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Abstract

Corn silage has become the predominant forage used in ruminant diets, especially

those used for dairy cattle. Although the importance of the silage fermentation quality

and methods to improve it are well established, little is known about the complex

microbiome  and  metabolome  and  subsequent  biofunctions  silage  may  have.

Inoculating homo- or hetero-fermentative cultures to fresh whole crop corn at ensiling

resulted  in  substantial  differences  in  microbial  and  metabolome  dynamics  and

composition  in  ensiled  corn.  Inoculants  altered  the  correlations  of  microflora  in

different  manners  and  various  keystone  species  were  identified  in  silages  treated

differently.  Many  metabolites  with  biofunctional  activities  like  bacteriostatic,

antioxidant, central nervous system inhibitory and anti-inflammatory were found in

corn  silage  with  potential  benefits  for  animal  health  and  welfare.  A constitutive

difference  in  microbiota  dynamics  was  found  for  several  pathways  which  were

upregulated  by  specific  taxa  in  middle  stage  of  fermentation.  The  concomitant

alterations of the microbiome and metabolome suggested the presence of widespread

associations  between  metabolites  with  biofunctions  and  the  species  of  lactic  acid

bacteria dominating in silage. The data generated in the current study improves our

understanding of the complicated biological process underlying silage fermentation,

and  provides  a  framework  to  re-evaluate  silages  with  biofunctions,  which  may

contribute to target-based regulation methods to produce functional silage for animal

production. 

Keywords: Untargeted metabolomics, Microbiome, 16S rRNA amplicon sequencing,

Metabolome-microbiome network, Functional silage, Lactic acid bacteria inoculants
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1. Introduction

The advantage of ruminants in the global food system evolves from their ability to

convert fibrous forages into high quality milk and meat for human consumption. The

forages  can  be  grazed  by  the  animals  but  in  most  environments  and  production

systems,  conserved  forages  are  needed.  The anaerobic  lactic  acid  fermentation  of

moist  forages  such  as  grasses,  legumes,  small  grain  cereals  or  corn  provides  an

efficient way to preserve the forages (Grant and Ferraretto, 2018; Wilkinson, 2018).

Corn silage is an important source of ensiled forage, which makes up over 40% of

forage fed to dairy cows (Kolver et al., 2001). The dairy sector is growing fast and

according to FAO (FAO, 2013), world milk production is projected to increase by 177

million tonnes by 2025, at an average growth rate of 1.8% per annum in the next 10

years (from 2016). About half of global ruminant meat and two thirds of global milk

demand  has  been  estimated  to  be  produced  in  developing  countries  by  2050,

especially in China and India (Rosegrant, 2009; Gerber, 2013). There are about 133

million dairy cattle worldwide (FAO, 2013) which means that at least 665 million

tonnes of silage is consumed per annum. Hence, nutritionally and hygienically high

quality  silage  is  a  crucial  prerequisite  for  developing ruminant  husbandry  able  to

provide efficiently high quality ruminant products to the growing global population. 

The biochemistry of ensiling is complex and there are interactions among plant

enzymes  and  the  activities  of  microbial  species  (Pahlow et  al.,  2003).  Numerous

metabolites are produced during ensiling and there are important interactions between

the metabolites and the microbes (Pahlow, 1991; Broberg et al., 2007). In addition,

many metabolites are produced by lactic acid bacteria (LAB) during fermentation,

such as vitamins, oligosaccharides, amino acids, aromatic compounds and fatty acids

(Sun et al., 2012). Certain metabolites have conventionally been investigated to assess

the  fermentation  quality  of  ensiled  forage,  but  only  few studies  have  focused  on

metabolites  potentially  affecting  animal  health  and  welfare.  Therefore,  improving

understanding  of  silage  microbiome  and  metabolome  will  provide  a  scientific

foundation for producing high-quality silage and potentially even silages with active

2



metabolites that may positively impact animal health and welfare.

Among the silage additives currently available, LAB strains have great potential

in modulating the microbial community dynamics and end products during ensiling

process.  The  LAB  inoculants  are  divided  into  homofermentative  and

heterofermentative cultures based on their fermentation pattern. It is still unclear how

the homofermentative or heterofermentative LAB affect the bacterial community and

metabolite  dynamics  in  whole  crop  corn  silage.  Advanced  molecular  biological

techniques  have  recently  been  taken  into  use  to  help  understand  the  complex

microbial communities and their succession (Pang et al., 2011; Keshri et al., 2018).

However, to the best of our knowledge, no study has so far reported the population

dynamics  of  whole  crop  corn  silage  during  ensiling  at  species  level  with  PacBio

single molecule in conjunction with real-time sequencing technology (SMRT).  The

objective  of  the  current  study  was  to  determine  changes  in  the  metabolome  and

microbiome  during  ensiling  of  whole  crop  corn,  with  or  without  homo-  and

heterofermentative  lactic  acid  bacterial  inoculants  in  order  to  obtain  an  improved

insight on the effects of such changes on silage quality and biofunction.  

2. Materials and Methods

2.1 Ensiling and characteristics of corn silages

The whole crop maize (Zea mays L.;  from a commercial  farm of  Anding county,

Dingxi  city, Gansu province,  China.)  harvested  at  the stage  of  half  milk-line  was

chopped into 2-cm pieces and ensiled in vacuum-sealing polyethylene plastic bags (30

cm × 23 cm). Three inoculant treatments were applied, including a control without

inoculation,  Lactobacillus  plantarum MTD/1  (Vita  Plus,  Madison,  MI,  US)  and

Lactobacillus  buchneri 40788 (Vita  Plus,  Madison, MI,  US).  The inoculants  were

mixed into distilled water and applied at a rate of 1 × 106 cfu g-1 fresh matter (FM),

and an equal volume of distilled water was sprayed in the fresh maize for control. The

bags (with about 300 g of fresh maize crop) were then stored at ambient temperature

(22-25°C)  and  sampled  after  3,  7,  14,  45  and  90  d  of  fermentation  using  three

replicates per treatment and time. 
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2.2 Microbial composition SMRT analysis

The DNA extraction, PCR amplification of the full-length 16S rRNA gene for SMRT

sequencing,  analysis  of  16S  rRNA amplicon  sequencing  data  were  performed  as

described in our previous study (Xu et al., 2019). After the comparison with the Silva

(Release132 http://www.arb-silva.de) database (classified at a bootstrap threshold of

0.8)  using  the  Mothur  (https://mothur.org/wiki/Classify.seqs)  software,  the  reads

belonging  to  unclissifiedd  Lactobacillus were  subjected  to  the  best  BLAST  hit

method to gain species level information (Ovaskainen et al., 2010; Quast et al., 2013)

(using BLASR software). Sample ordination based on beta diversity was examined by

means  of  principal  coordinate  analyses  (PCoA)  with  phylogeny-based  (UniFrac)

unweighted  and  weighted  distances  (using  QIIME).  Linear  discriminant  analysis

effect size (LEfSe) method was used to determine the genes most likely to explain

differences between treatments by coupling standard tests for statistical significance

with additional tests encoding biological consistency and effect relevance (Segata et

al., 2011). Microbial networks were used to statistically identify keystone taxa and we

recommend  that  the  combined  score  of  high  mean  degree  and  low  betweenness

centrality  should  be  used  as  a  threshold  for  defining  keystone  taxa  in  microbial

communities  (Berry  and  Widder,  2014).  PICRUSt  was  used  to  predict  the

metagenome in terms of Kegg Orthology (KO) terms for each 16S rRNA sample

(Langille et al., 2013). Microbiome functional shifts and phylotype-level contributions

to  functional  shifts  were  obtained  using  the  FishTaco  framework  (Manor  and

Borenstein, 2017). 

2.3 Metabolomics using GC-TOF-MS

The method of extraction was described in our previous study (Xu et al., 2019). The

system used a DB-5MS capillary column coated with 5% diphenyl and cross-linked

with  95%  dimethylpolysiloxane  (30  m  ×  250  μm  inner  diameter,  0.25  μm  film

thickness; J&W Scientific, Folsom, CA, USA). Samples (1 µl) were injected in split

mode (split ratio 20:1), with helium used as the carrier gas at a flow rate of 1.0 ml

min−1. The oven temperature ramp was as follows: initial temperature was 50°C for 1
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min, then raised to 310°C at a rate of 10°C min−1, and finally kept at 310°C for 8 min.

The injection, transfer line, and ion source temperatures were 280, 280, and 250°C,

respectively. The energy was -70 eV in electron impact mode. The mass spectrometry

data was acquired in full-scan mode with an m z-1 range of 50-500 at a rate of 12.5

spectra per second, after a solvent delay of 6.17 min.

Raw peak exaction, data baseline filtration and calibration of the baseline, as well

as peak alignment, deconvolution analysis, peak identification and integration of the

peak area and biochemicals that differed significantly between experimental groups

identified according to the methods of our previous study (Xu et al., 2019). 

3. Results and Discussion

3.1. The inoculants altered the composition of the corn silage microbiome

Bacteria  composition  and dynamics  was inferred  from the  analysis  of  16S rRNA

amplicon sequencing data. Based on SMRT sequencing in silage bacteria, an average

of 11948 Circular Consensus Sequencing sequences (CCS) were obtained from each

sample.  The principal co-ordinates  analysis  (PCoA) based on unweighted UniFrac

distances and weighted UniFrac distances was applied to identify factors that shape

the  differences  between  corn  silage  microbiomes  (beta  diversity).  The  results

indicated a significant bacteria succession according to fermentation time while they

were indistinguishable among silage inoculated without or with L. plantarum and L.

buchneri. (Figure 1a, 1b). However, three distinct clusters were indentified on silages

fermented for 3 to 7 d, 14 to 45 d and 90 d, respectively. Especially, the microbial

diversity  of  silages  fermented  for  90  d  was  clearly  separated  from that  of  other

fermentation  times.  The  α-diversity  analysis  revealed  decrease  of  the  bacterial

biodiversity from prolonged fermentation process in whole crop corn silage (Figure

1c). The L. buchneri increased the Shannon index at fermentation times of 3, 7 and 30

d compared with other treatments (P value < 0.013) but there was no difference on 90

d of fermentation (P value = 0.089). The L. plantarum decreased the Shannon index at

fermentation times of 14 (P value = 0.023) and 45 d (P value = 0.013) compared with

control.
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The composition dynamics of microbiota are shown in Figure 1d and Figure 1e.

At genus level (Figure 1d), epiphytic microflora of fresh maize was mainly comprised

of  undesirable  bacteria  for  ensiling  like  Agrobacterium (6.42%),  Microbacterium

(6.35%),  Sphingobacterium (5.88%),  Chryseobacterium (5.05%) and others (31%),

which  will  be  restrained  promptly  with  start  of  fermentation.  After  3  d  of

fermentation, most bacterial reads were derived from  Lactobacillus,  Acinetobacter,

Klebsiella,  Methylobacterium and Citrobacter in all treatments. From d 7 to d 90 of

fermentation,  Lactobacillus dominated the ensiling process. The dominating species

were L. farciminis, L. parabrevis, L. brevis, L. parafarraginius, L. heilongjiangensis,

L. acetotolerans and L. silage (Figure 1e). From these LAB species, L. acetotolerans

and  L.  silagei  dominated  the  process  on  90  d  of  fermentation.  Interestingly,  the

inoculants L. plantarum and L. buchneri did not appear as dominating species during

the fermentation process. 

Figure 1 Microbial community dissimilarities and diversities of corn silage. C, Corn silage without

inoculants; B, Corn silage inoculated with  L. buchneri; P, Corn silage inoculated with  L. plantarum;

FM, Fresh material. (a) The community dissimilarities in different treatments and fermentation time,

calculated  by  unweighted  UniFrac  distances,  with coordinates  calculated  by principal  co-ordinates

analysis  (PCoA).  (b)  The community dissimilarities  in  different  treatments  and  fermentation time,
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calculated  by  weighted  UniFrac  distances,  with  coordinates  calculated  by  principal  co-ordinates

analysis  (PCoA).  (c)  The variations  of  community  alpha-diversities  (Shannon  index).  (d)  Relative

abundances  of  corn  silage  bacterial  genus  across  different  treatments  and  fermentation  time.  (e)

Relative abundances of corn silage bacterial species across different treatments and fermentation time. 

To explain the effect  of differentiating fermentation process  of silages treated

with or without inoculants by bacterial taxa, LDA Effect Size (LEfSe) analysis was

conducted  (Figure  2a-2c).  In  control  silage,  many  undesirable  bacteria  like

Proteobacteria,  Enterobacteriales,  Rhizobiaceae and  Methylobacteriaceae were

abundant at the early stage of fermentation (3 d). Compared with control silage,  L.

plantarum, Clostridium beijerinckii and Agrobacterium were significantly enriched in

silage  inoculated  with  L.  plantarum while  Bacteroidetes and  Acinetobacter were

enriched in L. buchneri treated silage on 3 d of fermentation. When silages fermented

for 7 d, L. coryniformis and L. plantarum were enriched in silage, while L. plantarum

and  L.  xiangfangensis were  enriched  in  samples  treated  with  L.  buchneri  and  L.

plantarum,  respectively.  On  14  d  of  fermentation, L.  farciminis was  enriched  in

control  silage,  while L.  heilongjiangensis was  enriched  in  samples  treated  with

inoculants and  L. pontis also enriched in  L. plantarum treated silage.  On 30 d of

fermentation, L. heilongjiangensis was enriched in control silage, L. farciminis and L.

futsaii  were enriched in  L. buchneri treated silage and  L. brevis was enriched in  L.

plantarum treated silage. On 45 d of fermentation, L. buchneri and L. pantheris were

enriched in control silage,  L. buchneri and  L. pontis were enriched in  L. buchneri

inoculated silage and L. farciminis and L. coryniformis were enriched in L. plantarum

inoculated  silage.  On  90  d  of  fermentation,  the  dominating  species  were  L.

acetotolerans and L. silagei, and on top of those, L. odoratitoful and L. parafarraginis

were enriched in L. buchneri inoculated silage and L. parafarraginis and L. buchneri

were  enriched  in  L.  plantarum inoculated  silage.  Inoculants  L.  buchneri and  L.

plantarum were  not  the  dominant  strains  during  ensiling,  but  they  modulated  the

various  microbial  communities  and  metabolome  dynamics  in  different  ways

compared to the silage without inoculation.

Microbial network was used to assess correlation between various species and to

statistically identify the bacteria species that were keystone taxa for modulating the
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fermentation process disproportionately large relative to its abundance (Power et al.,

1996).  This  study  is  the  first  to  identify  keystone  taxa  with  network  topological

properties  in  silage.  The  results  indicated  that  inoculants  obviously  changed  the

correlations within microbiota (Figure 2d-2f). The putative drivers of keystone taxa in

microbial  communities  of  corn  silages  with  or  without  different  inoculants  were

defined  with  the  combined  score  of  high  degree  centrality  and  low  betweenness

centrality (data not show). The results showed that L. buchneri, L. parafarraginis, L.

hammesii and  Agrobacterium larrymoorei in silage without inoculants; L. panis and

unclassified  Enterobacteriaceae in  silage  inoculated  with  L.  buchneri;  and  L.

crustorum and Agrobacterium larrymoorei in silage inoculated with L. plantarum can

be considered as keystone taxa. 

Figure 2 Differences of bacterial  taxa in corn silage with different treatments.  C, Corn silage

without  inoculants;  B,  Corn  silage inoculated with  L.  buchneri;  P, Corn silage  inoculated  with  L.

plantarum. Latent Dirichlet Allocation Effect Size (LEfSe) analysis of corn silage bacterial biomarkers

associated with inoculants  for  different  fermentation time (a-c).  Histogram of the  Latent  Dirichlet

Allocation (LDA) scores computed for bacteria differentially abundant among six fermentation time.

LEfSe scores can be interpreted as the degree of consistent difference in relative abundance between

features in the six fermentation time of analyzed microbial communities. The histogram thus identifies

which bacteria taxa among all those detected as statistically and biologically differential explain the
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greatest  differences  between  communities.  (a)  Corn  silage  without  inoculants.  (b)  Corn  silage

inoculated with L. buchneri. (c) Corn silage inoculated with L. plantarum. Interaction networks of the

whole crop corn silage microbiota (d-f). 16S rRNA gene-based correlation network of the whole crop

corn silage microbiota, displaying statistically significant interactions with absolute value of correlation

coefficients > 0.6. Node size is scaled based on the overall abundance of each taxa in the microbiota.

Edge width is proportional to the strength of association between each metabolite-phylotype pair (as

measured by the correlation), red edge indicates the positive correlation and green edge indicates the

negatively correlation. (d) Corn silage without inoculants. (e) Corn silage inoculated with L. buchneri.

(f) Corn silage inoculated with L. plantarum. 

3.2. The inoculants altered the metabolome of the corn silage

To evaluate  the  changes  of  the  corn  silage  metabolome  we  used  the  untargeted

metabolomic approach. In total, 643 metabolites were identified (data not show). The

heatmap  of  sum  of  significantly  different  compounds  in  various  treatments  and

various  fermentation  times  is  shown  in  Figure  3a.  The  plot  showed  that  many

metabolites  were  produced after  fermentation  such as  amino acids,  carbohydrates,

organic acids, tocopherol, pantothenic acid and tyramine. Some metabolites including

amino acids, sugar acids and polyhydric alcohols disappeared faster (on d 30) from

inoculated silages compared to the control silage (on d 45). 

Figure 3 Untargeted metabolomic profile  of  the whole crop corn silage metabolome. C, Corn

silage without inoculants; B, Corn silage inoculated with L. buchneri; P, Corn silage inoculated with L.

plantarum; FM, Fresh material. (a) A heatmap of the relative concentrations of sum of differentially

expressed metabolites. (b) Principal component analysis (PCA) of metabolic profiles in whole crop

corn silage inoculated withoutinoculation (control) or inoculated with L. plantarum or L. buchneri (n =
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3) for different fermentation time. Input data were the total mass of the signal integration area of each

sample,  and  the  signal  integration  area  was  normalized  with  a  method  of  internal  standard

normalization for each sample.  

The PCA of metabolome showed that the samples inoculated with L. buchneri were

clearly separated by PC2, while the differences with control were not significant in

samples fermented for 90 d (Figure 3b). The control silage and samples inoculated

with  L.  plantarum were  separated  until  45  d  of  fermentation.  The  differences  of

fermentation  process  were  contributed  by  PC1,  which  represented  61.7%  of

metabolites  in  ensiled  forages  at  different  fermentation  times.  The  end  products

during fermentation are either directly produced by microbial activity or indirectly as

a result of degradation and transformation of substances present in the material. Plant

enzymes in aerobic silo stage (Pahlow et al., 2003) and variable dynamic abundances

of LAB strains resulted in dynamics of metabolome, which contributed to variations

of many metabolites, particularly amino acids, in whole crop corn silage in the current

experiment.  At  the  same time,  many metabolites  with biofunctional  activities  like

bacteriostatic (naringin and 3,4-dihydroxybenzoic acid), antioxidant (ferulic acid and

catechol),  central  nervous  system  inhibitory  (4-aminobutyric  acid)  and  anti-

inflammatory  (salicin)  were  found  with  potential  benefits  for  animal  health  and

welfare in corn silage.

3.3. Microbial alterations contributed to functional shifts after fermentation

In order to determine if the observed variations in bacterial community succession

contribute to community-wide functional shifts, we used KEGG (Kyoto Encyclopedia

of Genes and Genomes) database (specify full pathway in level 2) with Phylogenetic

Investigation  of  Communities  by Reconstruction  of  Unobserved States  (PICRUSt)

approach  (Figure  4a-4c).  In  comparison  with  the  control,  the  inoculation  by  L.

plantarum and  L. buchneri modulated the microbial communities, which resulted in

marked differences in functional shift. The results predicted that the pathways closely

related  with  silage  fermentation  were  metabolism of  carbohydrates,  amino  acids,

energy, cofactors and vitamins, glycan biosynthesis and metabolism, biosynthesis of

other  secondary  metabolites,  and xenobiotics  biodegradation  and metabolism.  The
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relative abundances of certain function genes were also dynamic. 

Predicted functional shifts were further examined for their association with the

relative extinction or blooming of specific phylotypes. All differences between each

fermentation time could not be identified statistically, so we divided the fermentation

process into early period (before 7 d of fermentation, aerobic in-silo phase in the early

stage),  middle period (7 to 45 d of fermentation,  anaerobic fermentation) and late

period  (after  45  d  of  fermentation,  anaerobic  storage).  We observed  driving  or

attenuating  functional  shifts  of  flavones  and  flavonol  biosynthesis,  polycyclic

aromatic  hydrocarbon  degradation,  glycosaminoglycan  degradation  and  D-alanine

metabolism (Figure 4d-4f). 

Although bacterial taxa contributed to reducing functional shifts, the statistical

data  showed  that  marked  upregulation  of  these  pathways  in  middle  period  of

fermentation are largely dependent on Lactobacillus reactions (data not show). In the

majority  of  silage  fermentation  reactions,  the  substrates  are  fructose  and glucose.

Once  the  crop  is  cut,  fructose  and  glucose  concentrations  can  only  increase  by

degradation  of  polysaccharides  (Pahlow et  al.,  2003).  The  glycosaminoglycan

degradation pathway was significantly upregulated by  Lactobacillus at middle stage

of  fermentation  in  non-inoculated  corn  silage,  but  not  in  the  inoculated  silages.

However, fructose and glucose were not detected with GC-TOF-MS. The glucose-6-

phosphate  is  the  key  intermediate  to  understand  the  glucose  metabolism,  which

increased  with  start  of  fermentation  in  all  treatments.  The  present  study  with

metabolome approach verified the previous research theories (Pahlow et al., 2003),

but this pathway suggested that polysaccharides were hydrolyzed until middle stage

of maize fermentation. 

The D-alanine metabolism pathway was upregulated by  Lactobacillus in  corn

silage inoculated with L. buchneri. D-alanine is an amino acid that occurs only in the

peptidoglycan of bacterial cell walls (Schleifer and Kandler, 1972), which can be a as

a marker of bacteria. Deamination can be induced by alanine to product acetate (Li et

al., 2018) from amino acid metabolism. Thus, inoculants of L. buchneri can improve
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aerobic stability (Reich and Kung, 2010) via upregulation of this pathway to increase

the production of acetate. However, acetic acid was produced via other pathways in

the present study as indicated by the similar and increasing trend in concentration of

alanine and acetic acid with progressing fermentation process. The inconsistency may

partly be due to technical difficulties in extraction and detection of some metabolites

using  the  same  oven  temperature  of  GC-TOF-MS.  On  the  other  hand,  the  gene

expression  is  impacted  by  many  factors  in  silage  fermentation  like  changing pH,

substrates for microbiota fermentation, other metabolite regulations and interactions

between microbes in the system (Guo et al.,  2018; Song and Chan, 2019).  As for

flavones  and  flavonol  biosynthesis,  differences  were  shown  in  all  treatments.

Compared with  control  silage,  samples  inoculated  with  L.  buchneri increased  the

upregulation degree and the opposite result was observed in samples inoculated with

L.  plantarum.  Compared with control  silage,  the inoculation of  L.  plantarum also

decreased the upregulation degree of polycyclic aromatic hydrocarbon degradation

pathway. 

Figure 4 Microbial alterations contribute to functional shifts after fermentation with or without
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inoculants.  C, Corn silage without inoculants; B, Corn silage inoculated with  L. buchneri;  P, Corn

silage  inoculated  with  L.  plantarum.  Summary  of  significant  functional  shifts  predicted  by  the

Phylogenetic  Investigation  of  Communities  by  Reconstruction  of  Unobserved  States  (PICRUSt)

approach (a-c). For each KEGG pathway, the second level of the predicted functional shift is shown

with respect to fermentation process and treatments. (a) Corn silage without inoculants. (b) Corn silage

inoculated with  L.  buchneri.  (c)  Corn silage inoculated with  L. plantarum.  Comparing taxon-level

contribution profiles of functional shifts in fermentation process by FishTaco approach. (d-f). For each

KEGG pathway, the third level of the predicted functional shift is shown with respect to fermentation

process and treatments. Comparison of middle stage (7-45 d of fermentation) and early stage (3 d of

fermentation) of fermentation of corn silage without inoculants (d), inoculated with L. buchneri (e) and

inoculated with L. plantarum (f). 

3.4 Correlations between silage bacteria and well-predicted metabololites  with

biofunctions

The widespread associations  between bacteria  and well-predicted metabolites  with

biofunctions  across  the  silages  with  or  without  inoculants  are  presented  (data  not

show). The correlations between bacterial species and well-predicted metabolites with

biofunctions (lysine, methionine, phenylalanine, naringin, 3,4-dihydroxybenzoic acid,

4-aminobutyric acid, salicin, L-malic acid, ferulic acid, linolenic acid and catechol) in

silages with different treatments were clearly exhibited (Figure 5a-5c; the absolute

value of correlation coefficients was > 0.6 between LAB and metabolites; the absolute

value of correlation coefficients was > 0.9 between other bacteria and metabolites).

Network  analysis  showed  various  associations  between  well-predicted  metabolites

with  biofunction  activity  and  lactic  acid  bacteria  species  in  corn  silages  with  or

without inoculants.

In  control  silage,  essential  amino  acids  lysine,  methionine  and  phenylalanine

were  positively  correlated  with  L.  buchneri,  L.  silagei and  L.  parafarraginis.

Inoculants,  especially  L.  plantarum,  decreased  the  positive  correlation  between

essential  amino  acids  and  LAB.  The  correlations  between  metabolites  with

bacteriostatic  activity  (naringin  and  3,4-dihydroxybenzoic  acid)  and  LAB  were

markedly  negative.  A previous  study  reported  that  L.  plantarum with  antifungal

property produced a phenolic-related antibiotic or 3-hydroxy fatty acids (Sjögren et

al., 2003; Valan Arasu et al., 2013). In the current study, L. plantarum also positively

correlated  with  the  two  metabolites  irrespective  of  treatments  used.  Thus,  L.
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plantarum could be considered a species for screening inoculants with potential of

producing high quality silage. 

Metabolites like ferulic acid and catechol with antioxidant activity were found in

the  present  study.  The  correlation  between  ferulic  acid  and  LAB  was  markedly

positive, and seven LAB species positively correlated with ferulic acid (r > 0.8), but

inoculants  decreased  the  positive  correlations.  It  might  be  because  the  increased

ferulic acid inhibited the growth and viability (Rodríguez et al., 2009) of some species

in inoculant-treated corn silage. Ferulic acid was positively correlated with L. silagei,

L.  panis and  L.  kefiri in  samples  inoculated  with  L.  buchneri  and L.  plantarum,

respectively. Catechol is a member of flavonoids,  which can be metabolized from

protocatechuic acid by  Lactobacillus spp.  (Filannino et  al.,  2015).  However, LAB

species indicated only low positive correlations with catechol in this study. It might be

because of lack of LAB species and protocatechuic acid to produce catechol in the

corn silage fermentation ecosystem. 

Metabolite  4-aminobutyric  acid  or  gamma-aminobutyric  acid  with  central

nervous system inhibitory activity can decrease blood pressure and insulin secretion

and was identified in the present study. Low positive correlations between LAB and

4-aminobutyric  acid were observed in  corn silage,  and only  L.  acetotolerans (r  =

0.655)  positively  correlated  with  it  in  control  silage  while  L.  buchneri and L.

parafarraginis were  positively  correlated  with  it  in  samples  inoculated  with  L.

plantarum.  A number  of  bacteria  and  fungi  have  been  reported  to  produce  4-

aminobutyric acid (Kono and Himeno, 2000; Lu et  al.,  2008).  The most  common

microorganisms for 4-aminobutyric acid production are LAB. In addition, different

fermentation factors affect  the 4-aminobutyric acid production by microorganisms,

the most important ones being pH, temperature and substrate availability of culture

(Dhakal et al., 2012). Therefore, we speculate that many microorganisms and their

dynamics as well as fermentation factors co-affected the production of 4-aminobutyric

acid rather than abundance of certain bacterial species. 

Linolenic  acid  is  an  essential  fatty  acid  with  well-established health  benefits.
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Corn silage inoculated with L. plantarum increased the positive correlation between

LAB and linolenic acid. Twelve LAB species were positively correlated with linolenic

acid in L. plantarum inoculated silage but no LAB species was positively correlated

with it in samples inoculated with  L. buchneri  and in control silage. Linked to the

dynamics of linolenic acid and microbial community, we found that the changes of

relative  abundances  of  L.  heilongjiangensis  and  L.  pontis were  accordant  with

concentration  of  linolenic  acid.  Thus,  the  linolenic  acid  could  be produced by  L.

heilongjiangensis and L. pontis.

Salicin  with  anti-inflammatory  activity  decreased  with  progressing  time  of

fermentation, although inoculation with L. buchneri relieved the decrease. It might be

because some bacterial species utilized salicin (Wang et al., 2009; Cai et al., 2012)

and the community  structure  and dynamics  resulted in  lower positive  correlations

between  salicin  and  LAB strains.  In  addition,  salicylic  acid  is  a  metabolite  from

salicin  with  antipyretic  activity  (Mackowiak,  2000).  The  relative  concentration  of

salicylic acid decreased with prolonged ensiling time as well. If the silage contains

these two substances, it can be used to treat inflammatory conditions in periparturient

or heat stressed dairy cows (Trevisi and Bertoni, 2008). 
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Figure  5  Correlation  analysis  of  the  bacteria  and  metabolites  with  biofunctional  activity

Correlation  visualization  of  significant  associations  between  well-predicted  metabolites  with

biofunctions (similarity > 500, a total of 643 compounds) and bacterial phylotypes (the absolute value

of  correlation  coefficients  between  metabolites  and  LAB >  0.6,  the  absolute  value  of  correlation

coefficients between metabolites and bacterial species except for LAB > 0.8). Node size is proportional

to the relative abundance of the corresponding metabolite (from GC-TOF-MS) or phylotype (from 16S

amplicon data).  Edge width is proportional to the strength of association between each metabolite-

phylotype pair (as measured by the correlation), red edge indicates the positive correlation and green

edge indicates the negatively correlation. (a) Corn silage without inoculants. (b) Corn silage inoculated

with L. buchneri. (c) Corn silage inoculated with L. plantarum. 

With many beneficial activities, malic acid is also a key intermediate in the citric

acid cycle of biological tissues, and has been used as a feed additive for ruminants to

improve  performance  and  efficiency  (Ke  et  al.,  2018).  However,  malic  acid  is

metabolized to lactic acid, and can be consumed during forage fermentation (Ke et al.,

2017). L-malic acid has not been detected in fresh maize but was present in trace

amounts during ensiling in  this  study. It  might  be because the extraction and test

conditions of GC-TOF-MS were not optimal for precisely detecting some substances,

especially trace metabolites. In this regard, targeted metabolomic analysis should be

profiled in further studies. 

4. Conclusions
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This work gives insights into the complicated biological processes underlying silage

fermentation. It also provides a framework to re-evaluate ensiled forages with regard

to  metabolome  and  microbiome,  which  may  contribute  to  target-based  regulation

methods  to  produce  functional  silages  for  various  animal  groups  based  on  their

particular needs to guarantee high quality and safety of animal products.
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