAB) on the fermentation process of whole-plant corn silage stored at
different temperatures based on bacterial community successions, interaction net-
works, and predicted functions. Before ensiling, whole-plant corn was inoculated
with L. plantarum (LP) or L. buchneri (LB) and the silage bags were stored at 20 or
30°C, and sampled after 0.5, 1, 3, 7, 14, and 60 d of ensiling. The higher abundances
of Leuconostoc, Pedicoccus and Weissella were observed in silage stored at 30°C after
12 h of ensiling, thereby rapidly decreased pH to about 4.5. According to meta-net-
work analysis, the bacterial communities were more sensitive to storage temperature
than LAB inoculants during whole-plant corn ensiling. Species of Lactobacillus and
Weissella were sensitive to 30°C, while Leuconostoc species were sensitive to 20°C
in whole-plant corn silage. The storage temperature of 30°C decreased bacterial
diversity and network complexity of whole-plant corn silage compared with 20°C.
Additionally, LP inoculation changed the bacterial community successions during the
early and middle ensiling periods, while LB inoculation affected bacterial community
successions in the later stage of ensiling. The metabolic pathways of bacterial com-
munity were totally different in LB-inoculated silage from that in control and LP-ino-
culated silage. As the bacterial compositions became simple along with the ensiling
process, the functional structure of bacterial community became simplified as well.
In general, the storage temperature had a greater impact on the fermentation char-
acteristics, bacterial community and predicted function of whole-plant corn silage
compared with LAB inoculations.

IMPORTANCE Increased understanding of effects of regulation measures on whole-
plant corn silage is important from bacterial community succession, interaction net-
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Effects of Regulation Measures on Corn Silage

nsiling is a microbial driven process and an appropriate way for preservation of

moist forages. Whole-plant corn silage, the main roughage used in the daily ration
of ruminants, can be naturally fermented due to its high water-soluble carbohydrate
(WSC) content and sufficient epiphytic lactic acid bacteria (LAB) (1). Temperature plays
a crucial role in influencing the ensiling process (2, 3). Adesogan (4) reported that hot
and humid conditions could be suitable for the growth of some undesirable bacteria
and have negative effects on silage fermentation. Generally, the storage temperature
from 20 to 30°C is considered suitable for silage fermentation (2). However, there are
differences in the optimal storage temperature for ensiling of different types of feed
stock, such as 25°C for corn stalk silage (5), 20 to 25°C for whole-plant corn silage (2, 6).
According to Liu et al. (7), a weak lactic fermentation was observed in stylo ensiled at
30°C, resulting in a butyric fermentation and protein loss, whereas lactic fermentation
was active and dominant when the stylo was ensiled at 20°C.

LAB inoculants, which can alter the fermentation pattern, are widely used to ensure
proper fermentation and produce high-quality silage (8). LAB inoculants commonly
used in silage are divided into homofermentative (e.g., Lactobacillus plantarum) and
heterofermentative culture (e.g., Latobacillus buchneri) according to their different fer-
mentation patterns (9, 10). Basically, L. plantarum is often used to dominate the lactic
acid fermentation and decrease pH consequently, which prevents growth of undesir-
able microbes and helps to preserve the forage mass (11). L. buchneri is used to
improve aerobic stability by producing acetic acid and 1, 2-propanediol (9). Previous
studies have explored how LAB with different fermentation patterns affected the bac-
terial communities and regulated the fermentation process of alfalfa and whole-plant
corn silage (12, 13). Xu et al. (13) reported that substantial differences in bacterial com-
munity compositions and their dynamics were observed between L. plantarum and L.
buchneri inoculated whole-plant corn silages. According to Yang et al. (14), rapid
growth of LAB at the initial ensiling stage and subsequently established bacterial com-
munity are vital for later fermentation and final silage quality. However, as far as we
know, few studies have focused on the effect of LAB with different fermentation pat-
terns on bacterial community successions and functional shifts in whole-plant corn si-
lage stored at different temperatures.

In recent years, the PacBio single molecule in conjunction with real-time sequencing
technology (SMRT) has been used to characterize the bacterial community at the species
levels in silage (12, 13, 15). The interactions of bacterial communities in silage were also
characterized by co-occurrence network (13, 15). It was reported that alfalfa silage with bet-
ter fermentation quality had simplified bacterial interaction network (15). Additionally, pre-
vious studies indicated that the main predicted bacterial functions could explain the feed-
stock conversion during the composting and ensiling process (15, 16). However, few
studies have concentrated on responses of bacterial community successions, their co-
occurrences and predicted functions to storage temperature and inoculants during ensiling
of whole-crop corn.

Thus, the objectives of this study were to explore effects of two different inoculants
(L. plantarum and L. buchneri) and storage temperatures (20 and 30°C) on fermentation
profiles, bacterial community successions, co-occurrences and functional shifts during
ensiling of whole-plant corn, and to figure out the responses of bacterial community
and their predicated metabolic pathways to ensiling treatments and time.

RESULTS

Fermentation and chemical characteristics of whole-plant corn silage. The fer-
mentation and chemical characteristics of whole-plant corn silage during ensiling are
listed in Tables 1 and 2. Overall, there were ensiling time x storage temperature x
inoculants interactions (P < 0.001) for pH, lactic acid and acetic acid concentrations,
and lactic acid/acetic acid ratio (Table 1). The pH decreased as early as 12 h of ensiling
in the whole-plant corn silage stored at 30°C (P < 0.001). There was no difference in
pH between control and LP-inoculated silage after 60 of ensiling, whereas LB-
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TABLE 1 Fermentation characteristics of whole-plant corn silage inoculated with L. plantarum and L. buchneri stored at different temperatures

during ensiling?

20°C 30°C P value

Item D CK LP LB CK LP LB SEM® D T | DXT DxlI TxI D x TxI
pH 05 595 587 6.02 451 441 449 0.001 <0.001 <0.001 <0.001 <0.00T <0.001T <0.001 <0.001

1 499 489 493 415 397 403

3 405 391 401 375 381 376

7 38 379 381 374 377 376

14 38 377 379 376 378 381

60 371 371 381 358 357 365

avg 438 432 439 392 389 392
Lactic acid 05 924 144 957 185 212 155 0.132 <0.001 <0.001 <0.001 <0.00T <0.001T <0.001 <0.001
(9/kg DM) 1 166 19.8 173 287 359 30.1

3 33.1 41.8 335 634 774 67

7 556 572 441 658 807 754

14 579 737 610 567 759 60.7

60 853 940 771 970 937 842

avg 43.0 50.1 404 550 641 555
Acetic acid 05 N N N N N N 0.036 <0.001 <0.001 <0.001 <0.001 <0.001T <0.001 <0.001
(g/kg DM) 1 1.15 1.88 3.01 605 54 6.61

3 836 765 856 788 107 127

7 13.0 109 152 774 592 121

14 123 957 129 857 102 165

60 121 149 268 103 9.00 155

avg 7.82 748 11.07 676 6.87 106
Propionic acid 05 N N N N N N 0.044 N <0.001 <0.001 N N <0.001 N
(g/kg DM) 1 N N N N N N

3 N N N N N N

7 N N N N N N

14 N N N N N N

60 328 361 514 612 509 753

avg N N N N N N
Lactic acid/aceticacid 0.5 N N N N N N 0.02 <0.001 <0.001 <0.001 <0.001 <0.001T <0.001 <0.001

1 396 496 296 434 648 454
3 406 52 428 756 719 542
7 587 602 563 675 778 458
14 573 631 473 644 746 3.64
60 648 663 283 10.12 1063 6.3

avg 435 486 34 587 6,59 408

aCK, control, no inoculations; LP, silages inoculated with Lactobacillus plantarum MTD/1; LB, silages inoculated with Lactobacillus buchneri 40788. DM, dry matter; D, ensiling
days; T, storage temperatures; |, inoculants; D x T, interaction between ensiling days and storage temperatures; D x |, interaction between ensiling days and inoculants;
T x |, interaction between storage temperatures and inoculants; D x Tx|, interaction among ensiling days, temperatures and inoculants; N, not detected.

bSEM, standard error of the mean.

inoculated silage had a higher pH than control and LP-inoculated silage. As expected,
the acetic acid concentration was higher in LB-inoculated silage than control and LP-
inoculated silage. Propionic acid of whole-plant corn silage was only detected after 60
d of ensiling, and the LB inoculation increased propionic acid concentration compared
with control and LP-inoculated silage. It is worth noting that higher levels of lactic and
propionic acid were observed in whole-plant corn silage stored at 30°C versus 20°C,
whereas acetic acid was higher in silage stored at 20°C.

There were inoculants x storage temperature interactions (P < 0.05) for concentrations
of silage WSC, neutral detergent fiber (aNDF) and acid detergent fiber (ADF) after 60 d of
ensiling (Table 2). The LP and LB inoculations decreased the WSC content of whole-plant
corn silage stored at 30°C, while there was no difference in WSC content among the three
silage groups stored at 20°C. The increased ADF content was observed in LB-inoculated si-
lage stored at 20°C compared with control and LP-inoculated silage, while no difference
was observed on ADF among the three groups ensiled at 30°C. In addition, silage stored at
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TABLE 2 Chemical compositions of whole-crop corn silages inoculated with L. plantarum
and L. buchneri stored at different temperatures for 60 d

Inoculants® P-value?

Items? Temperatures CK LP LB SEM< | T IXT

DM, g/kg FM 20°C 271 273 264 0494 <0.001 <0.001 0.555
30°C 282 281 275

WSC, g/kg DM 20°C 973 980 974 0427 0.002 <0.001  0.001
30°C 119 110 109

CP, g/kg DM 20°C 89.7 910 91.0 0.195 0.023 <0.001 0977
30°C 849 86.1 863

NPN, g/kg TN 20°C 276 227 225 0.896 <0.001 <0.001 0.437
30°C 327 285 280

NH;-N, g/kg TN 20°C 675 655 657 0179 0.003 <0.001 0.28
30°C 76.6 749 762

aNDF, g/kg DM 20°C 487 476 488 0.087 <0.001 0.001 <0.001
30°C 502 493 4738

ADF, g/kg DM 20°C 241 242 261 0127 0.019 0.023 0.008
30°C 253 257 253

aDM, dry matter; FW, fresh weight; WSC, water soluble carbohydrates; CP, crude protein; TN, total nitrogen; NPN,
nonprotein nitrogen; NH,-N, ammonia N; aNDF, neutral detergent fiber assayed with a heat stable amylase and
expressed inclusive of residual ash; ADF, acid detergent fiber expressed inclusive of residual ash.

bCK, control, no inoculations; LP, silages inoculated with Lactobacillus plantarum MTD/1; LB, silages inoculated
with Lactobacillus buchneri 40788.

<SEM, standard error of the mean.

9], inoculants; T, storage temperatures; | x T, interaction between inoculants and storage temperatures.

30°C had higher DM, nonprotein nitrogen (NPN) and ammonia nitrogen (NH5-N), and lower
crude protein (CP) than that stored at 20°C.

Bacterial community diversity, compositions, and successions in whole-plant
corn silage. Bacterial diversity, community composition, and succession of whole-plant
corn silage are shown in Fig. 1 and 2, respectively. In general, the alpha diversity
(Shannon index) was lower in silage stored at 30°C than 20°C during ensiling (Fig. 1a).
According to the principal coordinates analysis based on bray curtis (PCoA, beta diver-
sity), significant differences and regular changes in bacterial communities of whole-
plant corn silage at different fermentation periods were observed (Fig. 1b). According
to the beta diversity at each ensiling time (Fig. 1c to h), the bacterial communities of
whole-plant corn silage stored at 20°C were clearly separated from that stored at 30°C
by the axis 1 after 0.5, 1, 3, 7 and 14 d of ensiling, and by axis 2 after 60 d of ensiling.
When the whole-plant corn silage stored at 30°C, the bacterial communities of LB-ino-
culated silage were clearly separated from control and LP-inoculated silage after 3, 7,
14, and 60 d of ensiling (Fig. 1e to h). While the bacterial community of LB-inoculated
silage was clearly separated from control and LP-inoculated silages only after 60 d of
ensiling when stored at 20°C.

The bacterial community compositions of whole-plant corn silage at genus and spe-
cies levels are shown in Fig. 2a and b, respectively. The bacterial community composi-
tion of fresh corn material was complex before ensiling. After ensiling, Leuconostoc,
Lactococcus, Peidococcus, and Weissella were gradually replaced by Lactobacillus, and
Lactobacillus became the dominant genera after 60 d of ensiling (Fig. 2a). The storage
temperature obviously affected bacterial community compositions of whole-plant corn
silage. The relative abundances of Pediococcus and Weissella were higher in silage
stored at 30°C than 20°C during the entire ensiling period, whereas the relative abun-
dance of Leuconostoc was higher in silage stored at 20°C than 30°C. When the bacterial
information was annotated to the species levels, differences were observed in bacterial
community compositions between control and LAB-inoculated silages (Fig. 2b). When
the silage stored at 30°C, the relative abundance of L. plantarum rapidly increased in

March/April 2022 Volume 10 Issue 2

Microbiology Spectrum

10.1128/spectrum.00101-22

4


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00101-22

Effects of Regulation Measures on Corn Silage Microbiology Spectrum

PCoA plot
a 0.5d 1d 3d 050
50- 2, - =L —
49- 2B I 4501 b b 4.75- “
425 i = A date
48~ - 4 + o4
1 450 £ o
47 9 4.00 c 028 i B * Koy A Days
425-== " T & D
— roup o ]
i — g o
46 4 375 d & o + Days
4 = 4 400- = E3 Lok g i * 8 Day7
45— P L S S S S L b ke EELTP g * Dayts
SRR % £ 2 o & 2 o 2 @ IR g & a0
(RS IR RN NI ARSI F SR8 g o
LELLELE LEILLE FEILee mue g ol 1 .
7d 14d 60d B3 Hrok & i* 5’3% matmoat
a7 m. 20 g E3 wrie b : S
val £ e 2 :
X = 404 b 15- s - o e
- b i ® HT-ck
45 = = =) a o Hr-p
= 35 1.0
[ ] ® Hr-8
! y
3.0 05 L] d
4 o =
43 g i ' . i i . == 1 et 050
F Q% o 2 ¥ 3 2 & 2 F R 2 & 32
F 2L X R IS IS N I O w0 ST o a) 03 03 06 09
I EE T EE I EEE Axis.1: 48.8% variance
PCoA plot d PCoA plot PCoA plot
e
010 " 2
s
ot
s
As
i ® 01 0.1
005 Fems
8 group 8 group % - group
2 o irckos 8 soor 5 & e o LT-cks
2 . A s 8 A2 . A e
) LTL6805-5 m o5 ¥ i , m U783
oo + Wr-ckos I HT-CKT o HT-CK3
& - B OHT-POS g B HE-APY, © HT-LP
P ¥ W @ %
2 8054 % Wreos 8 g % HT-LB3
2 ) 3 2
005 .
U1i805-3 = P2
. e
oo . a
o ' \fi
010
=02 =01 00 o 0z 025 2 e 3, 0o 02
Axis.1: 77.06% variance Axis. 1: 88.13% variance Axis.1: 74.68% variance
PCoA plot PCoA plot PCoA plot
f g. h
02 G
ok g )
X T
0050
01 02 [ Thme
& Lriete-y
g L group g - group % group
] o o oo B 4 mineu o ok g 002 o LT-cKeo
o A er s L A e 3 A (T-Lpe0
= @ b 9 s R ST m T-Les0
= wrc: 8 HT-CK14 < HT-CKB0
3 B i & @ Hr-pre & 4 HT-LP6O
801 LnLer-2 K HI<LB? 2 £ HT-LB1s ¥ 0000 % HT-LB6O
3 2
.
s trLee0-3
-2 trieso-2
.
-0.025 Lriss0-1
b
03
04
ED 0z o4 3
4 52 o 02 04 3 WS -
ER) 52 o2 3 S oo Axis. 1: 97.89% variance

61 00 o
Axis.1: 52.21% variance

FIG 1 Bacterial community diversities of whole-plant corn silage during ensiling. CK, Control (samples without inoculants); LP, silages inoculated with
Lactobacillus plantarum MTD/1; LB, silages inoculated with Lactobacillus buchneri 40788. LT, silage stored at 20°C; HT, silage stored at 30°C. Arabic number
indicating days of ensiling. (a) The variations in community alpha-diversities (Shannon index). (b) The community dissimilarities in different groups and
fermentation times, calculated using Principal Coordinates Analysis (PCoA). (c-h) PCoA analysis after 0.5, 1, 3, 7, 14, and 60 d of ensiling, respectively.

LP-inoculated silage compared with control after 1 d of ensiling, while it decreased
from 7 to 14 d of ensiling along with the increased relative abundance of Lactobacillus
Panis. The relative abundance of L. buchneri gradually increased in LB-inoculated silage
stored at 30°C and always higher than that in control and LP-inoculated silage from 1
to 60 d of ensiling. When the silage stored at 20°C, L. plantarum and L. buchneri abun-
dances were higher in LP- and LB-inoculated silages than control from 3 to 14 d of
ensiling, respectively. After 60 d of ensiling, the bacterial community compositions
became simple and the dominant bacteria species was L. acetotolerans except for LB-
inoculated silage stored at 20°C, in which the dominant species was L. buchneri.
According to the stream-graph (Fig. 2c to h), both inoculants and storage temperature
had a remarkable influence on the succession of bacterial communities in whole-plant
corn silage. The LP inoculation affected the bacterial community succession from 0.5 to 14
d of ensiling (Fig. 2d and g), while LB inoculation had a significant impact on the bacterial
community succession in the later stage of ensiling (14 to 60 d of ensiling) (Fig. 2e and h).
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FIG 2 Bacterial community compositions and successions of whole-plant corn silage during ensiling. CK, Control (samples without inoculants); LP, silages
inoculated with Lactobacillus plantarum MTD/1; LB, silages inoculated with Lactobacillus buchneri 40788. LT, silage stored at 20°C; HT, silage stored at 30°C.
Arabic number indicating days of ensiling. (a) Relative abundances of whole-plant corn silage bacterial genera across different groups and fermentation
times. (b) Relative abundances of whole-plant corn silage bacterial species across different groups and fermentation times. Bacterial community successions
of whole-plant corn silage are aggregated and colored by species on a stream-graph. (c) The control stored at 20°C; (d) LP-inoculated silage stored at 20°C;
(e) LB-inoculated silage stored at 20°C; (f) the control stored at 30°C; (g) LP-inoculated silage stored at 30°C; (h) LB-inoculated silage stored at 30°C.

The storage temperature had a remarkable effect on the dynamics of bacterial community
in whole-plant corn silage. The temperature of 30°C accelerated the occupations of L. plan-
tarum, L. buchneri and L. acetotolerans in the bacterial community of silage.

Bacterial co-occurrence, co-occurrence network complexity, and stability in
whole-plant corn silage. The distribution patterns of inoculants and storage tempera-
ture sensitive OTUs in meta-network of bacterial communities are shown in Fig. 3a to
c. It is noted that three modules (module 3, 5 and 2) contained relatively high propor-
tions of sensitive OTUs (Fig. 3a). The relative abundances of these module members
(Fig. 3b) and their distributions in the network reflected that the dissimilarity of bacte-
rial communities was mainly driven by temperature. The effect of storage temperature
in bacterial community was clearly reflected by the discrete module 2 and module 5 in
the network. The sensitive OTUs specific to 20°C and 30°C were, respectively, clustered
together into module 2 and module 5. Module 3 primarily contained sensitive OTUs
specific to control and LP-inoculated silage stored at 30°C. Furthermore, the tempera-
ture responsive modules were comprised of different bacteria species. Module 5
mainly contained Weissella paramesenteroides, L. panis, W. cibaria, L. fermentum, and L.
pontis, whereas Leuconostoc species were the major LAB bacteria in module 2 (Fig. 3c).

The networks of bacterial communities in whole-plant corn silage inoculated with
the LP or LB strain stored at different temperatures demonstrated distinct co-occur-
rence patterns (Fig. 3d to i). The network topological parameters of node and edge
numbers, degrees of betweenness and assortativity were used to assess the bacterial
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FIG 3 Co-occurrence patterns in whole-plant corn silage bacterial as affected by inoculants and storage temperature. (a) Meta co-occurrence patterns of
storage temperature and inoculants sensitive OTUs. Co-occurrence networks visualizing significant correlations (P < 0.001, indicated with gray lines)
between bacteria. OTUs are colored by their association to the different inoculants and different storage temperatures, gray OTUs are insensitive to
inoculants and storage temperatures. Shaded areas represent the network modules containing OTUs sensitive to inoculants and storage temperatures. (b)
Cumulative relative abundance (as counts per million) of all bacteria of the inoculants and storage temperature sensitive modules in whole-plant corn
silage. The cumulative relative abundance in silages of LT-CK (red), LT-LP (green), LT-LB (yellow), HT-CK (blue), HT-LP (purple), HT-LB (light blue) indicates
the overall response of inoculants and storage temperature sensitive modules to the silage regulations. (c) Qualitative taxonomic composition of inoculants
and storage temperatures sensitive modules is reported as proportional OTUs numbers per bacterial species. d-i. Co-occurrence network of silage bacterial
in (d) the control stored at 20°C, (e) LP-inoculated silage stored at 20°C, (f) LB-inoculated silage stored at 20°C; (g) the control stored at 30°C; (h) LP-
inoculated silage stored at 30°C; (i) LB-inoculated silage stored at 30°C. (j) The numbers of node and edge and the degree of betweenness and assortativity
of silage bacteria co-occurrence patterns. Neg/pos, the ratio of negative correlation and positive correlation. Means with the same lower case were not
significant at P < 0.05 among the silage groups.

network complexity, with higher node and edge numbers and lower betweenness and
assortativity representing greater network complexity. The ratios of negative and posi-
tive correlations (neg/pos) were used to assess the bacterial network stability, with
higher neg/pos ratio representing greater network stability (Fig. 3j). The results showed
that storage temperature had more obvious effect on bacterial associations than inoc-
ulants used in the present study. Regardless of whether the LAB inoculants were inocu-
lated or not, the storage temperature of 30°C dramatically reduced the complexity of
bacterial community network compared with 20°C. Interestingly, LP and LB inocula-
tions decreased the bacterial community stability (neg/pos ratio) of whole-plant corn
silage stored at 20°C, while a contrary result was observed when the silage stored at
30°C. Meanwhile, the bacterial community stability was higher in LP-inoculated silage
than LB-inoculated silage regardless of storage temperature.

Predicted functions of bacterial communities during whole-plant corn ensiling.
In comparison with control, LP and LB inoculations modulated the bacterial commun-
ities of whole-plant corn silage, which contributed to striking differences in predicated
functions with the extension of ensiling time (Fig. 4a to g). Among the predicted

March/April 2022 Volume 10 lIssue 2 10.1128/spectrum.00101-22 7


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00101-22

Effects of Regulation Measures on Corn Silage

b IAmmu acid metabolism IAmmo acid metabolism

Biosynthesis of other secondary metabolites
Carbohydrate metabolism

Cell growth and death
a KEGG classification statistics Cell motility
Group Cellular community - prokaryotes

Transport and catabolism i e Drug resistance: Antimicrobial
N = W cr-cros. Energy metabolism
Callutar communiy - prokaryotes { 5 & | B -kt Environmental adaptation
3i | = W o
28 | = [l Fotding, sorting and degradation
celmotiity] S8 | B | B
Q| == W ook = Glycan biosynthesis and metabolism
= Lr-cKeo Lipid metabolism
Cell growth and death E =
wr-tp05 Membrane transport u
ol = [ Kt Métatioksan of cofaciord and isimins: Metabolism of cofactors and vitamins
Signal tansduction| 3£ 5| = = LTLEs Metabolism of other amino acids.
8 e
e e | | Metabolism of terpenoids and polyketides
Membrane transport1 - E g - = H o0 Nucleotide metabolism
| Replication and repair
Translat T = s Signal transduction
ransiation
| = W e Transcription
5 2| e
Transcription{ 2 S £ = il Translation
se % = = I Transport and catabolism
S oEE—— wr-te60 ;
Replication and repair | 0.8 5| S | | Xenobiotics biodegradation and metabolism ]
() —=—— . .=
= 575983 §55555
Folding, sorting and degradation I = B oo 22323% thesd
B roc H 28 R
o i —3 W rrecie
(enabiotics biodegradation and metabolism = B oo
= HT-LPOS. e Amino acid metabolism f Amino acid metabolism
Nkt sl — = sipass ot o st SRR
— [ ] Carbohydrate melabolsm u
Metabolism of terpenoids and polykeides B e B et growih and geatn
= W s ] Collmotty
MRt of et aminn ootk =% W v Cellular community - prokaryotes
— s I v - prokano
— Drug resistance: Antimicrobial
Metabolism of cofactors and vitamins | ¢ | Eaaa—— W oo ™ e
g | —— -8y nergy metabolism ]
Lipid metabolism: % ‘— HT-L87 Environmental adaptation
3 | === | gt Folding, sorting and degradation
Glycan biosynthesis and metabolism{| = = I o0 | | Glycan biosynthesis and metabolism =
B L metaboism
Energy metabolism Membrane transport
Metabolism of cofactors and vitamins
Carbohydrate metabolism Metabolism of other amino acids I
Metabolism of terpenoids and polyketides
Biosynthesis of other secondary metabolites Nudtedide metaboliom
Replication and repair
Amino acid metabolism N
0% Transcription
Abundance Transiation Transcription

Transport and catabolism Translation
Transport and catabolism
Xenobiotics biodegradation and metabolism

Xenobiotics biodegradation and metabolism

553333

133733

Q000 QQQ TT I I I

223323 FIFIIE

@ %8 RS
23333g
I 8

Biosynthesis of other secondary metabolites
Carbohydrate metabolism

Cell growth and death
[ | Cell motilty
Cellular community - prokaryotes

Drug resistance: Antimicrobial
Energy metabolism
Environmental adaptation
[l Fotaing, sorting and degradation
Glycan biosynthesis and metabolism
[ Livid metabolism
] Membrane transport

Metabolism of other amino acids
Metabolism of terpenoids and polyketides
Nucieotide metabolism

Replication and repair

Signal transduction

Transeription

Translation

Transport and catabolism

Xenobiotics biodegradation and metabolism

Biosynthesis of other secondary metabolites
Carbohydrate metabolism
[ cet growtn and geatn
Cell motilty
Cellular community - prokaryotes
Drug resistance: Antimicrobial
Energy metabolism
Environmental adaptation
Folding, sorting and degradation
Glycan biosynthesis and metabolism
[ Lipid metabolism
Membrane transport
Metabolism of cofactors and vitamins
Metabolism of other amino acids
Metabolism of terpenoids and polyketides.
Nucleotide metabolism
Replication and repair
Signal transduction

d

9

sor- N

S081-1H

g0

Microbiology Spectrum

[ Amino acid metabolism 1
Biosynthesis of other secondary metabolites
Carbohydrate metabolism 0
Cell growth and death -
Cell motiity

i

[ Celutar community - prokaryotes
Drug resistance: Antimicrobial
Energy metabolism
Environmental adaptation
Folding, sorting and degradation
I Glycan biosynthesis and metabolism
Lipid metabolism
[l vembrane transport
Metabolism of cofactors and vitamins
Metabolism of other amino acids
Metabolism of terpenoids and polyketides
Nucleotide metabolism
Replication and repair
Signa transduction
Transcription
Transiation
Transport and catabolism
Xenobiotis biodegradation and metabolism

eg1-1

81-1
pig-n
oog-11

Amino acid metabolism
Biosynthesis of other secondary metabolites
Carbohydrate metabolism

I cell growth and death
Cell motilty
Cellular community - prokaryotes
Drug resistance: Antimicrobial
Energy metabolism

| Environmental adaptation
Folding, sorting and degradation
Glycan biosynthesis and metabolism

Lipid metabolism

Membrane transport

Metabolism of cofactors and vitamins
Metabolism of other amino acids
Metabolism of terpenoids and polyketides

Nucleotide metabolism
Replication and repair
Signal transduction
Transcription
Translation

Transport and catabolism

Xenobiotics biodegradation and metabolism
I
E

LE1-1H
£a-1H

FIG 4 Bacterial alterations that contribute to functional shifts after fermentation in whole-plant corn silage. LB, silages inoculated with Lactobacillus
buchneri 40788. LT, silage stored at 20°C; HT, silage stored at 30°C. Arabic number indicating days of ensiling. Summary of functional shifts predicted using
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2). For each KEGG pathway, the second level of the predicted
functional shift is shown with respect to the different groups and fermentation processes. (a) Level 2 KEGG orthologue functional predictions explained by
PICRUSt2. Comparing taxon-level contribution profiles of functional shifts in fermentation process by FishTaco approach. (b) the control stored at 20°C; (c)
LP-inoculated silage stored at 20°C; (d) LB-inoculated silage stored at 20°C; (e) the control stored at 30°C; (f) LP-inoculated silage stored at 30°C; (g) LB-

inoculated silage stored at 30°C.

functions, remarkable upregulations in functions of transcription, translation, and repli-
cation and repair were observed in 60 d silages compared with other ensiling times
(Fig. 4a). The functional abundance heat-map shows the functional shifts of bacterial
communities in whole-plant corn silage with the extension of ensiling time (Fig. 4b to
g). When silage stored at 20°C, the carbohydrate metabolism was upregulated in con-
trol after 7 d of ensiling, whereas it was upregulated in LAB-inoculated silage after 3 d
of ensiling. While when silage stored at 30°C, the carbohydrate metabolism was upreg-
ulated in control after 3 d of ensiling, whereas it was upregulated in LAB-inoculated si-
lage after 1 d of ensiling. The amino acid metabolism was downregulated gradually in
control and LP-inoculated silage stored at the two temperatures, whereas it was down-
regulated in LB-inoculated silage stored at 20°C in early stage (1 to 7 d) of ensiling, and
then upregulated in middle and late stage (14 to 60 d) of ensiling. When the LB-inocu-
lated silage stored at 30°C, amino acid metabolism was upregulated from 0.5 to 14 d,
while it was downregulated after 60 d of ensiling.

In order to explore the contribution of bacteria to metabolic pathways during ensil-
ing process, a correlation analysis between the main predicated functions and the
top10 bacterial species was performed (Fig. 5). The bacterial species that positively cor-
related with amino acid metabolism were also positively related to metabolism of
cofactors and vitamins in control and LP-inoculated silages stored at both tempera-
tures (Fig. 5a). The LP inoculation had a little effect on the correlations between bacte-
rial metabolism pathways and bacterial species compared with control, while LB inocu-
lated completely changed the bacterial species that contributed to metabolic
pathways. In addition, L. plantarum was positively correlated with membrane transport
in LP-inoculated silage stored at 20°C, while it was positively correlated with amino
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FIG 5 Association analysis between bacterial species and metabolism pathways. Metabolism pathways are displayed horizontally, and the bacterial species
are displayed vertically. The corresponding value of the middle heat map is the Spearman correlation coefficient r, with ranges between —1 and 1; r < 0
indicates a negative correlation (blue), r > 0 indicates a positive correlation (red), and “*”, “**”, and “***” represent P < 0.05, P < 0.01, and P < 0.001,
respectively. (a) Correlations between bacterial species and metabolic pathways in different silage groups. CK, Control (samples without inoculants); LP,
silages inoculated with Lactobacillus plantarum MTD/1; LB, silages inoculated with Lactobacillus buchneri 40788. LT, silage stored at 20°C; HT, silage stored
at 30°C. (b) Correlations between bacterial species and metabolic pathways at different ensiling time points (after 0.5, 1, 3, 7, 14, and 60 d of ensiling).

acid metabolism and negatively correlated with nucleotide metabolism in LP-inocu-
lated silage stored at 30°C. L. buchneri was positively correlated with carbohydrate me-
tabolism and nucleotide metabolism but negatively correlated with metabolism of
cofactors and vitamins in LB-inoculated silage stored at 20°C, while L. buchneri was
negatively correlated with membrane transport in LB-inoculated silage stored at
30°C.In addition, the influence of bacterial species on metabolism pathways with the
extension of ensiling time was explored (Fig. 5b). The correlations between bacterial
species and metabolic pathway were more complicated when the silage fermentation
initiated, and the correlations became simple after 3 d of ensiling.

DISCUSSION

The optimum temperature for silage fermentation and microbial activity is between
20 and 30°C (2). The present study showed that lactic acid fermentation of whole-plant
corn silage was promoted by the storage temperature of 30°C versus 20°C. According
to the metabolic theory of ecology, microbial metabolism is usually more active in a
warmer environment (17, 18). However, the higher acetic acid concentration in corn si-
lage stored at 20°C after 60 d of fermentation indicated that heterofermentative LAB
might be more suitable for relatively low storage temperature. In addition, both LP
and LB inoculations increased lactic and acetic acid concentrations of corn silage. Xu et
al. (19) also reported that LB inoculation increased acetic acid concentration and pH of
whole-plant corn silage after ensiling 90 d. In addition, the LB inoculation increased
propionic acid concentration in whole-plant corn silage. Driehuis et al. (20) reported
that silage micrrorganisms could further degrade 1, 2-propanediol to propionic acid
and 1-propanol, resulting in the accumulation of propionic acid in inoculated silages.
Additionally, Elferink et al. (9) reported that the LB inoculation improved aerobic stabil-
ity by fermenting lactic acid to acetic acid and 1, 2-propanediol. Therefore, the
increased concentration of propionic acid in LB inoculated silage might be due to pro-
duction of 1, 2-propanediol by LB.

Generally, silage with high fermentation quality has low alpha diversity (15). In the
present study, the deceased Shannon index in whole-plant corn silage stored at 30°C
compared with 20°C during ensiling was consistent with the rapid lactic acid
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fermentation in silage stored at 30°C. According to Bai et al. (15), the decreased alpha
diversity was observed in Pediococcus pentosaceus inoculated alfalfa silage after 3 d of
ensiling, which had the lowest pH and most acidic silage environment. According to
the PCoA analysis, the bacterial diversity of whole-plant corn silage stored at 20°C
were clearly separated from that stored at 30°C during the ensiling stages from 0.5 to
60 d. It seems that LAB initiated the fermentation of whole-plant corn silage as early as
12 h of ensiling, and the storage temperature obviously affected bacterial community
of whole-plant corn silage after 12 h of ensiling. This result was in accordance with the
rapidly decreased pH in silage stored at 30°C after 12 h of ensiling. It was worth noting
that the bacterial diversity was distinguishable between LB-inoculated silage and con-
trol or LP-inoculated silage when stored at 30°C from 3 to 60 d of ensiling, which was
inconsistent with the report of Xu et al. (13), in which L. plantarum and L. buchneri inoc-
ulations did not clearly separate bacterial diversity of whole-crop corn silage compared
with control. In addition, the LB-inoculated silage was clearly separated from control
and LP-inoculated silage when stored at 20°C after ensiling 60 d, which might be
explained by the high pH in LB-inoculated silage fermented for 60 d. However, the
control was not separated from LP-inoculated silage stored at the two temperatures,
indicating that the effect of LB inoculants on the bacterial community was more
obvious than LP inoculants in whole-plant corn silage, especially when the silage
stored at 30°C.

At the initiating fermentation stage of 0.5 d, the appearance of Pediococcus and
increased abundances of Leuconostoc and Weissella in silage stored at 30°C versus 20°C
was consistent with the rapidly decreased pH in whole-plant corn silage stored at 30°C.
As Ni et al. (21) and Yang et al. (14) reported that Pediococcus, Leuconostoc and
Weissella, as lactic acid-producing LAB, initiated lactic acid fermentation at the early
ensiling periods. During the ensiling period from 1 to 14 d, the higher relative abun-
dance of Leuconostoc in silage stored at 20°C versus 30°C and the higher Pediococcus
in silage stored at 30°C versus 20°C indicated that Leuconostoc grow vigorously in
whole-plant corn silage in a storage environment of 20°C, while Pediococcus was more
suitable to grow in silage stored at 30°C.

According to Wang and Nishino (22), L. panis has never been isolated from crop si-
lage; thus, the effect of this LAB species on whole-plant corn silage is unclear. Meroth
et al. (23) found that L. panis was dominant in sourdough prepared at 30 and 40°C. The
appearance of L. panis in whole-plant corn silage stored at 30°C after 3 d of ensiling
and its rapid increase in LP-inoculated silage from 7 to 14 d of ensiling indicated that L.
panis was also suitable to grow in whole-plant corn silage stored at a relative high tem-
perature, and LP inoculation accelerated its growth in whole-plant corn silage. After 60
d of ensiling, L. acetotolerans became the dominant bacteria in control and LP-inocu-
lated silage. This species was also identified as a dominant species in whole-plant corn
silage during the later ensiling periods in the report of Xu et al. (13). L. acetotolerans,
an acetic acid-tolerant LAB, was first isolated from spoiled broth of rice vinegar by
Entani et al. (24), which is facultatively anaerobic species and produces DL-lactic acid
homofermentatively. This might explain the increased LA/AA ratios in control and LP-
inoculated silage compared with LB-inoculated silage. Based on the stream graphs of
bacterial community dynamics, the storage temperature completely changed bacterial
community successions in whole-plant corn silage. The storage temperature of 30°C
promoted the initiated fermentation of L. plantarum and L. buchneri in LP- and LB-ino-
culated silage, respectively. This might be explained by the rapid growth of LAB in an
environment of 27~38°C (25). Meanwhile, the present results further confirmed that
LP inoculants were more competitive during the early stage of ensiling and LB inocu-
lants grew more vigorously at the later ensiling stage.

In the meta-networks of whole-plant corn silage bacteria, the sensitive OTUs
grouped in distinct modules, which reflected the stronger effect of storage tempera-
ture rather than inoculants on the bacterial community in whole-plant corn silage. In
addition, the temperature responsive modules were comprised of different bacteria,
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revealing that different storage temperature targeted different microbial lineages.
Yamamoto et al. (25) reported that the environment of 27~38°C was more suitable for
rapid growth of LAB. However, few studies have reported the influence of temperature
on the growth of different LAB species during ensiling. The present meta-network anal-
ysis results showed that Lactobacillus and Weissella species were sensitive to the stor-
age temperature of 30°C, whereas Leuconostoc species were sensitive to 20°C during
whole-plant corn ensiling. Additionally, the bacterial compositions in modules 3 and 5
that responded to the storage temperature of 30°C were relatively simple, while the
bacterial composition in the module 2 responded to 20°C was more complex, which
was consistent with the results on alpha diversity.

The separate bacterial network was used to further explore the effect of LP and LB
inoculations on bacterial network complexity and stability of whole-plant corn silage
stored at different temperatures. The results further demonstrated that the storage
temperature had a greater impact on bacterial network complexity than LAB inocula-
tions. In our previous study, we found that P. pentosaceus or L. plantarum inoculated
alfalfa silage with simple bacterial interaction network had a high fermentation quality
(15). In this study, high storage temperature reduced the bacterial network complexity
in whole-plant corn silage, which was in accordance with the rapid fermentation initia-
tion and the decreased alpha diversity in silage stored at 30°C. It might be due to the
inhibition of undesirable microorganism growth by the rapid initiation of lactic acid
fermentation and reduced pH in corn silage stored at 30°C. Fan et al. (26) reported that
negative interactions might weaken competitive relations of bacterial community,
whereas positive interactions could strengthen competitive relations. Therefore, higher
neg/pos ratio represents weaker competition between microbial communities and
more stable microbial network structure. In the present study, the storage temperature
of 30°C decreased the bacterial network stability of the whole-plant corn silage without
LAB inoculations compared with 20°C. As predicated by the metabolic theory of ecol-
ogy (MTE) (27), rising temperature would stimulate various biotic interactions (preda-
tion, parasitism, competition and symbiosis) because of more active in individual meta-
bolic process and faster growth normally occurred at higher temperature. As a result,
the stronger activity and competition of epiphytic bacteria reduced the bacterial net-
work stability of whole-plant corn silage stored at 30°C. However, LP and LB inocula-
tions increased bacterial network stability of corn silage stored at 30°C compared with
20°C. The reason is unclear. Interestingly, we found the bacterial network complexity
was decreased in LP-inoculated silage stored at 20°C compared with control, whereas
that was increased in silage stored at 30°C. This result indicated that the LP inoculation
not only affected the bacterial network complexity but also influenced the network
stability.

Silage fermentation process of is an organic acids accumulation process (28). The
protonated acid may enter the cells and then dissociate into proton and corresponding
ion, which leads to the increase in intracellular acidity and accelerates the metabolic
disorders of the cells (29, 30). In the present study, the functions of transcription, trans-
lation, and replication and repair were upregulated remarkably in 60 d silages com-
pared with other ensiling times. Therefore, these upregulated genetic functions were
likely attributed to the responses of microorganisms to the long-term acid stress in si-
lage. Translation is a process in which mRNA is used as a template and tRNA is used as
a vehicle to assemble activated amino acids on the ribosome into a protein polypep-
tide chain under the action of related enzymes, cofactors and energy. The amino acid
metabolism in this study was obviously downregulated in 60 d silages, which was con-
sistent with the upregulation of translation. The carbohydrate metabolism is a most
important metabolism pathway in silage process whereby LAB converts WSC into or-
ganic acids. In the present study, the storage temperature of 30°C and LAB inoculation
advanced the time of upregulation of carbohydrate metabolism, which was consistent
with the rapidly initiated fermentation and increased lactic acid concentration in silage
stored at 30°C as early as 0.5 d of ensiling. Meanwhile, LP and LB inoculations in silages
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increased lactic acid and acetic acid concentration, respectively, which was also related
to the preferential upregulation of carbohydrate metabolism in this study. Novik and
Savich (31) reported that LAB did not synthesize all their essential amino acids, and
they relied on proteolytic systems to provide essential amino acids for their growth.
Consequently, the observed dynamic of amino acid metabolism in the three groups
stored at different temperatures might reflect the metabolism in the dominant popula-
tion throughout the ensiling process. In the present study, the LB inoculation modu-
lated the bacterial communities during ensiling process, which resulted in marked dif-
ferences in amino acid metabolism shift. Indeed, according to the correlations
between the amino acid metabolism and bacterial species, the bacterial species con-
tributed to amino acid metabolism changed completely in LB-inoculated silage com-
pared with control and LP-inoculated silage.

Conclusions. The storage temperature of 30°C improved the growth of lactic acid-
producing LAB such as Leuconostoc, Pediococcus and Weissella of whole-plant corn si-
lage, thereby reduced silage pH to about 4.5 as rapidly as 12 h of ensiling. Meanwhile,
the storage temperature of 30°C changed bacterial community successions of whole-
plant corn silage, and decreased bacterial diversity and network complexity compared
with the silage stored at 20°C. The growth and fermentation speed of LP and LB inocu-
lants was also faster in whole-plant corn silage stored at 30°C than 20°C. The LP inocu-
lation had an impact on bacterial community successions during the early and middle
ensiling periods, and the dominant bacteria was L. acetotolerans in control and LP-ino-
culated silage after 60 d of ensiling. In contrast, LB inoculation mainly changed bacte-
rial community successions in the later stages of ensiling and L. acetotolerans and L.
buchneri were the dominant bacteria. The effects of storage temperature on the fer-
mentation quality, bacterial community and predicted function of whole-plant corn si-
lage were greater than LP and LB inoculations. In the bacterial communities of present
silage, the LAB species of Lactobacillus and Weissella were sensitive to 30°C, whereas
Leuconostoc species were sensitive to 20°C. Additionally, it was further confirmed that
the effect of LB inoculation was more obvious through the changes of bacterial com-
munity and predicated functions. In general, we recommend choosing warmer
weather for silage production in actual production, and choosing LB as inoculants for
whole-plant corn silage.

MATERIALS AND METHODS

Silage preparation. Whole-plant corn material (Zea mays L. Dajingjiu3876) was harvested at half
milk-line from 3 randomly selected sites (used as replication for each treatment) within a field of about
0.1 ha in a farm located in Anding County, Dingxi city, Gansu province, China. The DM content of the
fresh whole-plant corn was 277 g/kg of fresh weight, and contents of WSC, CP, aNDF and ADF were 324,
91.1, 51.0 and 25.4 g/kg DM, respectively. The whole-plant corn material was chopped into 2 cm at the
farm and taken into the laboratory immediately. For each of the 3 locations, there were 36 piles of for-
age (1 untreated pile and 2 LAB inoculated piles for each ensiling time of 0.5, 1, 3, 7, 14, and 60 d and for
two temperatures.). The corn piles from each location were then inoculated with distilled water (control,
CK), Lactobacillus plantarum MTD/1 (LP, 1 x 10° CFU/g fresh matter, Vita Plus, Madison, MI, USA) and
Lactobacillus buchneri 40788 (LB, 1 x 10° CFU/g fresh matter, Vita Plus, Madison, MI, US), separately. The
silage bags were stored in a 30°C incubator and an ~20°C ambient temperature room for 0.5, 1, 3, 7, 14,
and 60 d.

Fermentation and chemical profile analyses. After opening 0.5, 1, 3, 7, 14, and 60 d silage bags, 20
g of fresh and silage sample was homogenized with 180 mL distilled water in a juice extractor at a high
speed for 30 s, and then filtrated through four layers of medical gauze. After measurement of pH using a
glass electrode pH meter (PHSJ-3F, CANY, Shanghai, China), an aliquot of the filtrate was acidified with
H,SO, (7.14 M) and filtered with a 0.22-mm dialyzer for analysis of organic acid concentrations using
High Performance Liquid Chromatography system (HPLC, KC-811 column, Shodex, Shimadzu, Japan;
oven temperature: 50°C; flow rate: T mL/min; SPD: 210 nm; 33). Another aliquot of filtrate was used to
determined WSC, ammonia nitrogen (NH,-N) and nonprotein nitrogen (NPN) (32, 33). Silage samples
were dried at 55°C for 72 h for DM content measurement, and then ground with a mill for chemical com-
position analyses. The aNDF, ADF, and CP concentrations were determined according to the method
described by Zhang et al. (32).

Microbial composition SMRT analyses. The total genomic DNAs of surface bacteria of fresh forage
and silage samples were extracted using DNA isolation kit (Tiangen, DP302-02, Tiangen, China). The
quantity and quality of extracted DNAs were measured using a NanoDrop ND-2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), Qubit 3.0 Flurometer (Life Technologies, CA, USA) and
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agarose gel electrophoresis, respectively. The PCR amplication, PCR amplicons purification and quantifi-
cation and amplicons sequencing were performed according to the method described by Liu et al. (34).

After the comparison with the SILVA v138 database using the rdp_classifier-2.2 software. The reads
belonging to unclassified Lactobacillus, Weissella, Leuconostoc, and Pedicoccus were subjected to the
best hit method to gain species level information using BLASTN software (blast-2.11.0+). Alpha diversity
analysis (Shannon index) was calculated with QIIME (version 1.9.0). The stream graph used to show the
bacterial community successions was calculated by the method reported by Smits et al. (35). Two types
of co-occurrence networks were constructed in the present study. The mate-network clustered by sensi-
tive OTUs was constructed according to the analytical methods described by Hartman et al. (36). The co-
occurrence networks were constructed by using the WGCNA package based on the Spearman’s correla-
tion matrices according to the methods reported by Qiu et al. (37). Bacterial function prediction was
proof checked from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using phylogenetic
investigation of communities by reconstruction of unobserved states (PICRUSt2 v2.3.0_b; https://github
.com/picrust/picrust2), which predicts the functional abundance of samples based on the abundance of
marker gene sequences in the sample (38). Heatmap analysis was performed to identify the correlation
between the main metabolic pathway and bacterial species by calculating the Spearman correlation
index.
Statistical analysis. Data on silage fermentation were analyzed using Statistical Package for Social
Science (SPSS 21.0, Inc., Chicago, IL, USA) according to a 2 x 3 x 6 factorial treatment design (two inocu-
lant treatments, two storage temperatures, and six ensiling times):

Yik=pm+Di+Tj+ T+ (D x T)yj + (D x Dy + (T x Dy + (D x T x Dy + e,

where Y, represents the fermentative characteristics of the ensiled forages; u is the overall mean; D; is
the effect of different ensiling days (i = 1, 2); T, is the effect of different temperatures (j = 1, 2); I, is the
effect of different inoculants (k = 1, 2, 3); (D x T); is the effect of interaction between ensiling days and
temperatures; (D x I), is the effect of interaction between ensiling days and inoculants; (T x I, is the
effect of interaction between temperatures and inoculants; (D x T x Dy is the effect of interaction
among ensiling days, temperatures and inoculants; and ey is the random error term.
Data on chemical composition of 60 d silage were analyzed using SPSS 21.0 according to a 2 x 3 fac-
torial design with two storage temperatures and 3 inoculants:

Yi=p+Li+T+ (1 x T+ &

where Y; represents the response variable, u is the overall mean, |, is the effect of inoculants, T, is the
effect of storage temperature, (I x T); is the effect of the interaction between the inoculants and storage
temperature, and & is the random residual error. Significance was considered at P < 0.05.

Data availability. Raw sequencing files and associated metadata have been deposited in NCBI's
Sequence Read Archive (PRJNA782958).
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