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Abstract 

Background: This study evaluated the effects of growth stage and storage time on fermentation characteristics, 
bacterial communities and their functionality in alfalfa (Medicago sativa L.) silage. Alfalfa was harvested at initial flower-
ing (10–20% bloom, AL1) and full flowering (> 80% bloom, AL2) stages, respectively. The harvested alfalfa was ensiled 
in 15 L plastic silos. Triplicate silos were sampled after 1, 3, 7, 15, 30 and 60 days of ensiling, respectively. Fermentation 
products were analyzed on each sampling day. The bacterial communities and their functional potential after 3 and 
60 days were analyzed by high-throughput sequencing technique and PICRUSt2 method.

Results: AL2 had better fermentation quality than AL1 with lower pH, ammonia nitrogen and butyric acid concentra-
tions and higher lactic acid concentrations on day 60. AL2 had higher abundances of Weissella and Lactobacillus after 
3 days, and lower abundances of Enterobacter and Enterobacteriaceae on day 60 compared to AL1. In metabolic path-
way analysis, ensiling promoted the carbohydrate and amino acid metabolism, and inhibited the signal transduction 
and membrane transport. In enzyme analysis, AL2 had lower abundances of nitrite reductase (NADH) and ornithine 
decarboxylase than AL1 on day 60. In phenotype analysis, AL2 had higher proportions of facultatively anaerobic and 
lower proportions of anaerobic, potentially pathogenic and gram negative than AL1 on day 60.

Conclusions: High throughput sequencing technique combined with PICRUSt2 can be successfully used to describe 
the changes of bacterial communities and their functionality in silage. This approach can improve our understanding 
of the silage microbiology to further regulate the fermentation products.
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Graphical Abstract

Background
Ensiling is an effective method by which epiphytic lac-
tic acid bacteria on forages utilize water soluble carbo-
hydrates and produce organic acids (mainly lactic acid) 
in an anaerobic environment, thus lowering the pH and 
inhibiting the growth of undesirable microorganisms in 
silage to preserve the nutrition of forages at the optimum 
growth stage for use [1]. The ensiling process is strongly 
affected by material characteristics, such as buffering 
capacity, water soluble carbohydrate, dry matter and epi-
phytic microorganisms [2]. Hence, the composition of 
alfalfa (Medicago sativa L.) at harvest has a great influ-
ence on silage fermentation characteristics. Buxton et al. 
[3] reported that, with the advancing maturity of alfalfa, 
buffering capacity generally declines, and dry matter 
and water soluble carbohydrate concentrations increase, 
which are conducive to the improvement of fermenta-
tion quality. Whereas, the nutritive value of alfalfa silage 
is decreased due to the enhancement of acid detergent 
fiber, acid detergent lignin, and neutral detergent fiber 
concentrations as alfalfa matures. To date, numerous 
studies described the changes of chemical compositions 
in alfalfa silages at different growth stages. However, lit-
tle information is available on investigating the effect of 
growth stage on bacterial communities and their func-
tional potential in alfalfa silages.

Recent advances in microbial community analy-
sis using high throughput sequencing technique have 
allowed new insights into the complexity of silage micro-
biology [4]. This technique could provide estimates of 
microbial abundances and diversity, whereas it could not 
directly show the functional potential of bacterial com-
munity. The shotgun sequencing technique could supply 
complete functional information of bacterial community, 
but its cost is prohibitive especially for large-scale inves-
tigations. Hence, several functional prediction tools, such 
as PICRUSt, Tax4Fun, FAPROTAX, BugBase and FUN-
Guild, have been developed to predict the functionality 
of microbial community from amplicon sequences and 
allow for initial exploration of hypotheses prior to shot-
gun sequencing. PICRUSt2 is such a prediction tool that 
is becoming increasingly popular in microbial ecology 
studies [5].

PICRUSt2 was first presented in 2020 and improved on 
the basis of PICRUSt1. PICRUSt2 is more accurate than 
PICRUSt1 and other competing methods overall, because 
PICRUSt2 contains an updated and larger database of 
gene families and reference genomes, and provides inter-
operability with any operational taxonomic unit (OTU)-
picking or denoising algorithm [6]. Recently, Bai et al. [7] 
used PICRUSt2 to assess the predicted functionality of 
bacterial communities in maize silages. They found that 
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the functions of transcription, translation, and replica-
tion and repair of bacterial community were obviously 
up-regulated, and the amino acid metabolism was down-
regulated in 60 day silages. However, there is a paucity of 
information regarding the functional potential of bacte-
rial community in alfalfa silages analyzed by PICRUSt2.

Elucidating the community composition, variation, and 
functional potential of the bacteria community in silage 
will increase our understanding of the silage microbiol-
ogy to further regulate the fermentation products. There-
fore, this study aimed to evaluate the effects of growth 
stage and storage time on fermentation characteristics, 
bacterial communities and their predicted functional 
potential and phenotype in alfalfa silages. To the best 
of our knowledge, this is the first detailed investigation 
about functional potential and phenotype of bacterial 
community in alfalfa silages at different growth stages.

Materials and methods
Silage preparation and sampling
Alfalfa was planted in the experimental plots in Nanjing 
(31°36′ N, 119°10′ E, annual precipitation 1098 mm, aver-
age elevation 43.2 m, average temperate 16.1 °C), Jiangsu 
Province, China. First-cutting fresh alfalfa (AL) was har-
vested on 20 May and 8 June 2021 corresponding to the 
growth stages initial flowering (10–20% bloom, AL1) and 
full flowering (> 80% bloom, AL2). Alfalfa harvests were 
taken from a large experimental field plot that was fur-
ther divided into two subplots (one for each growth stage 
of alfalfa). At each growth stage, the alfalfa from each plot 
was harvested by a small-scale forage harvester to a stub-
ble height of 7  cm. Harvest of alfalfa always took place 
between 9 and 11 a.m. in sunny days. Without any addi-
tives and wilting, the harvested fresh alfalfa was directly 
cut to about 2 cm in length with a stationary chopper and 
mixed thoroughly for silage making. Then, about 11.4 kg 
of chopped alfalfa was placed tightly into the plastic silos 
(15  L capacity for one silo), hermetically sealed with 
screw tops and stored upside down in darkness at ambi-
ent temperature (22–27 °C). In total, 36 silos (6 ensiling 
days × 2 growth stages × 3 replicates = 36) were ready for 
the opening after 1, 3, 7, 15, 30 and 60 days of fermenta-
tion, respectively.

At sampling, fresh alfalfa or the silage mass was thor-
oughly mixed and collected after any wastage had been 
removed. After mixing, the sample mass was divided 
into three parts. One part of sample (20.0 g) was homog-
enized with 100 mL of distilled water, and filtrated with 
sterile gauze. The filtrate was stored at − 20 °C and used 
for measuring pH, buffering capacity, ammonia–nitrogen 
 (NH3–N), organic acid and ethanol contents. The sec-
ond part of sample (150  g) was oven-dried at 65  °C for 
48  h, and ground to pass a 1  mm screen and prepared 

for determining fiber, water soluble carbohydrate (WSC) 
and total nitrogen (TN) contents. The third part of sam-
ple (10.0 g) was mixed with 90 mL sterilized saline in a 
200 mL conical flask and shaken for 10 min at 120 rpm 
in a constant temperature shaker, followed by filtration 
with sterile gauze and continuously dilutions  (10–1–10–7) 
in sterilized saline in several 2  mL tubes. Then, 1  mL 
of liquid from each tube was sucked and used to count 
microbial populations. The residual filtered liquid (about 
84  mL) in conical flask was collected and stored at 
− 80 °C and prepared for DNA extraction and sequenc-
ing analyses.

Chemical and microbial analyses
The pH was measured with a pH meter (Mettler Toledo, 
Zurich, Switzerland). The buffering capacity was meas-
ured based on method of Jasaitis et al. [8]. The concen-
trations of organic acid (lactic acid, acetic acid, propionic 
acid, butyric acid) and ethanol were analyzed by high per-
formance liquid chromatography (HPLC) as described 
by Wang et al. [9]. In brief, the concentrations of organic 
acid (lactic acid, acetic acid, propionic acid, butyric acid) 
and ethanol contents were analyzed with the Agilent 
HPLC (High Performance Liquid Chromatography) 1260 
(Agilent Technologies, Inc., Santa Clara, CA, United 
States; column, Carbomix H-NP5, Sepax Technologies, 
Inc., Delaware, United States; detector, refractive index 
detector, Agilent Technologies, Inc., Santa Clara, CA, 
United States; eluent, 2.5  mmol/L  H2SO4, 0.5  mL/min; 
temperature, 55  °C). The concentration of  NH3–N was 
determined by the phenol–hypochlorite method [10].

The dry matter (DM) of fresh and ensiled alfalfa was 
measured by drying the samples in a forced-air oven until 
reaching a constant weight. The water soluble carbohy-
drate concentrations were determined with the methods 
of Owens et al. [11]. Total nitrogen contents were meas-
ured based on the method 978.04 of AOAC [12]. Crude 
protein (CP) contents were analyzed by multiplying total 
nitrogen value by 6.25. The acid detergent fiber (ADF) 
and neutral detergent fiber (NDF) contents were ana-
lyzed according to the description of Soest et al. [13].

Enumeration of Enterobacteriaceae, lactic acid bacte-
ria (LAB), yeasts, and aerobic bacteria was determined 
by the method of Wang et al. [14]. Briefly, for enumera-
tion of the microorganisms, 10  g sample (fresh mate-
rial or silage) was shaken well with 90 mL of sterilized 
saline solution at 120 rpm for 2 h. Then, 1 mL solution 
was used for tenfold serial dilution for microorganism 
counting, and then the remaining solution was filtered 
through 4 layers of medical gauze and stored in the 
−  80  °C refrigerator for DNA extraction. The colonies 
of lactic acid bacteria (LAB) were counted on MRS agar 
medium after incubation in an anaerobic incubator 
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 (N2:H2:CO2 = 85:5:10, YQX-II; CIMO Medical Instru-
ment Manufacturing Co., Ltd., Shanghai, China) at 
37  °C for 3  days. Aerobic bacteria were cultured and 
counted on nutrient agar medium (Nissuiseiyaku Ltd., 
Tokyo, Japan). Yeasts were counted on potato dextrose 
agar (Nissui-seiyaku Ltd., Tokyo, Japan) and acidified 
with sterilized tartaric acid solution to pH 3.5. These 
agar plates were incubated at 37 °C for 3 days. Entero-
bacteriaceae was counted on the Violet Red Bile Glu-
cose Agar medium after 24  h of incubation at 37  °C 
under aerobic conditions. The microbial data were 
obtained as colony-forming units (cfu) and were trans-
formed to a logarithmic scale on a fresh weight basis.

High throughput sequencing analyses
The DNA extraction kit (MP Biomedicals, Santa Ana, 
CA, USA) was used to extract the total genomic DNAs 
of bacteria in samples. The quantity and quality of 
extracted DNA were checked by 1% agarose gel elec-
trophoresis and spectrophotometry (optical density 
at 260/280 nm ratio). The PCR amplification, purifica-
tion and quantification were conducted based on the 
reports of Cao et  al. [15]. The amplicons were paired-
end sequenced on the Illumina MiSeq PE300 platform.

The alpha diversity analysis (Chao1, Simpson, Sobs, 
Coverage, Shannon and Ace indexes) was analyzed by 
QIIME software (Version 1.9.1). After comparing the 
Silva 138 database, the bacterial compositions in fresh 
alfalfa and silage samples were determined on Phylum 
and Genus levels. The principal coordinate analysis 
(PCoA), analysis of similarities (ANOSIM), redundancy 
analysis (RDA), Spearman’s correlation heatmap were 
graphically constructed by R software (Version 4.2.0). 
The co-occurrence network plots were performed by 
NetworkX (Version 2.8) according to Spearman’s cor-
relation matrices based on the description of Qiu et al. 
[16]. The predicted functional characteristics of bacte-
rial community were performed from the Kyoto Ency-
clopedia of Genes and Genomes (KEGG; http:// www. 
genome. jp/ kegg/) database via Phylogenetic Investiga-
tion of Communities by Reconstruction of Unobserved 
States (PICRUSt2; https:// github. com/ picru st/ picru st2; 
Version 2.2.0), which predicts the function of bacterial 
community according to the proportion of marker gene 
sequences in samples [6]. The sample heatmap analy-
sis on the abundance of Pathway level 3, associated 
enzymes and modules were graphically constructed 
by R program (Version 4.2.0). Phenotypic prediction 
of bacterial community in samples was performed 
using BugBase (https:// bugba se. cs. umn. edu/ index. 
html). The abundances of Pathway level 1 and 2, asso-
ciated enzymes, modules, and phenotype in bacterial 

community were presented using Graphpad Prism 
(Version 9). The raw sequencing data have been depos-
ited in NCBI’s Sequence Read Archive (SRA) under the 
accession number PRJNA837105.

Statistical analysis
Data on fermentation characteristics and chemical com-
positions were subjected to two-way analysis of variance 
(ANOVA) and analyzed by SPSS software according to a 
2 × 6 factorial design with two growth stages and six stor-
age timepoints:

where Yij represents the dependent variable; µ is overall 
mean; Gi is the effect of growth stage of alfalfa; Tj is the 
effect of storage time; (G × T)ij is the effect of interaction 
between growth stage of alfalfa and storage time; and eij 
is the residual error term. Statistical difference was deter-
mined by Tukey’s multiple comparison.

Differences of chemical compositions and microbial 
populations of fresh alfalfa at two growth stages, and 
fermentation characteristics between the full flowering 
and initial flowering stages were analyzed using the non-
parametric Kruskal–Wallis test. Data on proportions of 
bacterial compositions on Genus level (the 10 most abun-
dant) and predicted functional characteristics (including 
enzyme and module) were analyzed by student’s t test. 
The network topological properties of Degree, Degree 
Centrality, Closeness Centrality and Betweenness Cen-
trality were analyzed by one-way analysis of variance 
(ANOVA). The relative abundance of phenotype in bac-
terial community was analyzed by Kruskal–Wallis H test. 
Values of P < 0.05 were declared significant.

Results
Chemical compositions and microbial populations in fresh 
alfalfa at initial and full flowering stages
The chemical compositions and microbial populations 
of fresh alfalfa (AL) at initial (ALFM1) and full flowering 
(ALFM2) stages are described in Table 1. The contents of 
dry matter, water soluble carbohydrate, neutral detergent 
fiber and acid detergent fiber, and populations of lactic 
acid bacteria, yeasts, Enterobacteriaceae and aerobic bac-
teria increased (P < 0.05), and buffering capacity declined 
(P < 0.05) with advancing maturity of fresh alfalfa.

Fermentation characteristics of alfalfa silages at initial 
and full flowering stages
Fermentation characteristics of alfalfa silages at initial 
flowering (AL1) and full flowering (AL2) stages are pre-
sented in Table  2. The pH, acetic acid (AA), lactic acid 

Yij = µ + Gi + Tj + (G × T )ij + eij

http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
https://github.com/picrust/picrust2
https://bugbase.cs.umn.edu/index.html
https://bugbase.cs.umn.edu/index.html
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Table 1 Chemical compositions (g/kg of DM, unless otherwise stated) and microbial populations (fresh matter basis) of fresh alfalfa at 
two growth stages

Means with different letters in the same row (a−b) differ (P < 0.05)

DM dry matter, FW fresh weight, mEq milligram equivalent, cfu colony-forming units, SEM standard error of means

Items Growth stages SEM P value

Initial flowering Full flowering

Chemical compositions (g/kg DM)

 pH 5.81 5.59 0.054 0.165

 Dry matter (g/kg FW) 219b 238a 2.121  < 0.001

 Water soluble carbohydrates 47.1b 56.4a 1.425  < 0.001

 Buffering capacity (mEq/kg DM) 208a 131b 1.136  < 0.001

 Crude protein 187 190 2.579 0.086

 Neutral detergent fiber 314b 337a 2.336 0.046

 Acid detergent fiber 284b 296a 2.843 0.032

Microbial populations  (Log10 cfu/g FW)

 Lactic acid bacteria 3.76b 4.33a 0.143 0.026

 Aerobic bacteria 6.76b 7.39a 0.108 0.038

 Yeasts 3.02b 3.89a 0.112 0.015

 Enterobacteriaceae 6.18b 6.96a 0.130 0.036

Table 2 Fermentation characteristics (g/kg of DM, unless otherwise stated) in alfalfa silages at two growth stages

G: effect of growth stages of alfalfa; T: effect of storage time; G × T: the interaction between growth stages and storage time. Means with different letters in the same 
row (a−f) or column (A−B) differ (P < 0.05)

DM dry matter, FW fresh weight, TN total nitrogen, SEM standard error of means

Items Growth stages Storage time (day) SEM P value

1 3 7 15 30 60 G T G × T

pH Initial flowering 6.06Aa 5.95Aab 5.82Abc 5.62Ac 5.28Ad 5.75Abc 0.004  < 0.001  < 0.001  < 0.001

Full flowering 5.26Ba 5.28Ba 5.07Bb 4.81Bc 4.79Bc 4.70Bd

Lactic acid Initial flowering 18.2Bd 27.1Bbc 28.1Bbc 32.7Bab 34.5Ba 23.7Bcd 2.864  < 0.001  < 0.001  < 0.001

Full flowering 23.7Ad 36.8Ac 47.0Aab 50.1Aab 46.4Ab 52.6Aa

Acetic acid Initial flowering 15.3Ac 22.0Ab 21.7Ab 23.8b 25.1b 31.4Aa 2.931  < 0.001  < 0.001 0.643

Full flowering 11.1Bd 15.6Bcd 17.8Bbcd 20.6abc 21.4ab 26.1Ba

Lactic acid/acetic acid Initial flowering 1.19Ba 1.24Ba 1.29Ba 1.38Ba 1.37Ba 0.75Bb 0.093  < 0.001  < 0.001 0.004

Full flowering 2.14A 2.35A 2.66A 2.44A 2.17A 2.02A

Propionic acid Initial flowering 5.33c 5.38c 5.45Bc 5.44Bc 6.57Ab 12.0Aa 0.014  < 0.001  < 0.001  < 0.001

Full flowering 5.56b 5.59b 6.41Aa 6.53Aa 6.19Bab 6.30Bab

Butyric acid Initial flowering 5.54c 5.58Bc 5.66Bc 5.67Bc 6.32Ab 7.24Aa 0.031  < 0.001  < 0.001  < 0.001

Full flowering 5.76c 6.14Aab 6.30Aa 6.42Aa 5.63Bc 5.90Bbc

Ethanol Initial flowering 15.8c 18.5Abc 18.7Ab 20.5Aab 21.1Aab 21.8Aa 0.734  < 0.001  < 0.001  < 0.001

Full flowering 15.0b 16.1Bab 17.0Ba 17.5Ba 15.1Bb 15.9Bab

Dry matter (g/kg FW) Initial flowering 219Ba 217Bab 217Babc 216Babc 215Bbc 213Bc 2.902  < 0.001  < 0.001  < 0.001

Full flowering 238Aa 235Aa 230Ab 226Ac 223Acd 219Ad

Ammonia nitrogen (g/kg TN) Initial flowering 47.7Ae 92.2Ad 100Ad 123Ac 157Ab 183Aa 3.078  < 0.001  < 0.001  < 0.001

Full flowering 20.1Bf 49.5Be 71.8Bd 105Bc 122Bb 143Ba

Water soluble carbohydrates Initial flowering 43.6Ba 33.0Bb 24.5Bc 16.5Bd 11.7Be 6.24f 1.602  < 0.001  < 0.001  < 0.001

Full flowering 47.7Aa 41.0Ab 32.0Ac 20.0Ad 14.1Ae 6.64f
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(LA), butyric acid (BA), propionic acid (PA), ethanol, 
ammonia nitrogen  (NH3–N), dry matter (DM) and water 
soluble carbohydrate (WSC) concentrations and ratios of 
lactic to acetic acid (LA/AA) were significantly (P < 0.001) 
affected by the effect of growth stage and storage time. 
The interaction between growth stage and storage time 
significantly (P < 0.01) affected pH, LA, PA, BA, ethanol, 
DM,  NH3–N, WSC and ratios of LA/AA.

The pH in AL1 group were slowly decreased from days 
1 to 30 while increased (P < 0.05) on day 60. In contrast, 
the pH in AL2 group decreased rapidly during ensil-
ing. The LA concentrations in AL1 group were slowly 
accumulated from days 1 to 30 while declined (P < 0.05) 
on day 60. The LA contents in AL2 group were rapidly 
produced during ensiling. AL2 group always had higher 
(P < 0.05) LA concentrations and lower (P < 0.05) pH than 
AL1 group on the same opening day. Higher (P < 0.05) 
concentrations of PA, BA and ethanol were observed 
in AL1 group compared to AL2 group on day 60. The 
 NH3–N contents were gradually accumulated in AL1 
and AL2 groups during ensiling, and AL1 had higher 
(P < 0.05)  NH3–N contents than AL2 group on the same 
ensiling day.

Bacterial community diversity, compositions 
and successions in fresh alfalfa and silages at initial and full 
flowering stages
The alpha diversity of bacterial community in fresh alfalfa 
and silages at two growth stages are shown in Fig.  1A. 
ALFM1 group had higher (P < 0.05) Shannon and Cov-
erage values, and lower (P < 0.05) Chao1, Ace, Sobs and 
Simpson values than ALFM2 group. On day 60, AL1 
group had higher (P < 0.05) Shannon values, and lower 
(P < 0.05) Simpson values than AL2 group.

The bacterial communities on Phylum level in fresh 
alfalfa and silages at two growth stages are described in 
Fig. 1B. On day 3, the abundance of Proteobacteria was 
increased from 16.5% to 32.3%, and the abundance of Fir-
micutes was decreased from 83.4% to 67.4% with growth 
stage. On day 60, the abundance of Proteobacteria was 
decreased from 32.6% to 2.82%, and the abundance of 
Firmicutes was increased from 64.2% to 97.0% with 
growth stage.

The bacterial communities on Genus level in fresh 
alfalfa and silages at two growth stages are presented in 
Fig.  1C. After 3  days, the abundances of Weissella were 
increased from 21.7% to 27.7% and the abundance of 
Lactobacillus was increased from 8.45% to 23.6% with 
growth stage. On day 60, the abundance of Enterobacter 
was decreased from 20.2% to 0.70% and the abundance 
of Enterobacteriaceae was decreased from 7.83% to 0.08% 
with growth stage.

As shown in Fig.  1D, E, F, the bacterial compositions 
on Genus level in fresh alfalfa and silages at two growth 
stages were compared. The abundances of Weissella and 
Lactobacillus in AL1 group were significantly (P < 0.05) 
lower than that in AL2 group after 3  days. The abun-
dances of Enterobacter and Enterobacteriaceae were sig-
nificantly (P < 0.05) higher than that in AL2 group after 
60 days.

The correlation between fermentation products 
and bacterial community in alfalfa silages at initial and full 
flowering stages
As presented in Fig. 2A, the variance of bacterial commu-
nities in fresh alfalfa and silages at two growth stages was 
described by PCoA analysis (R = 1.000, P = 0.001). The 
Component 2 and 1 explained 32% and 34.93%, respec-
tively. The bacterial communities in ALFM1 were sepa-
rated from that in ALFM2, while they were divided into 
different quadrants.

As shown in Fig.  2B, analysis of similarities (ANO-
SIM) analysis exhibited greater differences in bacterial 
communities on Genus level among groups than within 
group.

Results of redundancy analysis (RDA) are presented in 
Fig. 2C. Lactobacillus are positively related to lactic acid 
and ratios of LA/AA. Lactococcus are positively corre-
lated with WSC and pH.

Spearman correlations between bacterial compositions 
and fermentation characteristics (the 20 most abundant) 
in alfalfa silages at two growth stages (AL1, AL2) on day 3 
(AL1–3. AL2–3) and 60 (AL1–60, AL2–60) are described 
in Fig.  2D, E, F, G. In AL1-3 group, a positive relation-
ship (P < 0.001) was found between acetic acid and Weis-
sella. In AL1-60 group, Enterobacteriaceae was positively 
(P < 0.001) related to ethanol.

Bacterial co‑occurrence, co‑occurrence network 
complexity, and stability in fresh alfalfa and silages 
at initial and full flowering stages
As shown in Fig.  3A–F, the networks of bacterial com-
munity in fresh alfalfa and silages at two growth stages 
after 3 and 60  days of ensiling exhibited different co-
occurrence patterns. Longer storage time decreased the 
bacterial network complexity in alfalfa silages, indicated 
by simpler bacterial community structure in AL1-60 and 
AL2-60 groups.

As shown in Fig.  3G, H, the network topological 
properties of Degree, Degree Centrality, Closeness 
Centrality and Betweenness Centrality were used to 
evaluate the bacterial network complexity. The Degree 
of a node represents the number of nodes directly con-
nected to this node in the network. Higher abundances 
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of Degree and Degree Centrality indicate higher impor-
tance of the node in the entire network. The higher 
abundance of Closeness Centrality is, the closer the 
node is to the center of the network. The Betweenness 
Centrality was used to evaluate the node’s role in main-
taining tight connectivity throughout the network. The 
results exhibited that ensiling time possessed a more 

remarkable influence on bacterial communities than 
growth stage. Irrespective of which growth stage the 
alfalfa was, ensiling obviously decreased the complexity 
of the bacterial community network. AL2 had similar 
bacterial community stability (Degree, Degree Central-
ity, Closeness Centrality, Betweenness Centrality) with 
AL1 after 3 and 60 days.

Fig. 1 Bacterial community diversity, compositions and successions in fresh alfalfa and silages at two growth stages. ALFM1, fresh alfalfa harvested 
at initial flowering stage; ALFM2, fresh alfalfa harvested at full flowering stage; AL1-3, alfalfa silage at initial flowering stage on day 3; AL2-3, alfalfa 
silage at full flowering stage on day 3; AL1-60, alfalfa silage at initial flowering stage on day 60; AL2-60, alfalfa silage at full flowering stage on day 60
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Predicted pathways of bacterial communities in fresh 
alfalfa and silages at initial and full flowering stages
Figure  4 shows the differences of predicted metabolic 
pathway of bacterial communities on different levels. 
On the first pathway level (Fig.  4A), AL1 had higher 
(P < 0.05) proportions of cellular processes, genetic 
information processing, environmental information 
processing, organismal systems, and metabolism than 
AL2 on day 0. AL1 had higher (P < 0.01) proportions of 
metabolism and genetic information processing than 
AL2 on day 3. A higher (P < 0.01) abundance of cellular 
processes was observed in AL1 than AL2 on day 60.

On the second pathway level (Fig. 4B–F), higher pro-
portions of amino acid and carbohydrate metabolism 
were found in Metabolism pathway. In genetic informa-
tion processing pathway, relatively higher abundances 
of folding, sorting and degradation, translation, and 
replication and repair were observed in AL2-60 group. 
In cellular processes and organismal systems pathways, 
ensiling obviously decreased the abundances of cell 
motility, cellular community-prokaryotes, and environ-
mental adaptation.

On the third pathway level (Fig.  4G), the heat-map 
presents the functional potential of bacterial commu-
nity in fresh alfalfa and silages at two growth stages 
during ensiling. The metabolic pathways were always 
up-regulated in all samples, whereas the biosynthe-
sis of amino acids, ABC transporters, carbon metabo-
lism, biosynthesis of secondary metabolites, microbial 
metabolism in diverse environments, and two-com-
ponent system were gradually down-regulated during 
ensiling regardless of growth stage.

Predicted enzymes of bacterial community in fresh alfalfa 
and silages at initial and full flowering stages
The activity of some predicted enzymes of bacterial 
community in fresh alfalfa and silages at two growth 
stages are described in Fig. 5. As shown in Fig. 5a–i, AL1 
had higher (P < 0.01) proportions of 1-phosphofructoki-
nase, glucose-6-phosphate dehydrogenase, L-lactate 
dehydrogenase and fructokinase, and lower (P < 0.05) 
proportions of nitrite reductase (NADH), D-lactate 
dehydrogenase and ornithine decarboxylase compared 
to AL2 on day 3. On day 60, AL1 had higher (P < 0.05) 
proportions of L-ribulose-5-phosphate 3-epimerase, 

Fig. 2 Correlation between fermentation products and bacterial community in fresh alfalfa and silages at two growth stages. ETH, ethanol;  NH3–N, 
ammonia nitrogen; PA propionic acid, AA acetic acid, BA butyric acid, WSC water soluble carbohydrate, DM dry matter, LA lactic acid, LA/AA ratio of 
lactic acid to acetic acid. ALFM1, fresh alfalfa harvested at initial flowering stage; ALFM2, fresh alfalfa harvested at full flowering stage; AL1-3, alfalfa 
silage at initial flowering stage on day 3; AL2-3, alfalfa silage at full flowering stage on day 3; AL1-60, alfalfa silage at initial flowering stage on day 60; 
AL2-60, alfalfa silage at full flowering stage on day 60. *, 0.01 < P < 0.05; **, 0.001 < P < 0.01; ***, P < 0.001
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glucose-6-phosphate dehydrogenase, nitrite reduc-
tase (NADH) and ornithine decarboxylase, and lower 
(P < 0.05) proportions of fructokinase, pyruvate kinase, 
1-phosphofructokinase, L- and D-lactate dehydrogenase 
compared to AL2.

As shown in Fig.  5j, the enzyme abundance heat-map 
exhibits the enzyme activity of bacterial communities in 
fresh alfalfa and silages at two growth stages during ensiling. 
The protein–N(pi)–phosphohistidine–sugar phosphotrans-
ferase, histidine kinase, DNA-directed DNA polymerase 
and DNA helicase were always up-regulated in all samples, 
whereas the NADH: ubiquinone reductase, Glutathione 
transferase, Iron–chelate-transporting ATPase and pepti-
dylprolyl isomerase were gradually down-regulated during 
ensiling regardless of growth stage.

Predicted modules of bacterial community in fresh alfalfa 
and silages at initial and full flowering stages
The predicted modules of bacterial communities in 
fresh alfalfa and silages at two growth stages are shown 
in Fig. 6. As shown in Fig.  6a–c, AL1 group had higher 
(P < 0.01) abundances of pentose phosphate pathway 
(pentose phosphate cycle) and glycolysis (Embden–Mey-
erhof pathway), glucose =  > pyruvate than AL2 group on 
day 3. On day 60, AL1 had higher (P < 0.05) proportions 
of citrate cycle (TCA cycle, Krebs cycle) than AL2.

As described in Fig.  6d, the module abundance heat-
map exhibits the module activity of bacterial community 
in fresh alfalfa and silages at two growth stages during 
ensiling. The module of NADH: quinone oxidoreductase, 
prokaryotes was obviously down-regulated in AL2-60 
group compared to AL1-60 group.

Fig. 3 Bacterial co-occurrence, co-occurrence network complexity, and stability in fresh alfalfa and silages at two growth stages (Spearman 
correlation, the most abundant 50 species, P value < 0.05, correlation > 0.5). ALFM1, fresh alfalfa harvested at initial flowering stage; ALFM2, fresh 
alfalfa harvested at full flowering stage; AL1-3, alfalfa silage at initial flowering stage on day 3; AL2-3, alfalfa silage at full flowering stage on day 3; 
AL1-60, alfalfa silage at initial flowering stage on day 60; AL2-60, alfalfa silage at full flowering stage on day 60
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Fig. 4 Predicted pathways of bacterial community in fresh alfalfa and silages at two growth stages. ALFM1, fresh alfalfa harvested at initial flowering 
stage; ALFM2, fresh alfalfa harvested at full flowering stage; AL1-3, alfalfa silage at initial flowering stage on day 3; AL2-3, alfalfa silage at full flowering 
stage on day 3; AL1-60, alfalfa silage at initial flowering stage on day 60; AL2-60, alfalfa silage at full flowering stage on day 60. *, 0.01 < P < 0.05; **, 
0.001 < P < 0.01

Fig. 5 Predicted enzymes of bacterial community in fresh alfalfa and silages at two growth stages. ALFM1, fresh alfalfa harvested at initial flowering 
stage; ALFM2, fresh alfalfa harvested at full flowering stage; AL1-3, alfalfa silage at initial flowering stage on day 3; AL2-3, alfalfa silage at full flowering 
stage on day 3; AL1-60, alfalfa silage at initial flowering stage on day 60; AL2-60, alfalfa silage at full flowering stage on day 60. *, 0.01 < P < 0.05; **, 
0.001 < P < 0.01; ***, P < 0.001
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Predicted phenotype of bacterial community in fresh 
alfalfa and silages at initial and full flowering stages
The predicted phenotypes of bacterial communities in 
fresh alfalfa and silages at two growth stages are pre-
sented in Fig. 7. AL1 group had relatively lower propor-
tions of facultatively anaerobic and aerobic than AL2 
group on days 3 and 60. Higher proportions of potentially 
pathogenic and gram negative were observed in AL1-60 
group than AL2-60 group. AL1 group had relatively lower 
proportions of gram positive than AL2 group on day 60.

Discussion
Chemical compositions and microbial populations in fresh 
alfalfa at initial and full flowering stages
It is well-known that the chemical compositions of for-
age are strongly influenced by the growth stage. This 

study described that the dry matter, water soluble car-
bohydrate, neutral detergent fiber, and acid detergent 
fiber contents increased as alfalfa matured. This may be 
because the ratio of leaf to stem declines with plant elon-
gation and cell wall contents in stems increase with the 
maturity of alfalfa [2]. In addition, the buffering capacity 
in alfalfa decreased with advancing maturity. McDonald 
and Henderson [17] reported that the buffering capac-
ity of plants is mainly ascribed to the potassium, calcium 
and magnesium salts of organic acids. It is possible that 
the decline in buffering capacity may be linked with a 
reduction in the organic acid fraction with the maturity 
of alfalfa. Similarly, Greenhill [18] found that the least 
mature harvest of ryegrass, clover and Lucerne was more 
highly buffered than the advanced maturity, which could 
be due to the decrease in organic acids with maturity.

Fig. 6 Predicted modules of bacterial community in fresh alfalfa and silages at two growth stages. ALFM1, fresh alfalfa harvested at initial flowering 
stage; ALFM2, fresh alfalfa harvested at full flowering stage; AL1-3, alfalfa silage at initial flowering stage on day 3; AL2-3, alfalfa silage at full flowering 
stage on day 3; AL1-60, alfalfa silage at initial flowering stage on day 60; AL2-60, alfalfa silage at full flowering stage on day 60. *, 0.01 < P < 0.05; **, 
0.001 < P < 0.01
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The growth stage of plant can obviously influence the 
microbial diversity and populations [19]. In this study, the 
epiphytic lactic acid bacteria, yeast, Enterobacteriaceae and 
aerobic bacteria populations increased with the maturity 
of alfalfa. There are two possible explanations for this phe-
nomenon. One is related to the accumulated water solu-
ble carbohydrate contents as alfalfa matured. Lindow and 
Brandl [20] found that the availability of carbon-containing 
nutrients on leaves is critical in determining the epiphytic 
colonization, and bacterial community on forages was first 
limited by carbon availability and secondarily by nitro-
gen availability. The other reason is probably due to the 
increased matured tissues. Thompson et  al. [21] reported 

that some nutrients released from matured tissues are 
important for microbial growth and microbial community 
diversity, which may be the reason for the differences in 
epiphytic microbiota at different growth stages.

Fermentation characteristics in alfalfa silages at initial 
and full flowering stages
The fermentation quality of silage is highly dependent 
on the growth stage of forage at harvesting [22]. Present 
study exhibited that AL2 group had better fermentation 
quality than AL1 group with lower pH,  NH3–N, etha-
nol and butyric acid concentrations, and higher lactic 
acid concentrations. This could be mainly attributed to 

Fig. 7 Predicted phenotype of bacterial community in fresh alfalfa and silages at two growth stages. ALFM1, fresh alfalfa harvested at initial 
flowering stage; ALFM2, fresh alfalfa harvested at full flowering stage; AL1-3, alfalfa silage at initial flowering stage on day 3; AL2-3, alfalfa silage 
at full flowering stage on day 3; AL1-60, alfalfa silage at initial flowering stage on day 60; AL2-60, alfalfa silage at full flowering stage on day 60. **, 
0.001 < P < 0.01
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the lower buffering capacity and moisture contents and 
higher water soluble carbohydrate contents in ALFM2 
group compared with ALFM1 group. Guo et al. [2] con-
cluded that suitable dry matter contents, sufficient water 
soluble carbohydrate contents and lactic acid bacte-
ria populations, low buffering capacity and undesirable 
microbial populations are critical for successful ensiling.

Lactic acid is a metabolite produced by lactic acid bac-
teria during fermentation. The higher lactic acid contents 
in AL2 group than AL1 group were probably correlated 
with the higher water soluble carbohydrate contents and 
lactic acid bacteria populations in ALFM2 group, stimu-
lating the lactic acid fermentation. Furthermore, the rate 
of pH decline is mainly determined by the organic acids 
produced during ensiling and buffering capacity of raw 
material. Hence, the lower pH in AL2 group than AL1 
group during fermentation could be due to the rapid 
accumulation of lactic acid and lower buffering capacity 
in ALFM2 group, making it easier to change in pH.

In conserved silages, butyric acid and ethanol are both 
undesirable. Butyric acid was mainly produced by unde-
sirable microorganisms which break down amino acid 
resulting in nutrient loss. The lower butyric acid contents 
in AL2 group may be correlated with the rapid drop of pH 
in AL2 group, inhibiting the propagation and metabolism 
of harmful microorganisms. Kung et  al. [23] reported 
that the ethanol contents (> 30–40  g/kg DM) may be 
associated with the metabolism of yeast. Herein, the eth-
anol concentrations in AL1 and AL2 groups were both 
less than 25 g/kg DM, indicating the ethanol contents in 
alfalfa silages were mainly produced by other microbes, 
such as hetero-fermentative lactic acid bacteria.

The  NH3–N content is a critical indicator for assess-
ing the silage fermentation quality, reflecting the crude 
protein degradation through proteolysis by clostridium 
fermentation and plant protease activity [24]. In the 
current study, the relatively higher  NH3–N contents 
(> 140 g/kg TN) in AL1 and AL2 groups on day 60 could 
be ascribed to the insufficient acidic conditions at the ini-
tial fermentation stage. However, the AL2 group with an 
 NH3–N content of 143 g/kg TN; less than 150 g/kg TN is 
reported by Mahanna and Chase [25] to be acceptable for 
well-preserved legume silage.

Bacterial community diversity, compositions 
and successions in fresh alfalfa and silages at initial and full 
flowering stages
Alpha diversity, including Shannon, Chao1, Ace, Sobs, 
Coverage and Simpson indices, describes the coverage, 
diversity, richness and evenness of entire bacterial com-
munity in samples. Herein, higher Shannon values and 
lower Simpson values in ALFM1 group than ALFM2 
group indicated that higher bacterial diversity existed 

in ALFM1 group. In addition to the inherent changes in 
alfalfa with growth stage, Wang et al. [14] reported that 
the environmental factors, such as temperature, humid-
ity and solar radiation, can also influence the epiphytic 
bacterial community of forage. After 60  days, higher 
Shannon values and lower Simpson values in AL1 group 
indirectly proved that AL2 group had better fermenta-
tion quality than AL1 group. Muraro et al. [26] concluded 
that a successful fermentation with a decline in diversity 
indexes, from raw material to final silage by establishing 
a parallel with changes occurring within a silo, where the 
complex bacterial community of fresh material is gradu-
ally replaced by lactic acid bacteria strains in silage when 
anaerobic condition is reached and pH decreases.

Noteworthy, the decreased abundance of Firmicutes 
and increased abundance of Proteobacteria with growth 
stage after 3  days seemed to imply that anaerobic con-
dition was more difficult to realize in matured alfalfa 
silage. Conversely, lower pH and higher lactic acid con-
centrations were found in AL2 group compared to AL1 
group on day 3. This is probably correlated with the spe-
cies, interaction, activity and metabolic characteristics of 
epiphytic lactic acid bacteria strains in alfalfa at different 
growth stages. After 60  days, the higher abundances of 
Firmicutes and lower abundances of Proteobacteria in 
AL2 group than AL1 group may be because AL2 group 
had a more acidic environment than AL1 group, benefit-
ing the growth and reproduction of Firmicutes and sup-
pressing the multiplication of Proteobacteria [27].

Higher proportions of Weissella and Lactobacillus in 
AL2 group than AL1 group on day 3 could partly explain 
the result that AL2 group had lower pH and higher lactic 
acid concentrations after 3 days. Weissella are recognized 
as the initial colonizer microbes during fermentation and 
they could convert water soluble carbohydrates to lactic 
and acetic acids [28]. Regarding Lactobacillus, they are 
often applied to occupy the predominant position at the 
beginning of fermentation, and guarantee good silage 
quality due to their capacity of producing lactic acid via 
consuming glucose [1].

After 60  days, higher abundances of Enterobacter and 
Enterobacteriaceae in AL1 group than AL2 group may 
result in higher  NH3–N contents in AL1 group. Entero-
bacteriaceae and Enterobacter were both reported for 
their proteolytic activity, which can lead to inefficient 
lactic acid fermentation, higher  NH3–N contents and 
pH [29, 30]. Herein, Enterobacter was the subdominant 
bacteria in AL1 group on day 60, likely responsible for 
the large amounts of  NH3–N produced during fermen-
tation [1]. Santos et al. [31] described most Enterobacter 
frequently found in silage are nonpathogenic. Whereas, 
their development is unacceptable, because they are in 
competition with LAB for water soluble carbohydrates 
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during fermentation. Silva et al. [32] also reported Enter-
obacter are detrimental to silage quality, because they can 
produce  NH3–N and slow down the drop in pH during 
fermentation.

Correlation between fermentation products and bacterial 
community in alfalfa silages at initial and full flowering 
stages
The ALFM1 group was separated from ALFM2 group in 
PCoA plot, indicating that growth stage had great effects 
on the epiphytic bacterial community of forages. ANO-
SIM analysis presented greater discrepancies in bacte-
rial communities between groups than within group. 
The positive correlation between Lactobacillus and lactic 
acid in RDA plot demonstrated that Lactobacillus play an 
important role in accumulating lactic acid and decreasing 
pH throughout the fermentation process [1].

In Spearman Correlation Heatmap plots, the posi-
tive correlation between the abundance of Weissella and 
acetic acid contents in AL1-3 group was in accordance 
with the fact that most Weissella species are obligate 
heterofermentative bacteria, generating acetic and lac-
tic acids via converting WSC [28]. The positive correla-
tion between the abundance of Enterobacteriaceae and 
ethanol contents in AL1-60 group was consistent with 
the results of Sun et al. [33], who reported that Entero-
bacteriaceae could thrive in weak acidic and anaero-
bic conditions, fermenting water soluble carbohydrates 
and lactic acid to ethanol, succinic acids, acetic acid, or 
2,3-butanediol.

Bacterial co‑occurrence, co‑occurrence network 
complexity, and stability in fresh alfalfa and silages 
at initial and full flowering stages
The separate bacterial network analysis was applied 
to assess the effects of growth stage and storage time 
on bacterial network complexity and stability of alfalfa 
silages at two growth stages. The results proved ensiling 
time possessed a more remarkable influence on bacte-
rial community compositions than growth stage. Herein, 
longer storage time decreased the bacterial network 
complexity in alfalfa silages, indicated by simpler bac-
terial community structure in 60  day silages. This may 
be related to the acidic environment and inadequate 
fermentable substrates in 60  day silage, restricting the 
growth and reproduction of most microorganisms.

AL2 group had similar bacterial community stabil-
ity (Degree, Degree Centrality, Closeness Centrality, 
Betweenness Centrality) with AL1 group on days 3 and 
60. The higher bacterial community stability in AL1 
group might be attributed to the inferior fermentation 
quality in AL1 group with lower amounts of lactic acid 
and higher pH, resulting in large amounts of undesirable 

bacteria. Regarding AL2 group, its higher bacterial com-
munity stability was probably due to the rapid drop of 
pH and quick production of lactic acid in AL2 group, 
resulting from the dominant role of beneficial lactic acid 
bacteria.

Predicted pathways of bacterial communities in fresh 
alfalfa and silages at initial and full flowering stages
Currently, an increasing number of highly accurate refer-
ence microbial genomes (> 50000) supply a tremendous 
resource of taxonomy-anchored functional information 
[5]. Bioinformatic tools can use this resource to predict 
functional characteristics of microbial communities 
based on 16S rRNA gene profiles. Herein, PICRUSt2, 
which expands the capabilities of the original PICRUSt1 
method to predict functional potential of a community 
based on marker gene sequencing profiles [6], was used 
to explore the effects of growth stage and storage time 
on functional profiles of bacterial communities in fresh 
alfalfa and silages at two growth stages.

On the Pathway level 1, higher proportions of envi-
ronmental information processing, cellular processes, 
metabolism, organismal systems, and genetic informa-
tion processing in AL1 group than AL2 group prior to 
ensiling might be linked with the higher diversity of epi-
phytic bacterial community in AL1 group. After ensil-
ing, the higher proportions of metabolism and genetic 
information processing on day 3, and Cellular Processes 
on day 60 in AL1 group than AL2 group may reflect the 
flourishment of undesirable bacteria due to the less lactic 
acid production and higher pH environment.

On the Pathway level 2, higher proportions of amino 
acid and carbohydrate metabolism in silage samples 
confirmed the bacterial communities in silage possessed 
strong capacity to metabolize carbohydrates and amino 
acids during ensiling. The lower abundances of signal 
transduction and membrane transport in silages may be 
due to the production of organic acids and acidification 
during fermentation, inhibiting the signal transduction 
and membrane transport of bacterial community. The 
higher abundances of folding, sorting and degradation, 
translation, and replication and repair in AL2-60 group 
than other silage samples suggested that the beneficial 
LAB of bacterial community in AL2 still rapidly prolifer-
ated after 60 days, consistent with the higher lactic acid 
production in AL2 on day 60. Kilstrup et al. [34] showed 
nucleotides can be used by microbes to replicate and 
synthesize DNA and RNA, and supply energy for cel-
lular process. The decreased abundances of cell motil-
ity, cellular community-prokaryotes, and environmental 
adaptation after ensiling were probably because the fer-
mentation products (mainly organic acids) and acidic 



Page 15 of 17Wang et al. Chem. Biol. Technol. Agric.            (2022) 9:98  

environment in silage were adverse to the bacterial cell 
motility, cellular community and their adaptive capacity.

On the Pathway level 3, the up-regulated metabolic 
pathways in all samples reflected that the bacterial com-
munity compositions of fresh alfalfa and silages at two 
growth stages always remained high metabolic activ-
ity. The gradually down-regulated pathways of ABC 
transporters, biosynthesis of secondary metabolites, 
biosynthesis of amino acids, carbon metabolism, two-
component system, and microbial metabolism in diverse 
environments during ensiling indicated that the mem-
brane transport, biosynthesis and metabolism of bacte-
rial community in silages might be strongly influenced 
by the anaerobic environment, bacterial interaction and 
fermentation products (e.g., lactic acid, acetic acid and 
ethanol).

Predicted enzymes of bacterial community in fresh alfalfa 
and silages at initial and full flowering stages
The enzyme activity of different individual microorgan-
isms may differ, leading to different functional contribu-
tions to certain reaction end-products [35]. It is common 
knowledge that 1-phosphofructokinase, fructokinase and 
pyruvate kinase are mainly responsible for the Embden–
Meyerhof pathway (EMP). Compared to AL2 group, the 
higher abundances of 1-phosphofructokinase and fruc-
tokinase in AL1 group on day 3 may be more related to 
the higher metabolic activity of undesirable bacteria due 
to the slower acidification at initial fermentation stage 
in AL1 group. The higher abundances of fructokinase, 
pyruvate kinase and 1-phosphofructokinase on day 60 in 
AL2 group than AL1 group were primarily related to the 
higher metabolic activity of beneficial LAB in AL2 group.

In anaerobic glycolysis, lactate dehydrogenase is the 
terminative enzyme in the sequence of reactions that 
promote the breakdown of glucose to lactate [36]. Com-
pared to AL1 group, the higher abundances of D-lactate 
dehydrogenase and lower abundances of L-lactate dehy-
drogenase in AL2 group on day 3 suggested D-lactate 
dehydrogenase was more critical than L-lactate dehy-
drogenase in stimulating lactic acid fermentation during 
the early stages. It is in accordance with the findings of 
Wang et  al. [9], who reported D-lactate dehydrogenase 
was important in the production of LA at the beginning 
of ensiling. In the later research, more attention should 
be paid to investigating the role of D-lactate dehydroge-
nase in regulating the LA production during the initial 
stages of fermentation. After 60  days, higher propor-
tions of D- and L-lactate dehydrogenase in AL2 than AL1 
agreed with the large accumulation of LA in AL2 at the 
late stages of fermentation.

The ribulose-5-phosphate and glucose-6-phosphate 
dehydrogenase played important roles in pentose phos-
phate pathway [37]. The higher proportions of L-ribu-
lose-5-phosphate 3-epimerase and glucose-6-phosphate 
dehydrogenase in AL1 group than AL2 group on day 60 
implied that the bacterial communities in well-preserved 
silage were less involved in pentose phosphate pathway. 
More research needs to be conducted to explore the role 
of pentose phosphate pathway during ensiling.

The nitrite reductase (nirB) and ornithine decarboxy-
lase (odcA) in bacterial community were mainly respon-
sible for the ammonia–nitrogen  (NH3–N) and biogenic 
amine formation in alfalfa silages [30]. In the current 
study, the higher  NH3–N contents and lower abundances 
of Nitrite reductase (NADH) and Ornithine decarboxy-
lase in AL1 group on day 3 seemed to be contradictory. 
However, it can be explained by the reports of Heinritz 
et al. [38], who concluded that the formation of ammonia 
during ensiling was related to plant enzyme and bacterial 
activity. During the initial stages of fermentation, higher 
 NH3–N contents in AL1 group could be mainly ascribed 
to the plant proteolytic enzyme due to the less lactic 
acid production and slower acidification in AL1 group. 
After 60 days, the higher  NH3–N concentrations in AL1 
group may be more correlated with the bacterial activity 
because of the higher abundances of Nitrite reductase 
(NADH) and Ornithine decarboxylase in AL1 group.

The up-regulated protein–N(pi)–phosphohisti-
dine–sugar phosphotransferase, histidine kinase, DNA-
directed DNA polymerase and DNA helicase of bacterial 
community in silage samples indicated that these bac-
terial enzymes were positively involved in various bio-
chemistry reactions during ensiling. The down-regulated 
NADH: ubiquinone reductase, glutathione transferase, 
iron–chelate-transporting ATPase and peptidylprolyl 
isomerase of bacterial community in silage samples sug-
gested that these enzymes were inhibited by ensiling 
due to the acidic environment and fermentation prod-
ucts. However, the specific function of abovementioned 
enzymes requires further study.

Predicted modules of bacterial community in fresh alfalfa 
and silages at initial and full flowering stages
Genome-scale metabolic models including functional 
network modules, can provide important insights into 
cell function. These modules are defined as groups of 
reactions with correlated fluxes, and the identification of 
modules can enable researchers to know the internal “wir-
ing” of genetic networks [39, 40]. On day 3, the higher 
proportions of glycolysis (Embden–Meyerhof pathway), 
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glucose =  > pyruvate, and Pentose phosphate pathway 
(pentose phosphate cycle) in AL1 group than AL2 group 
were in agreement with the variations of abovementioned 
key enzymes involved in Embden–Meyerhof pathway and 
pentose phosphate pathway, demonstrating the consist-
ency of predicted enzymes and modules in bacterial com-
munities. On day 60, lower proportions of citrate cycle 
(TCA cycle, Krebs cycle) in AL2 group than AL1 group 
confirmed that the bacterial community in well-preserved 
silage was less involved in TCA cycle.

Notably, the module of NADH: quinone oxidoreduc-
tase, prokaryotes was obviously down-regulated in well-
fermented AL2 group on day 60, consistent with the 
changes of abovementioned NADH: ubiquinone reduc-
tase. Brandt [41] described that the NADH: quinone oxi-
doreductase can catalyze electron transfer from NADH 
to quinone, and it is by far the largest enzyme of respira-
tory chain. Hence, it was speculated that the downregu-
lation of NADH: quinone oxidoreductase may reflect 
the inhibition of undesirable bacteria in well-fermented 
silage. However, the role of NADH: quinone oxidoreduc-
tase in bacterial community during ensiling needs to be 
further investigated.

Predicted phenotype of bacterial community in fresh 
alfalfa and silages at initial and full flowering stages
Nowadays, shotgun metagenomics and marker gene 
amplicon sequencing (16S) can be used to directly meas-
ure or predict the functional profiles of microbiota, but 
current methods do not readily estimate the functional 
capability of individual microorganisms. Hence, an algo-
rithm named BugBase was used to predict biologically 
interpretable phenotypes, such as oxygen tolerance, 
Gram staining and pathogenic potential, within complex 
microbiome based on whole-genome shotgun or marker 
gene sequencing data [42]. To our knowledge, this is the 
first investigation to predict the phenotype of bacterial 
community in the field of silage.

Herein, the higher proportions of facultatively anaer-
obic and lower proportions of anaerobic in AL2 than 
AL1 group on day 60 implied that most lactic acid bac-
teria strains in AL2-60 group belonged to facultatively 
anaerobic bacteria rather than obligate anaerobic bacte-
ria. The higher proportions of potentially pathogenic and 
gram negative in AL1 group than AL2 group on day 60 
could be explained by the less lactic acid accumulation 
and higher pH environment in AL1-60 group, promot-
ing the growth of some pathogenic and/or gram negative 
bacteria. The higher proportions of gram positive in AL2 
group than AL1 group on day 60 was probably because 
the bacterial community in AL2-60 group was mainly 

occupied by the lactic acid bacteria, which belonged to 
gram positive bacteria [43].

Conclusions
Compared to alfalfa silage harvested at initial flowering 
stage, the alfalfa silage harvested at full flowering stage 
had better fermentation quality with lower pH, ammo-
nia nitrogen and butyric acid contents and higher lactic 
acid contents after 60 days of ensiling. Moreover, the high 
throughput sequencing technique combined with PIC-
RUSt2 method can be successfully used to describe the 
variations of bacterial communities and their predicted 
functional potential in silage. This approach can improve 
our understanding of the silage microbiology to further 
regulate the fermentation products.
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