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Abstract
The seasonal surplus and putrefactive property of moist forages inevitably increase the pressure on environmental protection 
and residual grass disposal. In the current work, the anaerobic fermentation approach was adopted to assist the sustainable 
recycling of leftover Pennisetum giganteum (LP), and its chemical composition, fermentation performance, bacterial com-
munity and functional profiles during anaerobic fermentation were studied. Fresh LP was spontaneously fermented for up 
to 60 d. At the end of anaerobic fermentation, fermented LP (FLP) displayed homolactic fermentation with low pH value, 
ethanol, and ammonia nitrogen concentrations but high lactic acid concentration. Weissella was dominant in 3-day FLP, yet 
Lactobacillus was the overwhelming genus (92.6%) in 60-day FLP. The anaerobic fermentation process promoted (P < 0.05) 
the metabolism of carbohydrate and nucleotide while suppressing (P < 0.05) that of lipid, cofactors, vitamins, energy, and 
amino acid. The results showed that the residual grass with LP as an example could be successfully fermented even if no 
additives were added, without signs of clostridial and fungal contamination.
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Introduction

Feed production has been tightly bound up with the envi-
ronment, as it is a basic industry that requires resources 
including energy, land, water, and labor. Considering that 
the growing world population has increased the demand for 
animal products, the relationship is likely to get even closer 
in the future. Forage grass cultivation, a pivotal ring of the 
feed production industry, has obvious seasonal and regional 
characteristics all year round (Garcez Neto et al. 2020). 
According to the feedback of forage grass cultivators, forage 
yields commonly surpass utilization requirements. Mean-
while, Li et al. (2022) reported that, sometimes, the plants 

are not used effectively, leading to a considerable amount 
of residue. The disposal of the residual grass becomes a hot 
potato because the surplus with high moisture is discarded 
directly in the fields without any treatments, which easily 
causes effluent production, thereby inducing groundwater 
pollution and germ breeding (Mattioli et al. 2017; Yin et al. 
2021). It was reported that this type of effluent produces 
200 times more pollution than untreated domestic sewage 
(Woolford 1978). Moreover, severe deamination and protein 
degradation during plant spoilage cannot be ignored because 
haze pollution and secondary inorganic aerosols occur when 
the above degradation products are released and reacted with 
surrounding acids.

Pennisetum giganteum (P. giganteum Z. X. Lin or giant 
JUNCAO) is an emerging economic grass that has been cul-
tivated in more than 30 China provinces and more than 80 
countries (Li et al. 2020). It is a C4 plant with high water, 
light and nitrogen use efficiency as well as great biomass 
yield. Nowadays, P. giganteum is mainly used in the produc-
tion of fiber, biofuels, and animal feeds. It is reported that 
P. giganteum can be mowed 6 to 8 times a year, producing 
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254 tons of fresh grass per hectare (Zhang et al. 2013). With 
such a high biomass yield, the problem of seasonal surplus 
and large accumulation of P. giganteum exists in many 
countries. Although these biomass resources are low-cost, 
easy-to-obtain and rich-in-nutrient and attracting increas-
ing attention (Li et al. 2022). However, in the evaluation of 
resource waste, forage waste is often less concerned than 
food waste, and few studies emphasize the waste of forage. 
Based on the concept of resource recovery and clean produc-
tion, long-term conservation of leftover P. giganteum (LP) 
by anaerobic fermentation may transform the original linear 
economy into a circular one and ease the burden of waste 
management and environmental protection (de Mello Santos 
et al. 2022; Huang et al. 2023).

Forage anaerobic fermentation (ensilage) refers to the 
fundamentals that epiphytic microbes, especially lactic acid 
bacteria (LAB), metabolizing substrates of forages to gener-
ate organic acids, and quickly reducing the pH of forages, 
thereby powerfully suppressing the activity of undesirable 
microbes, to accomplish the goal of long-term conserva-
tion (Weinberg and Muck 1996). With the deepening of 
anaerobic fermentation studies, the traditional approach has 
been unable to satisfy the need for a clear understanding of 
microbial ecology during anaerobic fermentation. In recent 
years, high-throughput sequencing or even single molecule 
real-time sequencing has assisted scientists to analyze the 
microbial community structure and diversity involved in 
different microenvironments (McAllister et al. 2018). Fur-
thermore, microbial functional annotation is increasingly 
found to be extremely important for microbial ecology stud-
ies (Asshauer et al. 2015). The prediction of functionalities 
involving microbial communities can be recommended as 
an effective supplement to high-throughput sequencing or 
single molecule real-time sequencing (Kanehisa and Goto 
2000) and will be potentially beneficial for anaerobic fer-
mentation research.

Hence, this work distinguished the fermentation perfor-
mance, bacterial community and functionality of LP during 
anaerobic fermentation, and the results can supply a refer-
ence for the clean recovery of residual grass.

Materials and methods

Material collection

The LP (P. giganteum outgrown the needs for utilization) 
was freely supplied by Baima National Agricultural-tech 
Zone (latitude 31.61°N, longitude 119.18°E, elevation 
25.1 m, Jiangsu, China). After collection, LP was cut into 
approximately 20-mm lengths by a fodder cutter. Subse-
quently, the cut LP was thoroughly mixed for the subse-
quent trial.

Anaerobic fermentation preparation

About 0.45 kg of well-mixed LP was loaded into an ultra-
violet-light-sterilized laboratory-scale silo (300 × 400-mm 
polythene plastic bag), vacuum-sealed and kept under 
surrounding temperature (29 ± 2 ℃). Triplicate silos were 
opened and sampled on days 1, 3, 7, 15, 30, and 60 of 
anaerobic fermentation, respectively.

Fermentation product, chemical composition, 
and microbial population analyses

For fermentation product analysis, approximately 40 g 
fresh LP or FLP was extracted with 120 mL distilled water 
at 4 °C for 30 min. After filtering with 4 layers of steri-
lized cheesecloth and filter paper, the pH of fresh LP or 
FLP was recorded by a HI 2221 pH/mV/°C bench meter 
(Hanna Instruments Inc., Rhode Island, USA) immedi-
ately. The ammonia nitrogen (NH3-N) concentration of 
FLP was determined by colorimetry after a reaction with 
phenol and sodium hypochlorite (Broderick and Kang 
1980). The fermentation products (ethanol, 1,2-propan-
ediol, and lactic acid (LA), acetic acid (AA), propionic 
acid (PA), and butyric acid (BA)) of FLP were determined 
by a 1260 Infinity II HPLC system (Agilent Technologies 
Inc., California, USA). The eluent was 2.5 mM H2SO4; the 
flow rate of eluent was 0.5 mL/min; and the run tempera-
ture was 55 °C. The chemical composition and microbial 
population were analyzed, according to our previous work 
(Zhao et al. 2018). In brief, dry matter (DM) was deter-
mined after oven-drying at 105 °C for 15 min and at 65 °C 
for 48 h. Water soluble carbohydrate (WSC) content was 
determined by the anthrone-sulfuric acid method. Neu-
tral detergent fiber (NDF) and acid detergent fiber (ADF) 
content were analyzed with an Ankom 200 fiber analyzer 
(Ankom Technology, New York, USA). Total nitrogen 
(TN) content was analyzed by a Kjeltec 8200 Kjeldahl 
nitrogen analyzer (Foss Analytics, Höganäs, Sweden). 
Crude protein (CP) content was calculated by multiplying 
the TN content by 6.25. After homogenizing with auto-
claved saline solution (0.85% NaCl) at a ratio of 1:9 and 
shaken at 37 °C and 120 rpm for 2 min. Then, 1 mL above 
solution was serially diluted for microbial counting, and 
the rest solution was filtered with two layers of sterilized 
gauze for subsequent bacterial DNA extraction. LAB were 
counted on de Man, Rogosa and Sharp agar media after 
anaerobic incubation at 37 °C for 3 days. Aerobic bacteria 
were counted on nutrient agar medium after aerobic incu-
bation at 37 °C for 2 days. Yeasts and molds were counted 
on potato dextrose agar medium after aerobic incubation 
at 30 °C for 2 days. Enterobacteria were counted on violet 
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red bile glucose agar medium after aerobic incubation at 
37 °C for 1 day. The microbial count was transformed to 
a Log10-scale in the form of colony-forming units (CFU) 
and expressed on a fresh material (FM) basis.

High‑throughput sequencing and functional 
prediction analyses

Preparatory work before sequencing (DNA extraction + PCR 
amplification) was conducted following the procedures of 
Zhao et al. (2022a). Concretely, the solution used for micro-
bial DNA extraction was centrifuged at 10,000 g for 15 min 
at 4 °C to collect microbial precipitates. The FastPrep® 
Instrument and FastDNA® Spin Kit (MP Biomedicals, 
California, USA) were used to extract bacterial DNA. The 
quantity and quality of extracted DNA were detected by 1% 
sodium borate agarose gel electrophoresis and NanoDrop 
2000 ultraviolet–visible spectrophotometer (260/280 nm, 
Thermo Scientific, Delaware, USA). According to the des-
ignated sequencing area, specific primers with barcode were 
synthesized. The V3-V4 hypervariable region of the bac-
terial 16S rRNA gene was amplified by ABI GeneAmp® 
9700 PCR amplification instrument (Applied Biosystems, 
California, USA). The primers were 338F (5'-ACT​CCT​ACG​
GGA​GGC​AGC​AG-3') and 806R (5'-GGA​CTA​CHVGGG​
TWT​CTAAT-3'). The PCR products of the same sample 
were mixed and detected by 2% agarose gel electrophoresis. 
The PCR amplification products were recovered by Axy-
Prep® DNA Gel Recovery Kit (Axygen Biotechnology Co., 
Ltd., California, USA), eluted with Tris–HCl, and purified 
by 2% agarose gel electrophoresis. According to the pre-
liminary quantitative results of electrophoresis, the purified 
PCR products were quantitatively detected by QuantiFluor 
TM-ST blue fluorescence quantitative system (Promega Bio-
technology Co., Ltd., Wisconsin, USA), and then mixed in 
proportion according to the sequencing requirements of each 
sample. Purified amplicons pooled at equimolar concentra-
tions were paired-end sequenced on a MiSeq PE300 (Major-
bio Bio-Pharm Technology Co., Ltd., Shanghai, China). The 
generated paired-end sequencing data were first merged 
using FLASH (ver. 1.2.11) and quality-filtered by QIIME 
(ver. 1.9.1) to retain sequences with quality scores > 20. 
Then, operational taxonomic units (OTUs) were clustered 
with 97% identities by UPARSE (ver. 7.0.0), and chimeric 
sequences were eliminated using UCHIME (ver. 4.1). 
Finally, the taxonomy of OTUs was assigned from phylum 
to genus using RDP classifier (ver. 2.11) by matching with 
SILVA database (ver. 132) with 70% confidence threshold. 
Bacterial alpha diversity reflected by Shannon, Chao1, Ace, 
Sobs, Simpson, and Coverage indices were visualized using 
ggplot2 R package (ver. 3.3.6). Bray–Curtis metric beta 
diversities were calculated using QIIME (ver. 1.9.1), pro-
cessed by Bray–Curtis distance metric principal coordinates 

analysis (PCoA), and visualized using vegan R package 
(ver. 4.1.2). Stream graphs showing the bacterial commu-
nity successions was constructed using ggplot2 R package 
(ver. 3.3.6). Spearman’s correlation heatmap between fer-
mentation product and bacterial community was constructed 
using phearmap R package (ver. 1.0.12). The bacterial Kyoto 
Encyclopedia of Genes and Genomes (KEGG) functionali-
ties in LP, FLP-3 and FLP-60 were predicted through the 
Tax4fun developed by Asshauer et al. (2015).

Statistical analysis

The effects of storage days on the chemical composition, 
fermentation characteristics and microbial number of FLP 
were investigated through the general linear model of SAS 
software (SAS Institute Inc., North Carolina, USA). Mean-
while, the student’s t-test and analysis of similarity (ANO-
SIM) with 999 permutations were adopted to statistically 
compare the difference in alpha diversity and beta diversity 
of bacterial community, respectively. The statistical differ-
ences are significant at P < 0.05.

Results

Characteristics of fresh LP

For chemical composition, the fresh LP had a WSC content 
of 14.2% DM and a CP of 10.8% DM. The value of BC was 
30.8 mEq/kg DM. As for microbial population, the LAB 
number was higher than 5.0 log10 CFU/g FM. The number 
of aerobic bacteria, yeast, mold, and enterobacteria was 7.93, 
5.60, 5.03, and 7.08 log10 CFU/g FM, respectively (Table 1).

Fermentation products of FLP

Storage days significantly (P < 0.05) affected the pH value, 
the concentrations of LA, AA, and PA, and the LA/AA of 
FLP (Table 2). The pH sharply (P < 0.05) declined within 
the first 7 days of anaerobic fermentation with the lowest 
value (3.50) on day 30 of anaerobic fermentation, then 
slightly (P > 0.05) increased. The variation of LA was oppo-
site to that of pH, with a maximum value of 74.1 g/kg DM 
on day 30. The AA and volatile fatty acid (VFA) concentra-
tions constantly increased with the progress of storage days. 
During the anaerobic fermentation, the LA/AA showed a 
trend of rising first and then falling with the maximum on 
day 30 of anaerobic fermentation. No BA was detected in all 
FLPs. The WSC content as well as the NH3-N concentration 
were significantly (P < 0.05) affected by storage days. As 
anaerobic fermentation proceeded, the NH3-N concentra-
tion significantly (P < 0.05) increased, and the DM and WSC 
contents significantly (P < 0.05) decreased.
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As shown in Table 3, storage days significantly (P < 0.05) 
affected the number of LAB, aerobic bacteria, yeast, molds, 
and enterobacteria in FLP. The LAB number rapidly 
increased within the initial 3 days of anaerobic fermenta-
tion, peaked on day 15 of anaerobic fermentation and then 
decreased gradually. Differently, aerobic bacteria, yeast, and 
mold number gradually reduced to low or undetected levels.

Bacterial community structure of fresh LP and FLP

The bacterial alpha and beta diversities of fresh LP and 
FLP are shown in Fig. 1. The Shannon, Chao1, Ace, and 
Sobs indices were highest in LP and lowest in FLP-60. 
The Coverage of each sequenced sample was more than 
99% (Fig. 1 A). The PCoA plot revealing the difference of 
bacterial β-diversity is shown in Fig. 1 B. The symbols of 
LP, FLP-3, and FLP-60 were well distributed in different 
quadrants.

At the bacterial phylum level (Fig. 2 A, C), Proteobac-
teria and Firmicutes were the dominant phyla in fresh LP, 
accounting for 50.7% and 41.8% of the relative abundance 
(RA) of bacterial community, respectively. After 3-day 
anaerobic fermentation, the RA of Proteobacteria, Act-
inobacteriota, and Bacteroidota decreased while the RA 
of Firmicutes increased. At the end of anaerobic fermenta-
tion (day 60), Firmicutes was the overwhelming phylum 
(> 90%) in FLP.

At the bacterial genus level (Fig. 2 B, D), Paenibacillus 
(19.0%), Bacillus (15.9%), Enterobacter (15.9%), Acineto-
bacter (15.3%), and Pantoea (7.92%) were the main genera 
in fresh LP. With the progress of anaerobic fermentation, 
the RA of Paenibacillus, Bacillus, Acinetobacter, Exiguo-
bacterium, Sphingomonas, etc. sharply decreased to a low 
level (< 1%). At the end of anaerobic fermentation (day 
60), Lactobacillus predominated in the bacterial commu-
nity of FLP, with RA accounting for 92.6%.

Table 1   The chemical and microbial compositions of fresh LP 
(means with SD)

DM dry matter, FM fresh material, WSC water soluble carbohydrates, 
BC buffering capacity, NDF neutral detergent fiber, ADF acid deter-
gent fiber, CP crude protein, LAB lactic acid bacteria, CFU colony-
forming units
Data were means of three replicates

Items P. giganteum

pH 5.85 ± 0.12
DM (% FM) 20.7 ± 1.25
WSC (%DM) 14.2 ± 0.67
CP (% DM) 10.8 ± 0.47
BC (mEq/kg DM) 30.8 ± 2.84
NDF (% DM) 58.7 ± 1.42
ADF (% DM) 32.4 ± 2.17
LAB (log10 CFU/g FM) 5.58 ± 0.31
Aerobic bacteria (log10 CFU/g FM) 7.93 ± 0.13
Yeasts (log10 CFU/g FM) 5.60 ± 0.07
Molds (log10 CFU/g FM) 5.03 ± 0.10
Enterobacteria (log10 CFU/g FM) 7.08 ± 0.16

Table 2   Effects of storage days 
on fermentation performance 
of FLP

Data were means of three replicates. Means with different capital letters differ at P < 0.05
DM dry matter, FM fresh material, LA lactic acid, AA acetic acid, LA/AA the ratio of lactic to acetic acid, 
PA propionic acid, BA butyric acid, ND not detected; VFA volatile fatty acid, WSC water soluble carbohy-
drates, NH3-N ammonia nitrogen, TN total nitrogen, SEM standard error of means

Items Storage days SEM P-value

1 3 7 15 30 60

pH 5.54A 4.66B 3.87C 3.84C 3.50C 3.55C 0.173  < 0.001
DM (% FM) 19.7 18.5 18.0 17.5 17.7 17.1 0.353 0.387
LA (% DM) 0.02D 1.06D 3.13C 5.10B 7.41A 5.98AB 0.633  < 0.001
AA (% DM) 0.01D 0.48CD 1.18BC 1.93AB 1.96AB 2.59A 0.218  < 0.001
LA/AA 2.00B 2.02B 2.72AB 2.70AB 3.87A 2.32AB 0.282 0.078
PA (% DM) 0.02 0.08 0.06 0.12 0.10 0.02 0.013 0.261
BA (% DM) ND ND ND ND ND ND – –
VFA (% DM) 0.03D 0.55CD 1.25BC 2.06AB 2.06AB 2.61A 0.221  < 0.001
Ethanol (% DM) ND ND 0.00 0.24 0.10 0.50 0.065 0.236
1,2-Propanediol (% DM) ND ND ND ND ND 0.15 0.016 0.027
WSC (% DM) 13.2A 11.9A 9.13B 7.69C 6.63CD 5.70D 0.643  < 0.001
NH3-N (% TN) 3.71D 5.19CD 6.29BCD 8.81AB 8.16ABC 10.0A 0.550  < 0.001
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Correlation analysis of fermentative products 
and bacterial communities

As shown in Spearman’s correlation heatmap (Fig. 3), Lac-
tobacillus was positively correlated with LA (R = 1.000; 
P < 0.01) and AA (R = 0.886; P < 0.05) concentration. 
Negative correlations were found between LA concentra-
tion and Enterococcus (R =  − 0.943, P < 0.01), Leuconos-
toc (R =  − 0.943, P < 0.01) or Pediococcus (R =  − 0.886, 
P < 0.05). Weissella, Leuconostoc, and Enterobac-
ter were negatively correlated with AA (R =  − 0.943, 
P < 0.01; R =  − 0.943, P < 0.01; R =  − 0.943, P > 0.05) 

concentration, while Lactobacillus was positively corre-
lated with AA (R = 0.886, P < 0.05) concentration.

KEGG functional prediction of bacterial 
communities

In Fig.  4, the abundance of “Metabolism” was much 
higher than that of other functional categories under 
pathway level 1. Under pathway level 2, “carbohydrate 
and amino acid metabolism” were the major functional 
categories of “Metabolism.” The abundance of “carbo-
hydrate and amino acid metabolism” was significantly 

Table 3   Effects of storage days on the microbial number of FLP

Data were means of three replicates. Means with different capital letters differ at P < 0.05
LAB lactic acid bacteria, CFU colony-forming units, FM fresh material, ND not detected, SEM standard error of means

Items Storage days SEM P-value

1 3 7 15 30 60

LAB (log10 CFU/g FM) 5.77C 7.52B 8.38AB 9.01A 8.70AB 8.10AB 0.273  < 0.001
Aerobic bacteria (log10 CFU/g FM) 7.47A 4.79AB 3.64AB 2.70B  < 2.00B  < 2.00B 0.562 0.007
Yeasts (log10 CFU/g FM) 5.40A 5.15B 4.05C 3.88C 2.70D 2.60D 0.258  < 0.001
Molds (log10 CFU/g FM) 4.96A 2.94AB NDB NDB NDB NDB 0.502 0.001
Enterobacteria (log10 CFU/g FM) 6.77A 4.56AB 2.37BC  < 2.00BC NDC NDC 0.611  < 0.001

Fig. 1   Bacterial alpha and beta diversities of the microbiota of fresh LP and FLP. LP, leftover P. giganteum; FLP, fermented LP
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(P < 0.05) different among fresh LP, FLP-3, and FLP-60. 
Concretely, FLP-60 had the highest “carbohydrate metabo-
lism” abundance, followed by FLP-3 and then fresh LP; 
whereas the “amino acid metabolism” abundance showed 
an opposite trend, with the maximum in fresh LP and 
the minimum in FLP-60. “Carbohydrate and amino acid 
metabolism” were further subdivided in pathway level 3 
(Fig. 5). For “carbohydrate metabolism,” the abundance 
of “amino sugar,” nucleotide sugar, starch, and sucrose,” 
“galactose, fructose, and mannose metabolism,” “pentose 
and glucuronate interconversions,” “pentose phosphate 
pathway,” and “glycolysis/gluconeogenesis” was signifi-
cantly (P < 0.05) increased in FLP, compared with fresh 
LP, while the abundance of “C5-branched dibasic acid, 
butanoate, propanoate, glyoxylate, dicarboxylate, pyru-
vate, ascorbate, and aldarate metabolism” and “citrate 
cycle” was significantly (P < 0.05) decreased in FLP in 
comparison with fresh LP. And for amino acid metabo-
lism, except for the abundance of “lysine biosynthesis,” 
all the abundance of “amino acid metabolism” categories 
was significantly (P < 0.05) decreased in FLP, compared 
with fresh LP.

Discussion

Analysis of fresh material

For anaerobic fermentation, the content of available sub-
strate and the number of key microbes are two critical factors 
affecting the fermentation quality and efficiency (McDonald 
et al. 1991; Dong et al. 2020). In the current work, the WSC 
(14.2% DM) and LAB (5.58 log10 CFU/g FM) levels of fresh 
LP met the minimum requirement for LA fermentation (Cai 
et al. 1999). And the low BC (30.8 mEq/kg DM) of fresh 
LP suggested that an acidic microenvironment is easy to 
establish via anaerobic fermentation (McDonald et al. 1991). 
However, the high number (> 7.0 log10 CFU/g FM) of aero-
bic bacteria and enterobacteria might cause challenges to 
fermented feed production.

Effect of storage days on the fermentation 
performance of FLP

The pH decline rate during anaerobic fermentation has 
long been used as an indicator to determine whether the 
fermented feed is effectively preserved (Kung and Shaver 

Fig. 2   Bacterial community composition and succession of fresh LP 
and FLP. A Relative abundance of bacterial community at the phy-
lum level; B relative abundance of bacterial community at the genus 
level; C bacterial community successions during anaerobic fermenta-
tion of LP are aggregated and colored on a stream-graph by phylum; 

D bacterial community successions during anaerobic fermentation of 
LP are aggregated and colored on a stream-graph by genus. The num-
bered treatments (e.g., LP-1, LP-2, and LP-3) are replicates. LP, lefto-
ver P. giganteum; FLP, fermented LP
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2001). It is commonly known that the slower the pH decline 
rate, the greater the nutrient loss risk. In this work, the low 
pH value and high LA concentration in FLP could be associ-
ated with the sufficient WSC and LAB levels as well as low 
BC of fresh LP, which effectively suppressed undesirable 
microbes, thus explaining the insignificant DM difference 
and relatively high residual WSC content. The AA concen-
tration increased along with anaerobic fermentation, which 
was similar to most studies, and this might be related to the 
activity of acetate-producing microbes in the initial stage 
and the transformation of homolactic fermentation to hetero-
lactic fermentation in the late stage. The butyrate produced 
by clostridia is easily detected in silage with DM < 30% 
(van Niekerk et al. 2010). Although the DM content of LP 
was < 30%, no BA concentration was detected in all FLP, 
suggesting that no clostridial fermentation occurred in 
FLP. The VFA are organic acids with 1–6 carbon chains, 
including acetic acid, propionic acid, isobutyric acid, and 
n-butyric acid, which are undesirable to silage production 
(Wang et al. 2020). Considering the undetected or negligible 
contents of butyric acid and propionic acid, the dynamic 

change of volatile organic acid content in this study was 
mainly influenced by acetic acid content. Therefore, VFA 
content showed the same trend as acetic acid with anaerobic 
fermentation days.

The generation of NH3-N is the result of protein degra-
dation and amino acid deamination. The concentration of 
NH3-N should be no more than 10% of TN in high-quality 
silage (McDonald et al. 1991). While the final NH3-N con-
centration of FLP (10.0% TN) was just at the maximum 
allowed, it indicates that the proteolysis of FLP was barely 
acceptable. The protein degradation, amino acid decarboxy-
lation, and ammonia generation during anaerobic fermen-
tation are a complex biochemical process, involving the 
activities of plant protease, enterobacteria, clostridia, etc. 
The degradation extent of forage protein and amino acids 
relies on the pH decline rate during anaerobic fermentation 
(van Niekerk et al. 2010). Thus, the acceptable NH3-N con-
centration of FLP could ascribe to the effective pH decline 
in the initial stage (0–7 days) of anaerobic fermentation.

The high number of LAB in FLP was because the suf-
ficient WSC content of fresh LP (142 g/kg DM) accelerated 

Fig. 3   Spearman’s correlation 
heatmap of fermentation param-
eters and top 30 genera in FLP. 
Red squares refer to a positive 
correlation (0 < r < 1), whereas 
green squares refer to a nega-
tive correlation (− 1 < r < 0). 
*P < 0.05; **0.001 < P ≤ 0.01; 
***P ≤ 0.001. DM, dry matter; 
WSC, water soluble carbo-
hydrates; PA, propionic acid; 
NH3-N, ammonia nitrogen; AA, 
acetic acid; LA, lactic acid; LA/
AA, the ratio of lactic to acetic 
acid
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the reproduction of LAB. As expected, the strict aerobe 
(aerobic bacteria and molds) number sharply decreased to 
an undetected level under the oxygen-free microenviron-
ment. As for facultative anaerobic yeast and enterobacteria, 
their negligible number in FLP could be related to its low 
pH value. Furthermore, the reduction of yeasts in FLP was 
also associated with fast LAB proliferation because yeasts 
are less competitive in acidic and anaerobic habitats (Zhao 
et al. 2021).

Effect of storage days on the bacterial community 
structure of FLP

All the Coverage (> 99%) indicated that most of bacterial 
community had been fully captured. The anaerobic fermen-
tation process reduced the bacterial alpha diversities of fresh 
LP, which was associated with the inactivation of acid-intol-
erant aerobes. Mendez-Garcia et al. (2015) reported that the 
decline of pH can reduce microbial diversity in the habitat. 
The sufficient WSC and LAB levels in fresh LP ensured 
rapid reproduction of LAB and quick inhibition of undesir-
able microbes, thus decreasing the bacterial alpha diversities 

of FLP, which was reflected by the lowest indices of Shan-
non, Chao1, Ace, and Sobs in FLP-60 with the lowest pH 
value.

In the PCoA plot, the differences of microbial commu-
nity composition are directly visualized as distances between 
symbols. The symbols of LP, FLP-3, and FLP-60 were 
clearly distributed in various quadrants showing the distinct 
bacterial community compositions of fresh LP before and 
after anaerobic fermentation, which also ascribed to the 
inactivation of acid-intolerant aerobes after anaerobic fer-
mentation as abovementioned.

The distinct succession of Proteobacteria by Firmicutes 
during anaerobic fermentation resulted from the inhibition 
of aerobes (Sphingomonas, Pseudomonas, etc.) and the 
thriving of LAB (Weissella, Lactococcus, Lactobacillus, 
etc.). The anaerobic fermentation environment benefited Fir-
micutes because this phylum is representative bacteria under 
anaerobic and acidic conditions (Zhao et al. 2017). Similar 
to Muck et al. (2018) and Zhao et al. (2021), Lactococcus, 
Weissella and Lactobacillus were the 3 most common gen-
era during anaerobic fermentation in this work. Lactococ-
cus and Weissella are widely accepted as initial colonists 

Fig. 4   16S rRNA gene-predicted function profiles at pathway level 1 (a) and pathway level 2 (b). Means with different letters (a–c) differ at 
P < 0.05



38874	 Environmental Science and Pollution Research (2024) 31:38866–38877

1 3

during anaerobic fermentation (Muck 2013; Graf et al. 2016) 
because the initial acid environment created by Lactococcus 
and Weissella lends themselves to the subsequent growth of 
Lactobacillus (Cai et al. 1998). Thus, with the progress of 
anaerobic fermentation, the FLP bacterial community was 
initially dominated by Weissella (d 3) and eventually domi-
nated by Lactobacillus (day 60).

Effect of storage days on the potential 
functionalities of bacterial community in FLP

High-throughput sequencing is a potent tool for assess-
ing microbial ecology but does not directly provide 
insights into microbial metabolic potential, even though 
functional diversity is critical for microbial community 
analysis (Asshauer et  al. 2015). Among PICRUSt and 
Tax4fun tools, the superior Tax4fun was adopted to 
reveal the potential bacterial functionalities in fresh LP 
and FLP. Anaerobic fermentation can effectively inhibit 
the metabolism of harmful microbes by establishing an 
oxygen-free microenvironment and acidifying effect. 
Unsurprisingly, the anaerobic fermentation process effec-
tively suppressed the bacterial metabolism of fresh LP. 
Previous studies found that the functional categories of 

bacterial metabolism involved in ensilage were dominated 
by carbohydrate, amino acid, cofactors, vitamins, energy, 
and nucleotide metabolism (Guan et al. 2020; Bai et al. 
2021; Guo et al. 2023). Similarly, the results of the pre-
sent work presented that those metabolisms were more 
abundant than other metabolisms in the microbiota of 
fresh LP and FLP. Ensilage or anaerobic fermentation is 
based on the principle that available carbohydrate in for-
age is metabolized to mainly lactate by LAB in anaerobic 
environments, which could interpret the increase of car-
bohydrate metabolism abundance in FLP. Amino acids as 
essential substrates for organisms (microorganisms are no 
exception) play a significant role in protein synthesis and 
primary metabolism. The complex and diverse epiphytic 
microorganisms might explain the higher amino acid 
metabolism abundance in fresh LP. And the lower amino 
acid metabolism abundance in FLP was due to its low pH. 
It was previously reported that the acidic condition can 
suppress the amino acid metabolism of harmful micro-
organisms (Flythe and Russell 2004). The cofactor and 
vitamin metabolism abundance was decreased along the 
anaerobic fermentation process, which was in line with the 
results of Zhao et al. (2022b). Bai et al. (2021) stated that 
the inoculation of functional LAB increased the cofactor 

Fig. 5   16S rRNA gene-predicted carbohydrate metabolism and amino acid metabolism at the pathway level 3. Means with different letters (a–c) 
differ at P < 0.05
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and vitamin metabolism abundance and compensated for 
vitamin loss during ensiling. Hence, LAB with vitamin-
producing functions can be recommended in practice to 
further improve the feeding value of FLP. Different from 
the study of Xu et al. (2021), the anaerobic fermentation 
process did not increase the energy metabolism abundance 
of LP. The energy metabolism of LAB is essential for LA 
fermentation during anaerobic fermentation (Pessione 
et al. 2010) and should be promoted in satisfactory anaer-
obic fermentation theoretically (Xu et al. 2021). These 
inconsistent results are difficult to explain and need to be 
further studied. Nucleotides are known for their ability 
to supply energies for cellular processes and synthesize 
nucleic acid (Kilstrup et al. 2005). Strangely, the varia-
tion of energy metabolism abundance during anaerobic 
fermentation was opposite to that of nucleotide metabo-
lism abundance. Thus, it is necessary to exactly clarify the 
bacterial metabolic pathways during anaerobic fermenta-
tion by means of emerging omics approaches.

To further trace the key bacterial functionalities in fresh 
LP and FLP, the important carbohydrate and amino acid 
metabolism were specifically explored. The metabolism 
abundance of most sugar components was increased with 
anaerobic fermentation, confirming that LAB can utilize 
multiple carbon sources for growth and reproduction. Of 
which, the higher fructose, mannose, and galactose metab-
olism abundance in 60-day fermented samples could be 
mainly associated with Lactobacillus. Differently, the TCA 
cycle abundance was increased by anaerobic fermentation. 
The inhibition of the TCA cycle after anaerobic fermenta-
tion could be due to the consumption of O2 as this pathway 
should be conducted under aerobic conditions (Banfalvi 
1991). Glycolysis/gluconeogenesis is essential for LAB to 
carry out homolactic and heterolactic fermentations; while 
the pentose phosphate (PPP) pathway is a unique metabolic 
pathway of heterofermentative LAB, compared with homo-
fermentative LAB (Abdel-Rahman et al. 2011). Thus, the 
higher abundance of glycolysis/gluconeogenesis in the late 
stage of anaerobic fermentation (day 60) might be associ-
ated with the abundant homofermentative Lactobacillus, and 
the high relative abundance of heterofermentative Weissella 
(day 3) might interpret the high abundance of PPP pathway. 
Almost all amino acid metabolism abundance was decreased 
by anaerobic fermentation and the decreased abundance of 
valine, leucine, isoleucine, and lysine degradation might 
primarily account for the acceptable NH3-N concentration 
(< 100 g/kg TN) in FLP.

It should be noted that high-throughput sequencing has a 
very limited taxonomic resolution; these functional profiles 
are highly speculative and should be examined with caution. 
The predicted functional profiles should be further validated 
by transcriptomics, proteomics, and metabolomics studies to 
provide clear indications.

Correlation of fermentative products and bacterial 
communities of FLP

In FLP, AA concentration was positively related to Lac-
tobacillus but negatively related to Weissella, Leuconos-
toc, and Enterobacter, implying that the AA production 
in FLP was associated with the heterofermentative strains 
of Lactobacillus. While the distinct negative correlations 
between LA concentration and Enterococcus or Pediococ-
cus were unexpected because it is inconsistent with the 
conventional understanding of cocci-type LAB promot-
ing LA fermentation. This is probably because Enterococ-
cus or Pediococcus was succeeded by Lactobacillus as 
LA accumulated and pH decreased, resulting in a low RA 
of Enterococcus or Pediococcus detected in FLP-60 with 
high LA concentration. Normally, forage protease, enter-
obacteria, and/or clostridia are involved in NH3-N gen-
eration during anaerobic fermentation (McDonald et al. 
1991). However, no clostridia were detected in FLP, and 
there was a slightly negative relationship between NH3-N 
and Enterobacter. The above results implied that entero-
bacteria and clostridia could not explain the generation of 
NH3-N in FLP. The NH3-N generation during anaerobic 
fermentation of LP might ascribe to forage protease, but 
it needs further study.

Conclusions

Although LP is regarded as “waste grass,” it still has good 
characteristics with high content of WSC and CP. The enthu-
siasm of growers for the management of residual grass may 
depend on the value of reusing grass. The anaerobic fermen-
tation technique showed great potential to improve the added 
value of LP reflected by the fermentation performance, bac-
terial communities, and functionalities and could be a sus-
tainable solution for residual grass. It is thus important to 
encourage participation in this way to reduce the waste of 
resources, and this can be achieved by publishing publicity 
information and making instructions.
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