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Abstract 
Sorghum forage was ensiled for 90 days at two dry matter (DM) contents (27 vs. 39%) without or with Lactiplantibacil-
lus plantarum inoculation. On day 90 of fermentation, silages were sampled to assess the microbial community dynamics 
and metabolome profile. L. plantarum inoculation improved silage quality, as shown by a lower pH and greater acetic acid 
concentration. Loss of DM remained unaffected by L. plantarum inoculation but was greater in low- vs. high-DM sorghum 
silages (14.4 vs. 6.62%). The microbiome analysis revealed that Pseudomonas congelans represented the dominant species 
of the epiphytic microbiota in both low- and high-DM sorghum forage before ensiling. However, L. buchneri represented 
the dominant species at the end of ensiling. Ensiling fermentation resulted in distinct metabolic changes in silages with 
varying DM content. In low-DM silages, ensiling fermentation led to the accumulation of 24 metabolites and a reduction in 
the relative concentration of 13 metabolites. In high-DM silages, ensiling fermentation resulted in an increase in the relative 
concentration of 26 metabolites but a decrease in the concentration of 8 metabolites. Compared to non-inoculated silages, 
L. plantarum inoculation resulted in an increased concentration of 3 metabolites and a reduced concentration of 5 metabo-
lites in low-DM silages. Similarly, in high-DM silages, there was an elevation in the relative concentration of 3 metabolites, 
while a decrease in 7 other metabolites. Ten metabolites with bio-functional activity were identified, including chrysoeriol, 
isorhamnetin, petunidin 3-glucoside, apigenin, caffeic acid, gallic acid, p-coumaric acid, trans-cinnamic acid, herniarin, and 
3,4-dihydroxy-trans-cinnamate. This study presents a comprehensive analysis of microbiome and metabolome profiling of 
sorghum forage during ensiling as a function of DM content and L. plantarum inoculation, with a particular emphasis on 
identifying metabolites that may possess bio-functional properties.

Key points
• DM loss was not different by L. plantarum but higher in low- vs. high-DM silage.
• L. buchneri dominated ensiling, regardless of DM level.
• 10 metabolites with bio-functional activity were identified.
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Introduction

Ensiling is a simple and widespread method of fresh for-
age conservation for long-term use enabled by lactic acid 
fermentation using epiphytic lactic acid bacteria (LAB) 
under anaerobiosis (McDonald et al. 1991). Conversion of 
soluble sugars into organic acids occurs using LAB, caus-
ing silage pH to decline, thereby contributing to forage 
preservation if exposure to air is limited (McDonald et al. 
1991). Sorghum forage is extensively grown in South-
ern China for ruminant forage production purposes. The 
carbohydrate content in sorghum is similar to sugarcane 
and corn forage, but it has substantially lower water and 
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fertilizer requirements. In addition, flexible planting time, 
rapid growth, high nutritive value, high resistance to tem-
peratures, and high biomass yield make sorghum an attrac-
tive plant for cultivation in Southern China (Almodares 
et al. 2011; Chen et al. 2019; Diepersloot et al. 2021). In 
the eastern regions of China, sweet sorghum has demon-
strated better resilience to elevated temperatures, excessive 
water, clay soil, and acidic pH levels compared to corn 
(Qu et al. 2014).

Epiphytic LAB naturally initiates multiplying and acidi-
fying forage biomass. However, homofermentative LAB 
inoculant strains have been added at ensiling to accelerate 
forage biomass acidification, in order to minimize nutrient 
loss during the ensiling process and thus improve the silage 
quality by preventing the proliferation of spoilage micro-
organisms (Ranjit and Kung 2000; Liu et al. 2014; Muck 
et al. 2018). However, the efficacy of LAB inoculants in 
improving the silage fermentation quality is crop-specific 
(Oliveira et al. 2017), necessitating additional experiments 
to clarify the effects of the LAB inoculants on the silage 
fermentative patterns.

Dry matter (DM) content at ensiling is a critical factor 
affecting the quality of silage fermentation, feed intake, 
and animal productivity (Guo et al. 2013). Inappropriate 
moisture content may limit the fermentative process during 
ensiling (Hu et al. 2009). Thus, achieving efficient silage fer-
mentation may necessitate ensuring appropriate DM content 
and LAB inoculants.

The process of silage fermentation is dynamic, character-
ized by shifts in microbial communities and alterations in 
metabolites as fermentation progresses. Understanding the 
contribution of microbial communities in silage production 
is critical for identifying the appropriate microorganisms and 
controlling the proliferation of harmful pathogens (Driehuis 
2013). However, the traditional enumeration methods may 
not accurately identify the silage microbial community, as 
some microorganisms cannot be cultured using traditional 
techniques (Guan et al. 2020). The increasing use of next-
generation sequencing enables the identification and esti-
mation of the effects of various physical or biological fac-
tors, such as crop or inoculant type and DM content, on the 
microbiome dynamics in silage samples (McDonald et al. 
1991; McAllister et al. 2018).

Metabolomics technology has provided a vast opportu-
nity to comprehensively identify alterations in metabolites 
in response to disturbance or stimulation, and recently, 
metabolomic profiling analysis is being extensively used 
in silage research, holding great potential to identify novel 
metabolites produced from the complex biochemical reac-
tions occurring during ensiling (Guo et al. 2018). This may 
allow for a clearer understanding of how metabolites change 
in response to different conditions, such as inoculation or 
moisture level at ensiling (Guo et al. 2018; Xu et al. 2019).

Sorghum is globally grown and is a rich source of phe-
nolic compounds. Phenolic compounds are plant secondary 
metabolites, and they may positively affect animal perfor-
mance, stress mitigation, gut microflora development, and 
immune function (Formato et al. 2022). Moreover, phenolic 
compounds show anti-inflammatory, antioxidant, antimicro-
bial, antimutagenic, and immunomodulatory properties in 
many organisms (Waqas et al. 2023). Phenolic compounds, 
acquired from plants as a component of the cattle diet, may 
potentially play a vital role in animal health (Tsen et al. 
2014), and identification of these phenolic compounds would 
provide invaluable information about silage nutritional qual-
ity relevant to animal health (Xu et al. 2020, 2021).

There is limited information about how DM content and 
L. plantarum (LP) inoculation at ensiling interact and affect 
the quality of silage fermentation, bacterial community, 
and metabolome changes, including phenolic compounds 
in whole-plant sorghum silage. We theorized that the DM 
content at ensiling may affect the efficacy of LP inoculant on 
the silage fermentation quality of sorghum forage. Therefore, 
this study aimed to assess the quality of fermentative silage, 
bacterial communities, and metabolome profiling of whole-
plant sorghum that was ensiled at two DM contents with or 
without LP inoculation.

Materials and methods

Sweet sorghum variety (DAKA) was grown in Gansu Prov-
ince, Tongwei County (Dingxi city). A fodder chopper was 
used to chop the sorghum plant into 2 cm cuts after 12 weeks 
of growth. Harvested sorghum forage with an initial DM con-
tent of approximately 27% was immediately transported to 
the laboratory and wilted [temperature = 28–30°C; relative 
humidity = 70%] for 5 h to reach the DM concentration of 
39%. Chopped sorghum forage was sprayed with L. plan-
tarum MTD/1 inoculant (LP, Crop-N-Rich®500, Vita Plus, 
Madison, WI, USA) at 1 × 106 cfu/g fresh weight. The inocu-
lant was suspended in sterile water to achieve a 10 mL/kg 
fresh weight ratio. Low- and high-DM sorghum forage with 
or without LP inoculation was ensiled. Chopped sorghum for-
age without inoculant was sprayed with an equal volume of 
distilled water. Upon mixing, approximately 200 g chopped 
sorghum mass (3 replications/treatment) was packed into 
vacuum-sealed polyethylene plastic bags (25 cm × 35 cm) 
and maintained for 90 days at room temperature (22–25°C).

Silage quality characterization

Dry matter content was determined using a forced-air 
oven (65°C; 72 h). A 20-g sample was placed in a juice 
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extractor, diluted with 180 mL of distilled water, and sub-
jected to high-speed squeezing for 30 s. The suspension 
was filtered through four layers of gauze. The pH was 
determined using a glass electrode pH meter. Following 
the pH measurement, one portion of the filtrate was acidi-
fied using 7.14 M H2SO4 and filtered through a 0.45-μm 
dialyzer. The quantification of propionic acid, lactic acid, 
butyric acid, and acetic acid was performed using HPLC 
with a KC-811 column manufactured by Shodex (Shi-
madzu, Kyoto, Japan). The HPLC system was operated 
at a 1 mL/min flow rate and an oven temperature of 50°C. 
Detection was conducted at a wavelength of 210 nm using 
an SPD detector (Ke et al. 2022).

Bacterial community composition

Analysis of bacterial community composition was 
described before (Xu et al. 2019). In brief, the full-length 
16S rRNA was amplified for single-molecule real-time 
(SMRT) sequencing during DNA extraction from fresh 
and silage samples. The amplification was achieved using 
the forward primer 27F (5′-AGA​GTT​TGA​TCC​ TGG​CTC​
AG-3′) and the reverse primer 1492R (5′-GGT​TAC​CTT​
GTT​ACGA CTT-3′). Both amplification primers were 
equipped with a set of 16-nucleotide barcodes. The PCR 
program employed for amplification was as follows: an 
initial denaturation step at 95°C for 3 min, followed by 
25 cycles consisting of denaturation at 98°C for 20 s, 
annealing at 57°C for 30 s, and extension at 72°C for 90 
s. Finally, an extension step was performed at 72°C for 2 
min. Quality control measures (Mosher et al. 2013) were 
implemented to ensure the reliability and accuracy of the 
PCR amplifications and preprocessing of sequences.

The PacBio Sequel instrument was used for sequenc-
ing the amplicons. The 16S rRNA library was created 
with a Pacific Biosciences template preparation kit. The 
raw data obtained from the sequencing process under-
went extraction and filtering steps, and alpha diversity 
was determined (Yan et al. 2019a). To achieve accu-
rate species annotations, we classified curated PacBio 
sequences using VSEARCH v2.14.1 with the –use-
archglobal option and specific settings: –id 0.75 –blas-
t6out –strand both –maxaccepts 5. We then combined 
these sequences with the last common ancestor (LCA) 
algorithm for improved reliability (Wood and Salzberg 
2014). After the taxonomic annotation, non-bacterial 
taxa, including chloroplasts and mitochondria, were 
excluded from the analysis to prevent any interference 
with the results. The unweighted pair-group method 
subjected the cluster analysis to arithmetic average 
(UPGMA) and phylogeny-based (UniFrac) unweighted 
distances using QIIME.

Comprehensive metabolomic profiling by LC–ESI–
MS/MS

Using liquid chromatography-electrospray ionization-tandem 
mass spectrometry, we conducted the metabolomic analysis 
with HPLC separation on a Shim-pack UFLC SHIMADZU 
CBM30A system. The Applied Biosystems 4500 Q TRAP 
instrument was used to perform mass spectrometry, following 
the methodology described by Yan et al. (2019a). The analyti-
cal conditions for the HPLC analysis involved using a Waters 
ACQUITY UPLC HSS T3 C18 column (1.8 µm, 2.1 mm × 100 
mm) for ultra-high-performance liquid chromatography sepa-
ration. The mobile phase used was a combination of solvent 
A (0.1% formic acid) and solvent B (acetonitrile). The sample 
measurements were conducted using a gradient program, start-
ing with the initial conditions of 95% solvent A and 5% solvent 
B. A linear gradient was programmed, gradually transitioning 
to 5% solvent A and 95% solvent B. The composition of the 
mobile phase was adjusted to 5% solvent A and 95% solvent 
B and maintained for 1 min. The composition was swiftly 
adjusted to 95% solvent A and 5% solvent B within 0.1 min 
and held for 2.9 min. The column oven temperature was set at 
40°C, and the injection volume for each sample was 2 μL. The 
effluent from the HPLC system was alternately directed to the 
electrospray ionization (ESI)-triple quadrupole instrument. A 
detailed description of the qualitative and quantitative analy-
sis of the metabolite and the preprocessing of raw data were 
reported before (Yan et al. 2019a). The high-resolution MS 
data were converted from its original format to the mzXML 
format using ProteoWizard. Subsequently, the processed data 
was analyzed using MAPS software (version 1.0). The pre-
processing of the MS data resulted in the generation of a data 
matrix. This matrix contained information such as the reten-
tion time, mass-to-charge ratio (m/z) values, and peak intensity 
for each detected peak in the analyzed samples. Metabolite 
identification was performed using an in-house MS2 data-
base. Additionally, the MRM (Multiple Reaction Monitoring) 
data obtained from the analysis were processed using Skyline 
software. To validate the putative metabolites with differen-
tial expression, two online databases were utilized: Human 
Metabolome Database (HMDB; http://​www.​hmdb.​ca) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG; http://​
www.​genome.​jp/​kegg) and the Progenesis QI software was 
employed for this purpose. To evaluate metabolome alteration, 
we used the untargeted metabolomic approach. The cut-off for 
annotation was set at MS2 ≥ 0.3, and metabolite identification 
was reliable if the MS2 score was greater than 0.8 (Liu et al. 
2022).

Statistical analysis

The data in Table 1 and 2 were analyzed in a 2 × 2 factorially 
arranged design with main factors as LP inoculation and DM 

http://www.hmdb.ca
http://www.genome.jp/kegg
http://www.genome.jp/kegg
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content at ensiling. The statistical analysis was performed 
in SAS (SAS 9.4, SAS Institute Inc., Cary, NC, USA). The 
treatment means differences were separated using Tukey’s 
test.

Results

Silage fermentation quality

Silage pH, organic acid composition, and DM loss after 
90-day ensiling are presented in Table 1. Butyric acid was 
undetectable in any of the samples assayed. Dry matter loss 
was greater in low- vs. high-DM silages. Silage pH was 
lower, but lactic acid and acetic acid were greater in low- vs. 
high-DM sorghum silages. Propionic acid remained unaf-
fected with DM content. Silage pH and propionic acid were 
lower but acetic acid concentration was greater in LP-inoc-
ulated silages. Dry matter loss and lactic acid concentration 
remained affected with LP inoculation. Interaction effects 
between DM content and LP inoculation existed for propi-
onic and acetic acid, as LP inoculation resulted in greater 
propionic acid concentration in high-DM silages (P < 0.01) 

but lower greater acetic acid concentration in low-DM 
silages (P = 0.01).

Microbial diversity

Estimates of α-diversity in sorghum silage as a function of 
DM content and LP inoculation in 90-day silages are pre-
sented in Table 2. All samples showed an adequate coverage 
(> 0.99), implying the proper identification of most micro-
bial communities. Irrespective of LP inoculation, Chao1 
increased in high- vs. low-DM silages. Microbial commu-
nities during ensiling were distinctly different in silages 
with or without LAB inoculation, with Shannon index as a 
measure of bacterial diversity declining with LP inoculation 
compared with non-inoculated silages.

Dynamic changes in bacterial communities

The relative abundance of phylum, family, genus, and spe-
cies as a function of DM content and LP inoculation in 
90-day sorghum silages is presented in Fig. 1. At the phylum 
level, Proteobacteria represented the dominant phylum of 
the epiphytic microbiota in sorghum biomass before ensil-
ing, regardless of DM content. However, at the end of 90-day 

Table 1   Fermentation quality 
of sorghum silage as a function 
of dry matter (DM) content 
(27 vs. 39%) and L. plantarum 
application after 90 days of 
fermentation

*Non-inoculated, silage without inoculation; LP, L. plantarum inoculation; SEM, standard error of the 
mean; DM, dry matter content effect; I, inoculant effect; DM × I, the interaction between DM content and 
inoculant

Items Treatments* SEM P value

Non-inoculated LP-inoculated

Low-DM High-DM Low-DM High-DM DM I DM × I

Dry matter, % 24.7 39.1 22.7 38.7 2.23  < 0.01 0.13 0.30
Dry matter loss 12.7 5.93 20.4 7.30 1.93  < 0.01 0.11 0.24
pH 3.75 3.88 3.64 3.84 0.09  < 0.01  < 0.01 0.14
Lactic acid, g/kg DM 75.8 43.8 60.8 46.5 1.55  < 0.01 0.29 0.14
Acetic acid, g/kg DM 25.9 13.0 28.1 19.1 0.63  < 0.01  < 0.01 0.01
Propionic acid, g/kg DM 13.8 8.45 5.62 11.6 0.34 0.63  < 0.01  < 0.01

Table 2   Estimates of α-diversity 
in sorghum silages as a function 
of dry matter (DM) content 
(27 vs. 39%) and L. plantarum 
application after 90 days of 
fermentation

*Non-inoculated, silage without inoculation; LP, L. plantarum inoculation; SEM, standard error of the 
mean; OUT, operational taxonomic unit; DM, dry matter content effect; I, inoculant effect; DM × I, the 
interaction between DM content and inoculant

α-diversity Treatments* SEM P value

Non-inoculated LP-inoculated

Low-DM High-DM Low-DM High-DM DM I DM × I

OTU 30.0 39.3 15.0 34.0 6.37 0.01 0.04 0.29
Chao1 37.5 55.2 21.2 46.9 6.53 0.03 0.19 0.65
Simpson 0.96 0.74 0.98 0.92 0.06 0.03 0.09 0.17
Shannon 0.14 0.62 0.07 0.24 0.16 0.01 0.05 0.15
Coverage 0.999 0.999 0.999 0.999 – 0.20 0.31 0.46
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ensiling, they were replaced by Firmicutes. Pseudomona-
daceae represented the dominant family of the epiphytic 
microbiota in high-DM sorghum forage before ensiling, fol-
lowed by Erwiniaceae. However, at the end of the ensiling, 
they were replaced by Lactobacillaceae.

In low-DM sorghum forage before ensiling, Pseudomon-
adaceae represented the dominant family of the epiphytic 
microbiota, followed by Yersiniaceae. Regardless of DM 
content at ensiling, Lactobacillaceae represented the domi-
nant family of the epiphytic microbiota in 90-day silages. 
A similar pattern as the family level was observed at the 

genus level, with Pseudomonas representing the dominant 
genus of the epiphytic microbiota in high-DM sorghum for-
age before ensiling, followed by Rahnella, Pantoea, and 
then Erwinia. However, on day 90 of ensiling, they were 
mainly replaced by Lactobacillus. At the species level, 
Pseudomonas congelans represented the dominant spe-
cies of the epiphytic microbiota in both low- and high-DM 
sorghum forage before ensiling, but L. buchneri replaced 
them at the end of ensiling. Erwinia tasmaniensis was the 
most abundant species after L. buchneri in high-DM silage 
without LP inoculation.

I II

III IV

Fig. 1   Relative abundance (%) of phyla (I), families (II), genera 
(III), and species (IV) isolated from low- (27%) vs. high-dry matter 
(DM; 39%) sorghum forage or ensiled with or without L. plantarum 
inoculation after 90  days of fermentation. A = low-DM silage with-
out L. plantarum inoculation. B = low-DM silage with L. plantarum 

inoculation. C = high-DM silage without L. plantarum inoculation. 
D = high-DM silage with L. plantarum inoculation. E = low-DM sor-
ghum forage before ensiling. F = high-DM sorghum forage before 
ensiling
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Principal component analysis (PCA) illustrating varia-
tion in bacterial community structure is shown in Fig. 2. 
Regardless of DM content and LP inoculation, variation in 
microbial diversity was lower in 90-d silage as compared 
with fresh sorghum forage.

Metabolome profiling

The PCA plot of the metabolome profile of fresh or ensiled 
sorghum forage at two DM contents without or with LP 
inoculation is presented in Fig. 3, showing that regardless 
of DM content and LP inoculation, the ensiling fermentation 
resulted in clear separation from fresh biomass.

Tables 3 and 4 present the differential metabolites identi-
fied in low- and high-DM silages, respectively. After filter-
ing metabolites with a score above 0.8, only 44 out of the 
408 identified metabolites were retained. Compared to non-
inoculated silages, there were relatively fewer mini peptides 
in both low- and high-DM silages treated with LP. In low-
DM silages, LP inoculation resulted in an increased relative 
concentration of diphenylamine, gentisic acid, and herniarin, 
while a decrease in gamma-glutamyl leucine, Ile Gly, Ile 
Leu, Ser Gly Ile, and nicotinic acid as compared to non-inoc-
ulated silages. In high-DM silages, LP inoculation increased 
the relative concentration of gentisic acid, ornithine, and 
(A ±)-tryptophan, while causing a decrease in chrysoeriol, 
beta-carboline, Ile Gly, Ser Gly Ile, cytarabine, malic acid, 
and thymidine as compared to non-inoculated silages.

Irrespective of LP inoculation, ensiling fermentation 
increased the relative concentration of several metabolites 

with biofunction, including gallic acid, chrysoeriol, api-
genin, caffeic acid, herniarin, trans-cinnamic acid, isorham-
netin, and 3,4-dihydroxy-trans-cinnamate in both low- and 
high-DM silages. Conversely, p-coumaric acid concentration 
decreased in both low- and high-DM silages during ensiling 
fermentation.

Discussion

Silage fermentation

The appropriate moisture content at ensiling is a crucial 
factor in determining the quality of silage fermentation 
(Muck 1990; Guo et  al. 2013). However, these effects 
could be different depending on the forage type and matu-
rity stage. For example, Liu et al. (2011) reported that 
wilting reduced acetic acid concentration and improved 
the fermentation quality in stylo (Stylosanthes guianen-
sis Swartz) silage. Greater acetic acid concentration may 
prolong aerobic stability as acetic acid is recognized for 
its inhibitory effects on yeasts and molds, which are the 
typical spoilage organisms during aerobic conditions 
(Muck 2010). Guo et al. (2013) reported a decline in silage 
fermentation acids (lactate and acetate) in first-cut grass 
silages as the DM content at ensiling increased from 18 
to 49%. Conversely, in second-cut grass silages, the for-
age DM content had no impact on lactate formation in 
60-day silages, but a progressive increase in DM content 

PC1 [92.85%]

PC
2

[5
.7

6%
]

Fig. 2   Principal component analysis  (PCA) based on PC1 and PC2 
showing variation in bacterial community structure. Each point repre-
sents an individual. A = low-DM silage without L. plantarum inocula-
tion. B = low-DM silage with L. plantarum inoculation. C = high-DM 
silage without L. plantarum inoculation. D = high-DM silage with L. 
plantarum inoculation. E = low-DM sorghum forage before ensiling. 
F = high-DM sorghum forage before ensiling

PC1 [54.6%]

PC
2

[7
.5

%
]

Fig. 3   Principal component analysis  (PCA) based on PC1 and PC2 
showing variation in metabolic profiles in low- (27%) or high-dry 
matter (DM; 39%) sorghum silages without or with L. plantarum 
(LP) inoculation after 90 d of ensiling. A = low-DM silage with-
out L. plantarum inoculation, B = low-DM silage with L. plantarum 
inoculation, C = high-DM silage without L. plantarum inoculation, 
D = high-DM silage with L. plantarum inoculation, E = low-DM sor-
ghum forage before ensiling, F = high-DM sorghum forage before 
ensiling
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Table 3   Differential metabolites of low-dry matter (27%) sorghum silage with or without inoculation

Metabolites Class Relative concentration Fold change

FM CON LP Log2 (CON/FM) Log2 (LP/CON) Log2 (LP/FM)

2-Hydroxybenzaldehyde Benzene and substituted 
derivatives

3.6E-03 9.7E-03 8.0E-03 1.43*  − 0.28 1.15

Dibutyl phthalate Benzene and substituted 
derivatives

7.9E-04 2.8E-04 5.8E-04  − 1.50* 1.05  − 0.45

Diphenylamine Benzene and substituted 
derivatives

9.9E-05 8.6E-05 1.5E-04  − 0.20 0.80* 0.60

Gallic acid Benzene and substituted 
derivatives

2.4E-07 7.8E-06 6.5E-06 5.02*  − 0.26 4.76*

Gentisic acid Benzene and substituted 
derivatives

1.4E-06 6.2E-05 2.0E-04 5.47* 1.69* 7.16*

Cis-aconitic acid Carboxylic acids and deriva-
tives

1.5E-02 9.7E-03 1.3E-02  − 0.63* 0.42  − 0.21

Gamma-glutamyl-leucine Carboxylic acids and deriva-
tives

2.9E-03 2.2E-04 7.1E-05  − 3.72*  − 1.63*  − 5.35*

L-Histidine Carboxylic acids and deriva-
tives

1.2E-04 3.8E-04 3.2E-04 1.66*  − 0.25 1.42

L-Methionine Carboxylic acids and deriva-
tives

3.6E-04 1.9E-02 1.3E-02 5.72*  − 0.55 5.17

L-Tyrosine Carboxylic acids and deriva-
tives

1.8E-04 3.7E-04 4.1E-04 1.04* 0.15 1.19

L-Valine Carboxylic acids and deriva-
tives

5.5E-05 6.7E-04 7.4E-04 3.61 0.14 3.75*

Ornithine Carboxylic acids and deriva-
tives

2.1E-03 1.6E-02 1.5E-02 2.93*  − 0.09 2.84*

Pipecolic acid Carboxylic acids and deriva-
tives

1.6E-03 3.3E-02 2.9E-02 4.37*  − 0.19 4.18*

Succinic acid Carboxylic acids and deriva-
tives

3.8E-05 8.5E-04 7.5E-04 4.48*  − 0.18 4.30*

Trans-aconitic acid Carboxylic acids and deriva-
tives

2.5E-04 1.5E-03 2.0E-03 2.58* 0.42 3.00*

3,4-Dihydroxy-trans-cinna-
mate

Cinnamic acids and deriva-
tives

9.5E-06 1.4E-04 1.6E-04 3.88* 0.19 4.07

Coumarin Coumarins and derivatives 3.6E-03 8.5E-03 1.2E-02 1.24* 0.50 1.74*

Cytosine Diazines 1.5E-05 6.5E-06 1.3E-05  − 1.21* 1.00  − 0.21*
Citramalic acid Fatty acyls 1.1E-05 1.6E-05 1.8E-05 0.54* 0.17 0.71
Apigenin Flavonoids 1.7E-04 1.3E-03 1.2E-03 2.93  − 0.12 2.82*
Chrysoeriol Flavonoids 2.2E-04 3.8E-03 3.5E-03 4.11*  − 0.12 3.99*
Isorhamnetin Flavonoids 5.6E-05 4.2E-04 3.5E-04 2.91*  − 0.26 2.64*
Malvidin 3-glucoside Flavonoids 2.7E-02 3.3E-03 5.4E-03  − 3.03 0.71  − 2.32*
Petunidin 3-glucoside Flavonoids 1.6E-03 4.5E-04 6.0E-04  − 1.83* 0.42  − 1.42*
Malic acid Hydroxy acids and derivatives 3.2E-03 9.5E-05 3.0E-04  − 5.07* 1.66  − 3.42*
Adenine Imidazopyrimidines 1.1E-02 6.6E-05 8.4E-04  − 7.38* 3.67  − 3.71*
Uric acid Imidazopyrimidines 4.7E-06 6.6E-05 7.6E-05 3.81* 0.20 4.02*
(Â ±)-Tryptophan Indoles and derivatives 2.7E-02 3.3E-02 2.5E-02 0.29*  − 0.40  − 0.11
1H-Indole-3-carboxaldehyde Indoles and derivatives 1.8E-05 7.3E-06 1.5E-05  − 1.30* 1.04  − 0.26
Beta-Carboline Indoles and derivatives 2.3E-05 5.2E-04 8.9E-04 4.50* 0.78 5.27
Ile Gly Mini peptide 3.8E-04 2.5E-03 5.0E-04 2.72*  − 2.32* 0.40
Ile Leu Mini peptide 1.4E-03 1.2E-03 3.8E-04  − 0.22  − 1.66*  − 1.88*
Ser Gly Ile Mini peptide 1.0E-04 2.3E-04 7.8E-05 1.20  − 1.56*  − 0.36
Ser Val Glu Mini peptide 8.1E-04 1.0E-04 7.0E-05  − 3.02*  − 0.51  − 3.53*
Acetylcholine Organonitrogen compounds 1.5E-04 4.6E-02 4.9E-02 8.26* 0.09 8.35*
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at ensiling resulted in a decline in silage acetate concentra-
tion (after 60 days).

Lower silage pH in LP-inoculated silages was expected as 
inoculation with homolactic acid bacteria has usually con-
tributed to higher lactic acid production (McDonald et al. 
1991). However, the extent of pH reduction in response to 
homolactic inoculants depends on forage biomass, as higher 
acidification usually occurs in forages with lower buffer-
ing capacity (Muck and Kung 1997). Increased silage pH 
in high- vs. low-DM silages was likely a function of greater 
lactic acid formation in low-DM silages. In the first-cut 
grass silages, Guo et al. (2013) also reported that silage pH 
increased from 4.83 to 5.10 as the forage DM content at 
ensiling increased from 18 to 49%. However, an opposite 
trend was identified in second-cut grass silages.

Although LP inoculation did not have a significant impact 
on DM loss during ensiling, there was a significant difference 
in DM loss between low- and high-DM sorghum silages. The 
low-DM silage experienced a higher DM loss of 14.4% vs. 
only a 6.62% loss in high-DM silage. The loss of DM in 
silages is undesirable because it implies the wastage of valu-
able feed nutrients that could have been utilized by animals 
(Robinson et al. 2016). The variation in DM loss resulting 
from different DM contents during ensiling can be attributed 
to the presence of a highly active microbial population and 
a faster rate of fermentation in low-DM silage, as these fac-
tors may promote oxidation of organic matter (Wilkinson and 
Davies 2013; Kim et al. 2016). Ensiling low-DM forages may 
delay pH reduction, possibly causing a less inhibitory effect 
on the growth and activity of undesirable microorganisms, 
which thus may increase nutrient loss during the early stages 
of ensiling fermentation (Ellis et al. 2016; Xia et al. 2023).

Microbial diversity

The fermentation process during ensiling, LP inoculation, 
and DM content at ensiling resulted in significant differences 

in bacterial diversity based on Chao1, an estimator of spe-
cies richness, and Shannon index, a measure of species 
diversity (Ogunade et al. 2018; Dong et al. 2020). In support, 
previous studies have also reported that ensiling fermenta-
tion would decrease the richness and diversity of the bacte-
rial community residing within the silage mass (Wang et al. 
2020; Xu et al. 2021). Some epiphytic bacteria are unable 
to adapt to anaerobic conditions, particularly the low pH of 
silage mass. This may result in their disappearance during 
ensiling, potentially restricting microbial diversity within 
the acidic environment of the silage (Méndez-García et al. 
2015; Zheng et al. 2017; Guan et al. 2020).

Dynamic changes in bacterial communities

In support of our finding that epiphytic lactobacilli abun-
dance was very low in both low- or high-DM sorghum, Yan 
et al. (2019b) and Guan et al. (2020) also identified a very 
low abundance of epiphytic lactobacilli communities in 
Italian ryegrass and Napier grass, respectively. Keshri et al. 
(2018) also reported that Lactobacillus species existed at a 
much lower abundance in fresh corn forage but represented 
the dominant species in 90-day silages (both non-inoculated 
and LP-inoculated silages). Domination of LAB in a silage 
microbial community is crucial for successful silage fer-
mentation, playing a key role in lactic acid production and 
acidification during the ensiling fermentation in different 
forages (Kim et al. 2021; Mu et al. 2021). Plant species, 
climatic conditions, and the type of fertilizer used have been 
identified as potential factors determining the colonization 
and, thus, the abundance of epiphytic bacterial communities 
(McGarvey et al. 2013; McAllister et al. 2018).

Consistent with our finding that L. buchneri was the dom-
inant species in 90-day silages, a corn silage study reported 
that although LP was dominant at the beginning of the silage 
fermentation, L. buchneri began to dominate the silage 

FM, fresh sorghum forage before ensiling; CON, sorghum silage without L. plantarum inoculation (control); LP, sorghum silage with L. plan-
tarum inoculation
* Indication of a significant effect (P < 0.05)

Table 3   (continued)

Adenosine Purine nucleosides 1.8E-01 1.1E-03 1.3E-02  − 7.35* 3.56  − 3.79*
Nicotinic acid Pyridines and derivatives 2.2E-03 2.2E-03 1.0E-03  − 0.00  − 1.14*  − 1.14*
Pyridoxine Pyridines and derivatives 3.0E-04 2.2E-03 1.8E-03 2.87*  − 0.29 2.58
Cytarabine Pyrimidine nucleosides 1.1E-02 1.1E-04 7.4E-04  − 6.64* 2.75  − 3.89*
Thymidine Pyrimidine nucleosides 4.0E-04 1.5E-05 4.4E-05  − 4.74* 1.55  − 3.18*
p-coumaric acid Hydroxycinnamic acids 2.3E-05 8.8E-06 1.4E-05  − 1.40* 0.67  − 0.73
Caffeic acid Hydroxycinnamic acids 3.5E-06 1.1E-03 8.8E-04 8.31*  − 0.34 7.97
Herniarin Coumarins and derivatives 2.8E-03 6.2E-03 1.1E-02 1.17* 0.87* 2.04*
Trans-cinnamic acid Cinnamic acids and deriva-

tives
2.6E-03 8.5E-03 5.4E-03 1.72*  − 0.66 1.07
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Table 4   Differential metabolites of high-dry matter (39%) sorghum silage with or without inoculation

Metabolites Class Relative concentration Fold change

FM CON LP Log2 (CON/FM) Log2 (LP/CON) Log2 (LP/FM)

2-Hydroxybenzaldehyde Benzene and substituted 
derivatives

2.6E-03 9.9E-03 1.1E-02 1.93* 0.15 2.08*

Gallic acid Benzene and substituted 
derivatives

2.1E-07 1.7E-05 1.6E-05 6.34*  − 0.09 6.25

Gentisic acid Benzene and substituted 
derivatives

2.1E-07 4.4E-05 1.5E-04 7.71* 1.77* 9.48*

Cis-aconitic acid Carboxylic acids and deriva-
tives

1.8E-02 1.0E-02 1.2E-02  − 0.85* 0.26  − 0.58*

Gamma-glutamyl leucine Carboxylic acids and deriva-
tives

2.1E-03 5.2E-04 2.9E-04  − 2.01*  − 0.84  − 2.86*

L-Histidine Carboxylic acids and deriva-
tives

1.1E-04 3.3E-04 3.4E-04 1.58* 0.04 1.63*

L-Methionine Carboxylic acids and deriva-
tives

1.9E-04 1.6E-02 1.5E-02 6.40*  − 0.09 6.30*

L-Tyrosine Carboxylic acids and deriva-
tives

1.5E-04 5.6E-04 5.5E-04 1.90*  − 0.03 1.87*

L-Valine Carboxylic acids and deriva-
tives

1.3E-04 7.8E-04 7.2E-04 2.58*  − 0.12 2.47

Ornithine Carboxylic acids and deriva-
tives

1.6E-03 1.3E-02 1.6E-02 3.02 0.30* 3.32

Pipecolic acid Carboxylic acids and deriva-
tives

2.3E-03 3.6E-02 3.5E-02 3.97*  − 0.04 3.93*

Pyroglutamic acid Carboxylic acids and deriva-
tives

2.1E-07 5.5E-05 4.0E-05 8.03*  − 0.46 7.57

Succinic acid Carboxylic acids and deriva-
tives

4.1E-05 5.1E-04 5.7E-04 3.64* 0.16 3.80*

Trans-aconitic acid Carboxylic acids and deriva-
tives

3.5E-04 1.5E-03 1.6E-03 2.10* 0.09 2.19*

3,4-Dihydroxy-trans-cinna-
mate

Cinnamic acids and deriva-
tives

2.2E-05 9.0E-05 1.3E-04 2.03* 0.53 2.56*

Coumarin Coumarins and derivatives 1.8E-03 8.0E-03 9.0E-03 2.15* 0.17 2.32*
Apigenin Flavonoids 1.8E-04 1.4E-03 2.0E-03 2.96* 0.51 3.47*
Chrysoeriol Flavonoids 3.3E-04 5.5E-03 4.0E-03 4.06*  − 0.46* 3.60*
Isorhamnetin Flavonoids 7.3E-05 5.7E-04 4.7E-04 2.96*  − 0.28 2.69*
Malvidin 3-glucoside Flavonoids 3.7E-02 4.1E-03 7.5E-03  − 3.17 0.87  − 2.30*
Petunidin 3-glucoside Flavonoids 3.5E-03 5.7E-04 1.1E-03  − 2.62* 0.95  − 1.67*
Malic acid Hydroxy acids and deriva-

tives
3.0E-03 2.7E-04 1.5E-04  − 3.47  − 0.85*  − 4.32

Adenine Imidazopyrimidines 1.3E-02 1.8E-04 1.1E-04  − 6.17*  − 0.71  − 6.88*
Uric acid Imidazopyrimidines 2.1E-07 3.1E-05 2.9E-05 7.21*  − 0.10 7.11*
(Â ±)-Tryptophan Indoles and derivatives 2.7E-02 2.8E-02 3.4E-02 0.05 0.28* 0.33*
1H-Indole-3-carboxaldehyde Indoles and derivatives 2.6E-05 8.1E-06 6.8E-06  − 1.68*  − 0.25  − 1.93*
Beta-Carboline Indoles and derivatives 2.2E-05 3.3E-04 1.5E-04 3.91*  − 1.14* 2.77*
Ile Gly Mini peptide 2.8E-04 2.9E-03 1.7E-03 3.37*  − 0.77* 2.60*
Ser Gly Ile Mini peptide 8.7E-05 1.7E-04 1.1E-04 0.97*  − 0.63* 0.34
Ser Val Glu Mini peptide 7.3E-04 1.9E-04 1.1E-04  − 1.94*  − 0.79  − 2.73*
Acetylcholine Organonitrogen compounds 1.4E-04 3.2E-02 3.4E-02 7.84* 0.09 7.92*
Adenosine Purine nucleosides 1.7E-01 1.2E-03 1.4E-03  − 7.15 0.22  − 6.92*
Nicotinic acid Pyridines and derivatives 1.9E-03 2.5E-03 2.5E-03 0.40* 0.00 0.40*
Pyridoxine Pyridines and derivatives 4.4E-04 1.6E-03 1.7E-03 1.86* 0.09 1.95*
Cytarabine Pyrimidine nucleosides 8.4E-03 1.3E-03 2.9E-04  − 2.69*  − 2.16*  − 4.86*
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microbial community after 7 days of fermentation and was 
the most prevalent species after 60 days of ensiling (Zhou 
et al. 2016). Xu et al. (2020) also reported that LP inocula-
tion of sainfoin raised the relative abundance of L. buch-
neri while decreasing the abundance of other species after 
90 days of silage fermentation. Ferrero et al. (2019) reported 
that the relative abundance of L. buchneri was higher in the 
stable phase of silage fermentation than in the early stage. 
In agreement, Weinberg and Chen (2013) reported that as 
silage fermentation progresses, lactic acid concentration 
decreases while acetic acid concentration increases in both 
wheat and corn silage, which was related to the domination 
of L. buchneri within the silage microbial community. L. 
buchneri abundance in silages may suggest the tolerance 
of this bacterium to the acidic silage environment and its 
strong competition with other silage microbial communities 
at the late phase of ensiling fermentation (Guo et al. 2018). 
Contrary to our observation, Guo et al. (2018) reported that 
L. buchneri represented a small proportion of the microbial 
community in alfalfa silage when sampled at 60 or 90 days. 
The inconsistency likely originates from the differences in 
forage species as well as the epiphytic bacterial composition 
before ensiling (Parvin and Nishino 2009). Silage micro-
bial community is a critical factor influencing silage quality 
parameters (Ni et al. 2018; Yang and Wang 2018). In this 
experiment, silage quality parameters were limited to acidity 
and organic acids, and additional information is needed to 
better interpret the differences in silage quality parameters 
among the silage groups.

Metabolome profiling

During the ensiling fermentation, proteins may undergo 
proteolysis by plant proteases, leading to their degradation 
into peptides and free amino acids (McDonald et al. 1991). 
A rapid decrease in silage pH may impede proteolysis (Guo 
et al. 2007). By adding homolactic LAB during ensiling, 
lactic acid may accumulate faster in the initial stages of 

fermentation, which aids in lowering the pH at a quicker rate 
(Ranjit and Kung 2000; Ávila et al. 2014). This may help to 
explain why fewer small peptides existed in silages inocu-
lated with LP as a faster pH decline during the early phases 
of ensiling may contribute to faster inhibition of proteolysis 
dynamics, thereby reducing hydrolysis of forage proteins 
into peptides, free amino acids, and ammonia (Guo et al. 
2007). However, it should be noted that this explanation is 
speculative as we did not collect the pH data during the early 
stage of fermentation in this experiment.

More recently, Xia et al. (2023) investigated the impact of 
L. rhamnosus inoculation on the metabolome profile of low-
DM (17.7%) Italian ryegrass silage. The authors reported 
that this homofermentative strain resulted in an upregula-
tion of flavonoid compounds in the flavone and flavonol 
biosynthesis pathway, which thereby increased apigenin 
concentration after 60 days of ensiling fermentation. An 
untargeted metabolomics of Broussonetia papyrifera silage 
demonstrated an increased abundance of apigenin with LP 
inoculation (Niu et al. 2022). Zou et al. (2023) also reported 
an accumulation of apigenin as the ensiling fermentation of 
Moringa oleifera leaves progressed. In the animal nutrition 
context, flavonoids, including apigenin, have shown anti-
oxidative and anti-inflammatory properties with potential 
effects on rumen fermentation function, animal productivity, 
and health, particularly increasing resilience during stress 
exposure (Olagaray and Bradford 2019). An in vitro study 
demonstrated the modifying effect of apigenin on bovine 
abomasal contractility as they reported the myorelaxation 
effect of apigenin on smooth muscles in a dose-dependent 
manner (0.1 to 100 µM; Mendel et al. 2016).

Increased accumulation of caffeic acid with ensiling 
fermentation could possibly be explained by the action of 
metabolic enzymes of LP hydrolyzing phenolic acids to 
derivatives, such as caffeic acid. This observation may help 
to explain the increased antioxidant activity resulting from 
LAB fermentation in food and by-products (Khubber et al. 
2022). Lactic acid fermentation of apple juice increased 

FM, fresh sorghum forage before ensiling; CON, sorghum silage without L. plantarum inoculation (control); LP, sorghum silage with L. plan-
tarum inoculation
* Indication of a significant effect (P < 0.05)

Table 4   (continued)

Metabolites Class Relative concentration Fold change

FM CON LP Log2 (CON/FM) Log2 (LP/CON) Log2 (LP/FM)

Thymidine Pyrimidine nucleosides 3.1E-04 2.7E-04 7.7E-05  − 0.20  − 1.81*  − 2.01*
p-coumaric acid Hydroxycinnamic acids 2.0E-05 9.2E-06 1.2E-05  − 1.14* 0.34  − 0.79
Caffeic acid Hydroxycinnamic acids 7.9E-06 6.3E-04 7.3E-04 6.33* 0.21 6.53*
Herniarin Coumarins and derivatives 1.9E-03 8.1E-03 8.1E-03 2.11* 0.00 2.11*
Trans-cinnamic acid Cinnamic acids and deriva-

tives
2.6E-03 7.0E-03 6.8E-03 1.41*  − 0.04 1.37*
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caffeic acid concentration, but decreased total phenols, 
highlighting the bioconversion of phenols to individual 
phenolic acids (Wu et al. 2020). Caffeic acid may modulate 
methanogenesis and rumen fermentation by influencing the 
growth and activity of cellulolytic bacteria residing in the 
rumen ecosystem. For example, Jin et al. (2021) reported 
the in vitro anti-methanogenic properties of caffeic acid in 
a high-forage treatment.

P-coumaric acid in plant cell walls is primarily bound to 
lignin via ester bonds, and it has been suggested that LAB 
can degrade these ester bonds during ensiling fermentation 
and release phenolic acids linked by esters (Cao et al. 2016; 
Xie et al. 2021). LAB metabolism during ensiling fermen-
tation includes dynamic processes, including de-esterifica-
tion, hydrolysis, or transformation of phenolic compounds 
(Rodríguez et al. 2009; Khubber et al. 2022). A plausible 
mechanism contributing to the reduction in the concentra-
tion of p-coumaric acid in ensiled forages may involve its 
conversion into other phenolic compounds during the ensil-
ing fermentation process. For example, it has been demon-
strated that L. plantarum possesses the capability to convert 
p-coumaric acid into vinyl phenol through the action of 
the phenolic acid decarboxylase enzyme (Rodríguez et al. 
2009). In support of our finding, Wang et al. (2022) also 
reported that during 60 days of ensiling whole-plant corn 
forage, p-coumaric acid concentration decreased, the extent 
of which was greater in LP-inoculated silage. Giuburuncă 
et al. (2015) reported that caffeic acid and p-coumaric acid 
addition at a concentration of 6 mM resulted in a decrease 
in ruminal methane emissions without affecting other rumi-
nal fermentation parameters. Adding hydroxycinnamic 
acids (caffeic acid and p-coumaric acid) to animal diets has 
resulted in improved growth performance, animal health, 
and meat quality (Jiang and Xiong 2016; Waghorn and 
McNabb 2003; Peña-Torres et al. 2019).

Accumulation of gallic acid by the ensiling fermenta-
tion in both low- and high-DM forages aligns with pre-
vious studies that have shown anaerobic fermentation to 
be conducive to the formation and accumulation of gallic 
acid (Huang et al. 2016; Zhang et al. 2020). For example, 
Zhang et al. (2020) reported that gallic acid concentration 
increased in pickled tea after 18 days of anaerobic fermen-
tation and attributed this biotransformation to a decrease 
in epiafzelechin-3-O-gallate, epicatechin gallate, and 
7-galloylcatechin, which are likely key precursors to gal-
lic acid formation during anaerobic fermentation. Previous 
studies have reported that gallic acid addition to whole-
plant soybean silage (Wang et al. 2021) and high-moisture 
mulberry leaves (He et al. 2020) improved silage fermenta-
tion quality. Using the rumen simulation technique, Wei 
et al. (2019) reported that methane production decreased 
after 24 and 48 h when gallic acid was added at 10 mg/g 
DM, while fiber degradability increased. Additionally, 

as gallic acid concentration increased (0 to 20 mg gallic 
acid/g DM), rumen ammonia-N concentration decreased, 
an indication of improved N-use efficiency.

There is conflicting information in the literature about 
how the concentration of chrysoeriol metabolite changes 
during ensiling fermentation. Su et al. (2023) reported that 
after fermenting whole-plant corn forage (which had a DM 
content of 25.5%) for 60 days, the chrysoeriol concentra-
tion increased. However, Xu et al. (2020) studied the bio-
transformation of phenolic compounds in sainfoin silage 
and found that chrysoeriol concentration increased relative 
to fresh biomass. This suggests that the biotransforma-
tion of phenolic compounds during ensiling fermentation 
depends on the type of substrate, as well as the species and 
strain dominating lactic acid fermentation.

Isorhamnetin is a flavonoid compound with anti-inflam-
matory and antioxidant properties (Gong et al. 2020). Gu 
et al. (2019) reported a higher concentration of isorham-
netin metabolite in Hippophae rhamnoides leaves after 
undergoing a fermentation process and attributed this 
increase to the deglycosylation reaction facilitated by 
β-glucosidase occurring during this bioconversion process. 
This explanation was supported by a decrease in flavo-
noid glycosides after the fermentation. Sun et al. (2021) 
also reported that LP inoculation of Cyperus esculentus L. 
leaves followed by 60-day ensiling resulted in the accumu-
lation of isorhamnetin. Similarly, Su et al. (2023) reported 
an increased concentration of isorhamnetin in corn silage 
after 60 days of fermentation, regardless of LP inoculation.

In conclusion, this study provided a thorough descrip-
tion of the microbiome and metabolome alterations occur-
ring during the ensiling fermentation of whole-plant sor-
ghum. Ensiling sorghum forage with a lower DM content 
led to higher lactic and acetic acid production and a lower 
pH in the silage after a 90-day fermentation period. Micro-
biome analysis suggested that Pseudomonas congelans 
represented the dominant species of the epiphytic micro-
biota in both DM contents before ensiling, but L. buchneri 
represented the dominant species at the end of ensiling 
(day 90). Metabolome profiling analysis identified varia-
tions in the relative concentration of several metabolites as 
a function of LP inoculation and DM content at ensiling, 
highlighting the importance of these factors in promoting 
the biosynthesis pathways or breakdown of metabolites, 
which may imply the involvement of microbial processes 
either through the synthesis pathway, transformation, or 
increased release during the ensiling fermentation.

Author contribution  ZAK: Methodology, Investigation, Formal Analy-
sis, Writing—original draft. DX: Methodology, Investigation, Writ-
ing—review & editing. RU: Methodology, Writing—review & editing. 
XG: Conceptualization, resources, supervision, project administration, 



	 Applied Microbiology and Biotechnology (2024) 108:257257  Page 12 of 14

funding acquisition, Writing—review & editing. All authors have read 
and agreed to the published version of the manuscript.

Funding  The National Natural Science Fundation of China (No. 
U20A2002).

Data availability  The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Raw sequencing files and associated metadata have been deposited 
at NCBI's Sequence Read Archive (accession PRJNA1040454), http://​
www.​ncbi.​nlm.​nih.​gov/​sra.

Declarations 

Ethics approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Conflict of interest  None.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Almodares A, Hadi MR, Kharazian ZA (2011) Sweet sorghum: salt tol-
erance and high biomass sugar crop. Biomass-detection, produc-
tion and usage. InTech open, Rijeka, Croatia 10(19044):441–460

Ávila CLS, Carvalho BF, Pinto JC, Duarte WF, Schwan RF (2014) The 
use of Lactobacillus species as starter cultures for enhancing the 
quality of sugar cane silage. J Dairy Sci 97:940–951

Cao BB, Wang R, Bo YK, Bai S, Yang HJ (2016) In situ rumen digest-
ibility of ester-linked ferulic and p-coumaric acids in crop stover 
or straws in comparison with alfalfa and Chinese wild ryegrass 
hays. Anim Feed Sci Technol 212:27–34

Chen L, Dong Z, Li J, Shao T (2019) Ensiling characteristics, in vitro 
rumen fermentation, microbial communities, and aerobic stability 
of low-dry matter silages produced with sweet sorghum and alfalfa 
mixtures. J Sci Food Agric 99:2140–2151

Diepersloot EC, Pupo MR, Ghizzi LG, Gusmão JO, Heinzen C Jr, 
McCary CL, Wallau MO, Ferraretto LF (2021) Effects of micro-
bial inoculation and storage length on fermentation profile and 
nutrient composition of whole-plant sorghum silage of different 
varieties. Front Microbiol 12:660567

Dong Z, Shao T, Li J, Yang L, Yuan X (2020) Effect of alfalfa microbi-
ota on fermentation quality and bacterial community succession in 
fresh or sterile Napier grass silages. J Dairy Sci 103(5):4288–4301

Driehuis F (2013) Silage and the safety and quality of dairy foods: a 
review. Agric Food Sci 22:16–34

Ellis JL, Hindrichsen IK, Klop G, Kinley RD, Milora N, Bannink A, 
Dijkstra J (2016) Effects of lactic acid bacteria silage inoculation 

on methane emission and productivity of Holstein Friesian dairy 
cattle. J Dairy Sci 99:7159–7174

Ferrero F, Piano S, Tabacco E, Borreani G (2019) Effects of conserva-
tion period and Lactobacillus hilgardii inoculum on the fermen-
tation profile and aerobic stability of whole corn and sorghum 
silages. J Sci Food Agric 99:2530–2540

Formato M, Cimmino G, Brahmi-Chendouh N, Piccolella S, Pacifico 
S (2022) Polyphenols for livestock feed: sustainable perspectives 
for animal husbandry? Molecules 27:7752

Giuburuncă M, Criste A, Mireşan V (2015) Effects of p-coumaric acid 
on ruminal fermentation parameters in in vitro ruminal cultures. 
Bull UASVM J Anim Sci Biotechnol 72:1

Gong G, Guan YY, Zhang ZL, Rahman K, Wang SJ, Zhou S, Luan 
X, Zhang H (2020) Isorhamnetin: a review of pharmacological 
effects. Biomed Pharmacother 128:110301

Gu Q, Duan G, Yu X (2019) Bioconversion of flavonoid glycosides 
from Hippophae rhamnoides leaves into flavonoid aglycones by 
Eurotium amstelodami. Microorganisms 7(5):122

Guan H, Shuai Y, Ran Q, Yan Y, Wang X, Li D, Cai Y, Zhang X 
(2020) The microbiome and metabolome of Napier grass silages 
prepared with screened lactic acid bacteria during ensiling and 
aerobic exposure. Anim Feed Sci Technol 269:114673

Guo X, Zhou H, Yu Z, Zhang Y (2007) Changes in the distribution of 
nitrogen and plant enzymatic activity during ensilage of lucerne 
treated with different additives. Grass Forage Sci. 62(1):35–43

Guo X, Undersander D, Combs D (2013) Effect of Lactobacillus inocu-
lants and forage dry matter on the fermentation and aerobic stabil-
ity of ensiled mixed-crop tall fescue and meadow fescue. J Dairy 
Sci 96:1735–1744

Guo X, Ke W, Ding W, Ding L, Xu D, Wang W, Zhang P, Yang F 
(2018) Profiling of metabolome and bacterial community dynam-
ics in ensiled Medicago sativa inoculated without or with Lac-
tobacillus plantarum or Lactobacillus buchneri. Sci Rep 8:357

He L, Chen N, Lv H, Wang C, Zhou W, Chen X et al (2020) Gallic 
acid influencing fermentation quality, nitrogen distribution and 
bacterial community of high-moisture mulberry leaves and stylo 
silage. Bioresour Technol 295:122255

Hu W, Schmidt R, McDonell E, Klingerman C, Kung L Jr (2009) 
The effect of Lactobacillus buchneri 40788 or Lactobacillus 
plantarum MTD-1 on the fermentation and aerobic stability 
of corn silages ensiled at two dry matter contents. J Dairy Sci 
92:3907–3914

Huang Y, Xiao X, Cong L, Wu M, Huang Y, Yao Y (2016) A fermented 
tea with high levels of gallic acid processed by anaerobic solid-
state fermentation. LWT - Food Sci Technol 71:260–267

Jiang J, Xiong YL (2016) Natural antioxidants as food and feed addi-
tives to promote health benefits and quality of meat products: A 
review. Meat Sci 120:107–117

Jin Q, You W, Tan X, Liu G, Zhang X, Liu X, Wan F, Wei C (2021) 
Caffeic acid modulates methane production and rumen fermen-
tation in an opposite way with high-forage or high-concentrate 
substrate in vitro. J Sci Food Agric 101(7):3013–3020

Ke W, Ding Z, Li F, Xu D, Bai J, Muhammad I, Zhang Y, Zhao L, Guo 
X (2022) Effects of malic or citric acid on the fermentation qual-
ity, proteolysis and lipolysis of alfalfa silage ensiled at two dry 
matter contents. J Anim Physiol Anim Nutr 106:988–994

Keshri J, Chen Y, Pinto R, Kroupitski Y, Weinberg ZG, Sela S (2018) 
Microbiome dynamics during ensiling of corn with and without 
Lactobacillus plantarum inoculant. Appl Microbiol Biotechnol 
102:4025–4037

Khubber S, Marti-Quijal FJ, Tomasevic I, Remize F, Barba FJ (2022) 
Lactic acid fermentation as a useful strategy to recover antimicro-
bial and antioxidant compounds from food and by-products. Curr 
Opin Food Sci 43:189–198

Kim J, Lee Y, Kim Y, Ahmadi F, Oh Y, Park J, Kwak W (2016) Effect 
of microbial inoculant or molasses on fermentative quality and 

http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra
http://creativecommons.org/licenses/by/4.0/


Applied Microbiology and Biotechnology (2024) 108:257	 Page 13 of 14  257

aerobic stability of sawdust-based spent mushroom substrate. 
Bioresour Technol 216:188–195

Kim D, Lee KD, Choi KC, Kim D, Lee KD, Choi KC (2021) Role 
of LAB in silage fermentation: effect on nutritional quality 
and organic acid production—an overview. AIMS Agric Food 
6:216–234

Liu Q, Zhang J, Shi S, Sun Q (2011) The effects of wilting and storage 
temperatures on the fermentation quality and aerobic stability of 
stylo silage. Anim Sci J 82:549–553

Liu W, Pang H, Zhang H, Cai Y (2014) Biodiversity of lactic acid bac-
teria. In: Zhang Y, Cai Y (eds) Lactic Acid Bacteria, Springer Sci-
ence + Business Media. The Netherlands, Dordrecht, pp 103–203

Liu Q, Li B, Li Y, Wei Y, Huang B, Liang J, You Z, Li Y, Qian Q, 
Wang R, Zhang J, Chen R, Lyu Z, Chen Y, Shi M, Xiao X, 
Wang Q, Miao Q, Fang JY, Gershwin ME, Lian M, Ma X, Tang 
R (2022) Altered faecal microbiome and metabolome in IgG4-
related sclerosing cholangitis and primary sclerosing cholangitis. 
Gut 71:899–909

McAllister T, Dunière L, Drouin P, Xu S, Wang Y, Munns K, Zaheer 
R (2018) Silage review: using molecular approaches to define the 
microbial ecology of silage. J Dairy Sci 101:4060–4074

McDonald P, Henderson A, Heron SJE (1991) The biochemistry of 
silage. 2nd ed. Chalcomb Publ, 3 Marlow, p 340

McGarvey J, Franco R, Palumbo J, Hnasko R, Stanker L, Mitloehner 
F (2013) Bacterial population dynamics during the ensiling of 
Medicago sativa (alfalfa) and subsequent exposure to air. J Appl 
Microbiol 114(6):1661–1670

Mendel M, Chłopecka M, Dziekan N, Karlik W (2016) Modification of 
abomasum contractility by flavonoids present in ruminants diet: 
in vitro study. Anim 10(9):1431–1438

Méndez-García C, Peláez AI, Mesa V, Sánchez J, Golyshina OV, Ferrer 
M (2015) Microbial diversity and metabolic networks in acid mine 
drainage habitats. Front Microbiol 6:475

Mosher JJ, Bernberg EL, Shevchenko O, Kan J, Kaplan LA (2013) 
Efficacy of a 3rd generation high-throughput sequencing platform 
for analyses of 16S rRNA genes from environmental samples. J 
Microbiol Method 95(2):175–181

Mu L, Xie Z, Hu L, Chen G, Zhang Z (2021) Lactobacillus plantarum 
and molasses alter dynamic chemical composition, microbial 
community, and aerobic stability of mixed (amaranth and rice 
straw) silage. J Sci Food Agric 101(12):5225–5235

Muck R (1990) Dry matter level effects on alfalfa silage quality II. 
fermentation products and starch hydrolysis. Trans ASAE 
33(2):373–0381

Muck RE (2010) Silage microbiology and its control through additives. 
Rev Bras De Zootec 39:183–191

Muck RE, Kung L Jr (1997) Effects of silage additives on ensiling. 
Field to Feedbunk. NRAES. Ithaca, New York, USA, Silage

Muck R, Nadeau E, McAllister T, Contreras-Govea F, Santos M, Kung 
L Jr (2018) Silage review: recent advances and future uses of 
silage additives. J Dairy Sci 101(5):3980–4000

Ni K, Zhao J, Zhu B, Su R, Pan Y, Ma J, Zhou G, Tao Y, Liu X, Zhong 
J (2018) Assessing the fermentation quality and microbial com-
munity of the mixed silage of forage soybean with crop corn or 
sorghum. Bioresour Technol 265:563–567

Niu K, Khosravic S, Wang Y, Zhai Z, Wang R, Liu J, Cai L, Li J, Deng 
L, Wu X (2022) Multi-omics-based functional characterization of 
hybrid fermented Broussonetia papyrifera: a preliminary study on 
gut health of laying hens. Ferment 8(10):547

Ogunade I, Jiang Y, Cervantes AP, Kim D, Oliveira A, Vyas D, Wein-
berg Z, Jeong K, Adesogan A (2018) Bacterial diversity and com-
position of alfalfa silage as analyzed by Illumina MiSeq sequenc-
ing: effects of Escherichia coli O157: H7 and silage additives. J 
Dairy Sci 101(3):2048–2059

Olagaray K, Bradford B (2019) Plant flavonoids to improve productiv-
ity of ruminants – a review. Anim Feed Sci Technol 251:21–36

Oliveira AS, Weinberg ZG, Ogunade IM, Cervantes AA, Arriola KG, 
Jiang Y, Kim D, Li X, Gonçalves MC, Vyas D (2017) Meta-anal-
ysis of effects of inoculation with homofermentative and faculta-
tive heterofermentative lactic acid bacteria on silage fermentation, 
aerobic stability, and the performance of dairy cows. J Dairy Sci 
100(6):4587–4603

Parvin S, Nishino N (2009) Bacterial community associated with 
ensilage process of wilted guinea grass. J Appl Microbiol 
107(6):2029–2036

Peña-Torres EF, González-Ríos H, Avendaño-Reyes L, Valenzuela-
Grijalva NV, Pinelli-Saavedra A, Muhlia-Almazán A, Peña-Ramos 
EA (2019) Hydroxycinnamic acids in animal production: pharma-
cokinetics, pharmacodynamics and growth promoting effects. Rev 
Rev Mex Cienc Pecu 10(2):391–415

Qu H, Liu XB, Dong CF, Lu XY, Shen YX (2014) Field performance 
and nutritive value of sweet sorghum in eastern China. Field 
Crops Res 157:84–88

Ranjit NK, Kung L Jr (2000) The effect of Lactobacillus buchneri, 
Lactobacillus plantarum, or a chemical preservative on the 
fermentation and aerobic stability of corn silage. J Dairy Sci 
83(3):526–535

Robinson P, Swanepoel N, Heguy J, Price P, Meyer D (2016) Total 
‘shrink’ losses, and where they occur, in commercially sized 
silage piles constructed from immature and mature cereal crops. 
Sci Total Environ 559:45–52

Rodríguez H, Curiel JA, Landete JM, de las Rivas B, de Felipe FL, 
Gómez-Cordovés C, Mancheño JM, Muñoz R (2009) Food pheno-
lics and lactic acid bacteria. Int J Food Microbiol 132(2–3):79–90

Su R, Ke W, Usman S, Bai J, Kharazian Z, Guo X (2023) Dry matter 
content and inoculant alter the metabolome and bacterial com-
munity of alfalfa ensiled at high temperature. Appl Microbiol 
Biotechnol 107:3443–3457

Sun J, Wang T, Huang F, Liu Y, Shi W, Ma C, Zhong J (2021) Silage 
fermentation: a potential microbial approach for the forage utili-
zation of Cyperus esculentus L. by-product. Ferment. 7(4):273

Tsen SY, Siew J, Lau EKL, Afiqah bte Roslee F, Chan HM, Loke WM 
(2014) Cow’s milk as a dietary source of equol and phenolic anti-
oxidants: differential distribution in the milk aqueous and lipid 
fractions. Dairy Sci Technol 94:625–632

Waghorn GC, McNabb WC (2003) Consequences of plant phenolic 
compounds for productivity and health of ruminants. Proc Nutr 
Soc 62(2):383–392

Wang S, Zhao J, Dong Z, Li J, Kaka NA, Shao T (2020) Sequencing 
and microbiota transplantation to determine the role of micro-
biota on the fermentation type of oat silage. Bioresour Technol 
309:123371

Wang C, Zheng M, Wu S, Zou X, Chen X, Ge L et al (2021) Effects 
of gallic acid on fermentation parameters, protein fraction, and 
bacterial community of whole plant soybean silage. Front Micro-
biol 12:662966

Wang YL, Wang WK, Wu QC, Zhang F, Li WJ, Yang ZM, Bo YK, 
Yang HJ (2022) The effect of different lactic acid bacteria inocu-
lants on silage quality, phenolic acid profiles, bacterial commu-
nity and in vitro rumen fermentation characteristic of whole corn 
silage. Ferment 8(6):285

Waqas M, Salman M, Sharif MS (2023) Application of polyphenolic 
compounds in animal nutrition and their promising effects. J Anim 
Feed Sci 32(3):233–256

Wei C, Guyader J, Collazos L, Beauchemin KA, Zhao GY (2019) 
Effects of gallic acid on in vitro rumen fermentation and methane 
production using rumen simulation (Rusitec) and batch-culture 
techniques. Anim Prod Sci 59(2):277–287



	 Applied Microbiology and Biotechnology (2024) 108:257257  Page 14 of 14

Weinberg Z, Chen Y (2013) Effects of storage period on the composi-
tion of whole crop wheat and corn silages. Anim Feed Sci Technol 
185:196–200

Wilkinson J, Davies D (2013) The aerobic stability of silage: key find-
ings and recent developments. Grass Forage Sci 68(1):1–19

Wood DE, Salzberg SL (2014) Kraken: ultrafast metagenomic sequence 
classification using exact alignments. Genome Biol 15(3):1–12

Wu C, Li T, Qi J, Jiang T, Xu H, Lei H (2020) Effects of lactic acid fer-
mentation-based biotransformation on phenolic profiles, antioxi-
dant capacity and flavor volatiles of apple juice. Lwt 122:109064

Xia GH, Wu CR, Zhang MZ, Yang F, Chen C, Hao J (2023) The 
metabolome and bacterial composition of high-moisture Italian 
ryegrass silage inoculated with lactic acid bacteria during ensil-
ing. Biotechnol Biofuels Bioprod 16(1):91

Xie Y, Guo J, Li W, Wu Z, Yu Z (2021) Effects of ferulic acid ester-
ase-producing lactic acid bacteria and storage temperature on 
the fermentation quality, in vitro digestibility and phenolic acid 
extraction yields of sorghum (Sorghum bicolor L.) silage. Micro-
organisms 9(1):114

Xu D, Ding W, Ke W, Li F, Zhang P, Guo X (2019) Modulation of 
metabolome and bacterial community in whole crop corn silage 
by inoculating homofermentative Lactobacillus plantarum and 
heterofermentative Lactobacillus buchneri. Front Microbiol 
9:3299

Xu D, Ding Z, Wang M, Bai J, Ke W, Zhang Y, Guo X (2020) Char-
acterization of the microbial community, metabolome and bio-
transformation of phenolic compounds of sainfoin (Onobrychis 
viciifolia) silage ensiled with or without inoculation of Lactobacil-
lus plantarum. Bioresour Technol 316:123910

Xu D, Wang N, Rinne M, Ke W, Weinberg ZG, Da M, Bai J, Zhang 
Y, Li F, Guo X (2021) The bacterial community and metabolome 
dynamics and their interactions modulate fermentation process 
of whole crop corn silage prepared with or without inoculants. 
Microb Biotechnol 14(2):561–576

Yan N, Du Y, Liu X, Chu M, Shi J, Zhang H, Liu Y, Zhang Z (2019a) 
A comparative UHPLC-QqQ-MS-based metabolomics approach 
for evaluating Chinese and North American wild rice. Food Chem 
275:618–627

Yan Y, Li X, Guan H, Huang L, Ma X, Peng Y, Li Z, Nie G, Zhou J, 
Yang W (2019b) Microbial community and fermentation charac-
teristic of Italian ryegrass silage prepared with corn stover and 
lactic acid bacteria. Bioresour Technol 279:166–173

Yang G, Wang J (2018) Kinetics and microbial community analysis 
for hydrogen production using raw grass inoculated with different 
pretreated mixed culture. Bioresour Technol 247:954–962

Zhang H, Liu YZ, Xu WC, Chen WJ, Wu S, Huang YY (2020) Metabo-
lite and microbiome profilings of pickled tea elucidate the role 
of anaerobic fermentation in promoting high levels of gallic acid 
accumulation. J Agric Food Chem 68(47):13751–13759

Zheng M, Niu D, Jiang D, Zuo S, Xu C (2017) Dynamics of microbial 
community during ensiling direct-cut alfalfa with and without 
LAB inoculant and sugar. J Appl Microbiol 122(6):1456–1470

Zhou Y, Drouin P, Lafrenière C (2016) Effect of temperature (5–25°C) 
on epiphytic lactic acid bacteria populations and fermentation of 
whole-plant corn silage. J Appl Microbiol 121(3):657–671

Zou X, Zhou W, Wu S, Chen X, Zhang Q (2023) Dynamic changes in 
the bacterial communities and metabolites of Moringa oleifera 
leaves during fermentation with or without pyroligneous acid. 
LWT 177:114593

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Effects of inoculation and dry matter content on microbiome dynamics and metabolome profiling of sorghum silage
	Abstract 
	Key points
	Introduction
	Materials and methods
	Silage quality characterization
	Bacterial community composition
	Comprehensive metabolomic profiling by LC–ESI–MSMS
	Statistical analysis

	Results
	Silage fermentation quality
	Microbial diversity
	Dynamic changes in bacterial communities
	Metabolome profiling

	Discussion
	Silage fermentation
	Microbial diversity
	Dynamic changes in bacterial communities
	Metabolome profiling

	References


