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Abstract 

Background Italian ryegrass is a temperate climate crop, which is widely cultivated in the winter fallow paddy fields 
of subtropical China. The utilization efficiency of Italian ryegrass depends greatly on its growth stage at harvest. Previ-
ous studies have reported the optimum stage for harvesting various forage to balance their quality and quantity. 
However, when considering the practice condition, such as rainy or unavailability of harvest equipment, the harvest 
stage of forage cannot always be implemented according to the production schedules. Thus, to characterize the 
effect of growth stage on the silage fermentation profile, bacterial community construction and metabolisms of 
carbohydrates and amino acids, Italian ryegrass were naturally ensiled at the filling stage (FSN) and the dough stage 
(DSN), respectively. After ensiling for 1, 3, 7, 15, 30, and 60 days, triplicate silos were opened for sampling.

Results The growth of Italian ryegrass increased the pH, dry matter, neutral, and acid detergent fiber contents, but 
decreased buffering capacity, crude protein and water-soluble carbohydrates contents, and the epiphytic microbiota 
of Italian ryegrass harvested at the filling stage was simpler than that harvested at the dough stage. During ensiling, 
FSN had lower pH and higher organic acid content than DSN. The bacterial succession rate in FSN was also faster 
than DSN, which showed that Lactobacillus becomes the dominant genus in the early stage of ensiling. The predicted 
metabolisms revealed that carbohydrate and amino acid metabolisms were the two main metabolisms in silage fer-
mentation. When compared with epiphytic microbiota, ensiling enhanced carbohydrate metabolism and diminished 
amino acid metabolism. The difference of these two metabolisms between FSN and DSN was obvious at the early 
stage of ensiling.

Conclusions Growth stage affected the chemical and microbial composition of Italian ryegrass, so as to the fermen-
tation profile, bacterial community and its metabolisms intensity. Italian ryegrass harvested at the filling stage was 
prone to ferment. The complexity of epiphytic microbiota made Italian ryegrass harvested at the dough stage more 
difficult to ferment.
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Background
The development of animal husbandry is usually limited 
by the shortage of forage supply [1]. Italian ryegrass is 
a temperate climate crop, which is widely cultivated in 
the winter fallow paddy fields of subtropical China and 
can be utilized to meet the forage shortage of livestock 
consumption [2]. However, the utilization efficiency of 
Italian ryegrass depends greatly on its growth stage at 
harvest, as growth stage is the main factor influencing 
the nutrition and digestibility of forage [3]. The previous 
studies have reported the optimum stage for harvesting 
various forage to balance their quality and quantity. How-
ever, when considering the practice condition, such as 
rainy or unavailability of harvest equipment, the harvest 
stage of forage cannot always be implemented according 
to the production schedules [4]. Ensiling is a widespread 
practice to maintain the nutritional quality of forage and 
ensure the year-round supply of feed to meet the pro-
duction requirement of animals [5]. The growth stage of 
plant harvest also affects the fermentation quality of the 
silage. Because factors affecting ensilability, such as buff-
ering capacity [6], dry matter [7], and water-soluble car-
bohydrates [8] change with the growth of plants.

As known, ensiling is a microbial-driven fermentation 
process, which relies on the lactic acid bacteria (LAB) to 
produce acid to limit the growth of other microorganisms 

and nutrient loss. The role of LAB in the fermentation 
quality of silage has been extensively studied. Although 
the development of culture-independent technologies, 
such as next-generation sequencing enables research-
ers to understand the complex microbial community 
involved in silage fermentation, and understand the role 
of the microbial community (not only LAB) from an eco-
logical perspective. However, most studies still remain at 
the level of description, and fail to establish a relation-
ship between microbial community and function in silage 
fermentation. Through understanding the relationship 
between biodiversity, function, and fermentation prod-
ucts, exploring the role of microorganisms in silage may 
fully understand the function of growth stage on silage 
fermentation quality.

Therefore, the aim of this study was to evaluate chemi-
cal component, microbial structure, and functional dif-
ferences in the two growth stages of Italian ryegrass and 
the effect of growth stage on silage fermentation.

Materials and methods
Forage material
Italian ryegrass cultivated on the Baima experimen-
tal field of Nanjing Agricultural University (31.61°N, 
119.18°E, elevation 24.8 m, annual average precipitation 
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1106 mm, and temperature 15.4℃, Jiangsu, China) were 
harvested at the filling stage (FFS) and the dough stage 
(FDS) on 8th May and 12th June 2021, respectively. After 
harvest, Italian ryegrass was immediately chopped into 
approximately 2-cm lengths using a fodder chopper 
(Sh-2000, Shanghai Donxe Industrial Co., Ltd., Shang-
hai, China). The chopped forages of each growth stage 
were mixed thoroughly to prepare silage and analyze raw 
material.

A total of 36 bags (2 growth stages × 6 store times × 3 
replicates) were prepared. Briefly, 100 g of chopped Ital-
ian ryegrass was packed into a presterilized polyethylene 
plastic bag (size: 30 cm × 40 cm), and vacuum sealed by 
a vacuum sealing machine (DZD-400, Nanjing Aomitai 
Technology Co., Ltd., Nanjing, China). Then, the bag-
silos were stored at ambient temperature (27 ± 2.5  ℃). 
Triplicate bag-silos of each growth stage of Italian 
ryegrass were sampled on days 1, 3, 7, 15, 30, and 60 of 
ensiling.

Analytical methods
Details relating to the sample preparation and analyses 
for the chemical and microbial composition of fresh Ital-
ian ryegrass and its silage were the same as used by Yin 
et al. [9].

The dry matter (DM) content was determined by oven-
dried for 72  h at 65  ℃. Water-soluble carbohydrates 
(WSC), total nitrogen (TN), neutral, and acid detergent 
fiber content (NDF and ADF) were determined on the 
forage powder ground after being used for dry matter 
analysis. The WSC content was analyzed by the Anthrone 
method [10]. The TN content was measured by the Kjel-
dahl method (Kjeltec 2300 Auto-Analyzer; FOSS Analyti-
cal AB, Hoganas, Sweden) [11], and crude protein (CP) 
content was calculated by the TN × 6.25. The NDF and 
ADF contents were determined according to the method 
of Van Soest et al. [12].

The filtrate extracted from fresh and ensiled Ital-
ian ryegrass was used to determine the pH, buffering 
capacity, ammonia nitrogen  (NH3-N), lactic, acetic, and 
butyric acid (LA, AA, and BA), and ethanol contents. The 
pH was measured by a pH meter (Hanna Instruments, 
Inc., Woonsocket, RI, USA). The buffering capacity was 
determined following the method described by Playne 
and McDonald [13]. The  NH3−N content was deter-
mined by the colorimetric method [14]. According to the 
method reported by Zhao et al. [15], the concentrations 
of organic acid and ethanol were measured by HPLC.

The culturable microorganisms from fresh and 
ensiled Italian ryegrass were enumerated by plate. Lac-
tic acid bacteria and aerobic bacteria were enumerated, 
respectively, on MRS (de Man, Rogosa, and Sharp agar 

medium) and nutrient agar at 37 ℃ for 48 h; Enterobacte-
ria were counted on Violet Red Bile agar at 37 ℃ for 24 h; 
Yeasts and moulds were counted on Rose Bengal agar, 
after incubating at 30 ℃ for 48 h. All microbial data were 
transformed to  log10 on a fresh weight basis.

Bacterial DNA was extracted with the  FastDNA® 
SPIN Kit (MP Biomedicals, Santa Ana, CA, U.S.) 
according to the manufacturer’s instructions. The 
DNA quantity and quality were tested by the agarose 
gel electrophoresis (1% agarose gel, 5  V/cm voltage, 
20  min) and NanoDrop 2000 UV-vis Spectrophotom-
eter (Thermo Scientific, Wilmington, DE). The PCR 
reactions were performed according to the procedure 
described in Dong et  al. [16]. The PCR products were 
purified by AxyPrep DNA Gel Extraction Kit (Axy-
gen Biosciences, Union City, CA) and quantified using 
QuantiFluor™-ST according to the manufacturer’s 
protocol.

Sequencing was done on an Illumina MiSeq PE300 
platform using the paired-end method at Majorbio 
Bio-Pharm Technology Co., Ltd. (Shanghai, China). 
Obtained sequences were processed using Quantita-
tive Insights into Microbial Ecology (QIIME) software 
package version 1.9.1. Quality trimming of dataset 
removed sequences with a mean quality score less than 
20. The remaining sequences were assigned to opera-
tional taxonomic units (OTUs) at a threshold of 97% 
pairwise sequence identity by UPARSE (version 7.0). 
OTU representative sequences were then classified 
taxonomically using the Silva database with a confi-
dence threshold of 70%. Bacterial community structure 
was analyzed at the phylum and genus levels, and the 
relative abundance of bacteria shown in the figures is 
greater than 0.1%.

Statistical analysis
SPSS 22.0 software (IBM Corporation, New York, 
USA) was employed to perform the statistical analyses 
of chemical and microbial count data. Chemical and 
microbial data of the two growth stages of fresh Italian 
ryegrass were subjected to Student’s t test. The data on 
the fermentation quality and microbial composition of 
silage were analyzed by two-way ANOVA. Alpha diver-
sity (Shannon and Chao1) was calculated at QIIME 
(version 1.9.1). Beta diversity (Principal coordinates 
analysis, PCoA) was calculated and plotted based on 
the Unweight−Unifrac distance metric in R software 
(version 3.3.1). The permutational multivariate analysis 
of variance (PERMANOVA) was calculated to detect 
the difference in the microbiota structure. The correla-
tion between microbes and fermentation products or 
metabolisms was calculated by Spearman’s Correlation 
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Coefficient (R software, version 4.1.3). Functional pro-
files of bacterial community were predicted by the Tax-
4fun tool based on the KEGG database [17]. The data 
were visualized using Origin and R software.

Results
Characteristics of fresh Italian ryegrass harvested 
at the filling and dough stages
The differences in chemical and microbial of two growth 
stages of Italian ryegrass are shown in Table 1. The con-
tents of pH, DM, NDF, and ADF increased significantly 

(P < 0.05) from the filling to dough stage of Italian 
ryegrass, while WSC content decreased significantly 
(P < 0.05). The content of buffering capacity and CP did 
not change significantly, but decreased slightly with 
the growth of Italian ryegrass. Among the culturable 
microbes, only LAB counts increased with the growth of 
Italian ryegrass.

Fermentation characteristics of Italian ryegrass silage
Italian ryegrass harvested at the filling and dough stages 
were ensiled respectively, the corresponding changes of 

Table 1 The chemical components and epiphytic microbiota of fresh Italian ryegrass at two growth stages

FM, fresh matter; TN, total nitrogen; cfu, colony-forming units; SEM, standard error of mean

Items The filling stage The dough stage SEM P value

pH 6.12 6.75 0.143  < 0.001

Dry matter (g/kg FM) 226 347 7.089  < 0.001

Water-soluble carbohydrates (g/kg DM) 145 84.8 3.964 0.002

Buffering capacity (mEq/kg DM) 49.0 42.6 1.891 0.084

Neutral detergent fiber (g/kg DM) 527 570 2.182 0.014

Acid detergent fiber (g/kg DM) 322 347 5.905 0.007

Crude protein (g/kg DM) 62.7 59.1 1.200 0.142

Lactic acid bacteria  (Log10 cfu/g FM) 4.33 5.42 0.198 0.032

Aerobic bacteria  (Log10 cfu/g FM) 8.54 8.00 0.270 0.374

Yeasts  (Log10 cfu/g FM) 5.29 3.07 0.587  < 0.001

Enterobacteria  (Log10 cfu/g FM) 5.34 6.01 0.168 0.016

Table 2 Effects of different growth stages on chemical components and microbial compositions during Italian ryegrass ensiling

A−B Values with different capital letters within the same column indicate significant differences between treatments in the same ensiling day (P < 0.05). a−cValues with 
different lowercase letters indicate significant differences among ensiling days in the same treatment (P < 0.05)
1 FM, fresh matter; TN, total nitrogen; cfu, colony-forming units
2 FSN, natural fermentation of Italian ryegrass harvested at the filling stage; DSN, natural fermentation of Italian ryegrass harvested at the dough stage; ND, not 
detected
3 G, effect of growth stage; D, effect of ensiling day; G × D, interaction effect of growth stage and ensiling day

Items Treatments Ensiling days SEM P value

1 3 7 15 30 60 G D G × D

Dry matter (g/kg FM) FSN 220Ba 217Bab 213Babc 210Bbc 211Bbc 205Bc 12.97  < 0.001 0.001 0.228

DSN 369A 375A 370A 354A 348A 357A

Water-soluble carbohydrates (g/kg DM) FSN 125Aa 71.9Ab 55.8Ac 46.4Acd 38.3Ade 31.5Ae 5.039  < 0.001  < 0.001  < 0.001

DSN 48.7Ba 40.5Bab 36.2Bbc 31.0Bbcd 25.7Bd 28.5 cd

Ammonia nitrogen (g/kg TN) FSN 39.0c 55.1b 67.7a 75.2a 75.4Aa 74.6a 2.374 0.039  < 0.001 0.810

DSN 40.0c 51.7b 64.4a 72.6a 70.9Ba 71.5a

Lactic acid bacteria  (Log10 cfu/g FM) FSN 8.96Bab 9.90a 9.49Aa 8.11b 6.03c 6.91c 0.214 0.272  < 0.001 0.005

DSN 9.55Aa 9.18ab 8.96Bab 8.22bc 7.23c 7.15c

Enterobacteria  (Log10 cfu/g FM) FSN 7.20Ba 4.88Bb ND ND ND ND 0.007  < 0.001  < 0.001 0.067

DSN 7.54Aa 6.20Ab ND ND ND ND

Aerobic bacteria  (Log10 cfu/g FM) FSN 8.95Ba 7.90Bab 6.06Bc 6.74Bbc 6.04Bc 5.81c 0.217  < 0.001  < 0.001 0.859

DSN 9.57Aa 8.97Aa 7.20Ab 7.34Ab 6.79Ab 6.66b

Yeasts  (Log10 cfu/g FM) FSN 7.07Ba 4.99b 4.75bc 3.90bc 4.03bc 3.36c 0.268 0.004  < 0.001 0.904

DSN 7.56Aa 6.11ab 5.41bc 4.54bc ND 4.02c
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Fig. 1 Changes of pH, organic acid and ethanol contents during the ensiling of Italian ryegrass at different growth stages. FSN, natural fermentation 
of Italian ryegrass harvested at the filling stage; DSN, natural fermentation of Italian ryegrass harvested at the dough stage. G, effect of growth stage; 
D, effect of ensiling day; G × D, interaction effect of growth stage and ensiling day



Page 6 of 14Yin et al. Chem. Biol. Technol. Agric.           (2023) 10:19 

chemical composition and fermentation products during 
ensiling are shown in Table 2 and Fig. 1. The interaction 
of growth stage and ensiling days significantly (P < 0.05) 
affected the pH, WSC, LA, AA, and ethanol contents, but 
not the DM and  NH3−N contents (P > 0.05). The ratio of 
lactic to acetic acid (LA/AA) was only affected (P < 0.05) 
by ensiling day, and BA content was only affected 
(P < 0.05) by the growth stage.

DM content in FSN decreased with the ensiling days, 
while there were no significant changes in DSN. The 
rapid decline of WSC in FSN occurred in the first 7 days 
of ensiling, while that in DSN occurred in the first day of 
ensiling. There was more WSC consumed in FSN dur-
ing ensiling. Except for the first day of ensiling, the pH 
of FSN was lower than that of DSN (Fig.  1A). In the 
first 15 days of ensiling, the pH decreased to the lowest 
value of each group, thereafter, the pH presented differ-
ent growth trend. In FSN, the pH increased slightly at the 
end of ensiling, while in DSN, it dramatically increased 
from 15 to 30  days of ensiling. The LA content of FSN 
was significantly higher than that of DSN during ensil-
ing (Fig.  1B). However, the overall trend of LA content 
in FSN and DSN was similar. The LA content of FSN 
reached the plateau after 15  days of ensiling, and the 
decrease occurred after 60 days of ensiling. Although in 
DSN, the plateau appeared after 7  days of ensiling, and 
began to decrease after 30  days of ensiling. As shown 
in Fig.  1C, FSN had a higher AA content than DSN 
throughout the ensiling process. The AA content in FSN 
increased during ensiling, although after 30 days of ensil-
ing the increase became slow. Although in DSN, the AA 
content increased gradually in the first 15 days of ensil-
ing, then decreased until the end of ensiling. The ratio of 
LA/AA reflects the type of lactic acid fermentation. In 
the present study, the ratio of LA/AA in FSN and DSN 
was both lower than 2.0, indicating that hetero-fermen-
tation was prevalent in both groups (Fig.  1D). The BA 
content of FSN and DSN was stabilized at a narrow range 
during ensiling, but the former had a higher content than 
the latter. The changing trend of ethanol content is shown 
in Fig. 1F. The ethanol content in FSN reached the peak 
in the first 15  days of ensiling, then decreased slightly. 
In DSN, the ethanol content increased significantly in 
the first 30  days of ensiling and decreased rapidly after 
60 days of ensiling. While in the whole ensiling process, 
the ethanol content in FSN was always higher than that 
in DSN.

Characteristics of silage microorganisms
The counts of typical microorganisms in silage are 
shown in Table 2. Except for LAB, other microorganisms 
were significantly affected by the growth stage of Ital-
ian ryegrass (P < 0.05). All microorganisms significantly 

decreased by the effect of the ensiling day (P < 0.05). The 
interaction of growth stage and ensiling days only sig-
nificantly affected the LAB counts (P < 0.05). The LAB 
counts in FSN increased at the first 7  days of ensiling, 
then decreased. Although in DSN, its count decreased 
throughout the ensiling process. The enterobacteria 
count in DSN was significantly higher than that in FSN 
in the first 3  days of ensiling (P < 0.05). However, after 
7 days of ensiling, no enterobacteria was detected in FSN 
and DSN. Throughout the whole ensiling process, the 
number of aerobic bacteria and yeasts in DSN was always 
higher than that in FSN.

Bacterial community by Illumina analysis
In order to better understand the role of microorganisms 
in silage, bacterial community as a whole were detected 
by high-throughput sequencing.

Bacterial community diversities of fresh Italian ryegrass 
and their changes during ensiling are illustrated in Fig. 2. 
The epiphytic microbiota of FDS was more diverse than 
that of FFS. Ensiling process decreased the alpha diver-
sity of the epiphytic microbiota of FDS, and narrowed the 
difference in alpha diversity between the two bacterial 
communities. The beta diversity was illustrated by the 
PCoA plot. The plot shows that on the PC1 axis, the bac-
terial community structure of FSN and DSN was clearly 
separated by growth stage, indicating that bacterial com-
munities from the same growth stage were more similar 
during ensiling.

At the phylum and genus levels, the epiphytic micro-
biota and their changes during ensiling are shown in 
Figs.  3 and 4. The relative abundance of Proteobacte-
ria and Actinobacteriota in FFS was higher than that in 
FDS. Although the relative abundance of Firmicutes in 
FDS was higher than that in FFS. Pseudomonas, Sphin-
gomonas, and Microbacterium were the three most abun-
dant bacteria in FFS, of which the first two belong to 
Proteobacteria, accounting for about 60% of the whole 
bacterial community, and the latter belongs to Actino-
bacteriota. In FDS, the number of genera was obviously 
higher than that in FFS, so the relative abundance of 
dominant genus was lower than that in FFS. Exiguobac-
terium belonging to Firmicutes, Allorhizobium, and Pan-
toea belonging to Proteobacteria were the three most 
abundant bacteria in FDS. Lactococcus was the epiphytic 
LAB presented in FDS, but no LAB in FFS was higher 
than 0.1%.

When compared with epiphytic microbiota, bacteria 
community structure has changed greatly after 3 days of 
ensiling. Both in FSN and DSN, Firmicutes became the 
dominant phylum (Fig.  4a), while the shift from Pro-
teobacteria to Firmicutes in the former was faster than 
that in the latter (Fig. 4b, c). After 3 days of ensiling, the 
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relative abundance of most bacteria belonging to Proteo-
bacteria in FSN decreased, while there were some bac-
teria belonging to Enterobacteriaceae increased slightly, 
such as Serratia, Pantoea, and Hafnia. However, their 
relative abundance decreased to a very small amount in 
the later ensiling process. In DSN, bacteria belonging to 
Proteobacteria decreased after 3 days of ensiling, except 
for Pantoea and Enterobacter, which increased at the 
early stage of ensiling, and decreased to a small amount 
in the later stage of ensiling. When compared with FSN, 
the slow shift of bacteria community in DSN was also 
reflected in the change of LAB genera (cocci-type LAB to 
rod-type LAB). In FSN, Weissella became the dominant 
bacteria after 3 days of ensiling, and after nearly 30 days 
of ensiling, Lactobacillus replaced Weissella as the domi-
nant genus, accompanied by the increase of Pediococcus. 
At the end of ensiling, the relative abundance of Lacto-
bacillus and Pediococcus did not obviously change, but 
the relative abundance of Weissella further decreased, 
and the relative abundance of Clostridium and Bifido-
bacterium increased instead. In DSN, Weissella and Lac-
tococcus were the two dominant LABs after 3  days of 
ensiling. After 30 days of ensiling, the relative abundance 
of Weissella further increased, while the relative abun-
dance of Lactococcus decreased greatly. Lactobacillus 

and Pediococcus were the two LABs that increased at the 
later of ensiling. At the end of ensiling, the relative abun-
dance of Weissella began to decrease, and Lactobacillus 
and Pediococcus further increased. However, the rela-
tive abundance of Weissella was still higher than that of 
Lactobacillus and Pediococcus. These three LAB domi-
nated the bacterial community of DSN after 60  days of 
ensiling. When compared with FSN, Lactobacillus failed 
to become the dominant LAB. Although the relative 
abundance of epiphytic LAB in FFS was lower than that 
in FDS, the total relative abundance of LAB in FSN was 
higher than that in DSN in the first 30  days of ensiling 
(Fig. 5).

Metabolic prediction of bacterial community
Metabolisms changed by ensiling are illustrated in Fig. 6a. 
When compared with silage, epiphytic microbiota of 
fresh Italian ryegrass had more amino acid, energy, cofac-
tors, vitamins, xenobiotics, terpenoids, and polyketides 
metabolisms, and the biosynthesis of other secondary 
metabolites. Among them, metabolisms of terpenoids, 
polyketides and xenobiotics in FFS were significantly 
higher than that in FDS (P < 0.05). The metabolisms of 
carbohydrate, glucan, and nucleotide were upregulated in 
silage. Among them, the glycan metabolism in FFS was 

Fig. 2 The alpha diversity a and beta diversity b of fresh and ensiled Italian ryegrass. FFS, Italian ryegrass harvested at the filling stage; FDS, Italian 
ryegrass harvested at the dough stage; FSN, natural fermentation of Italian ryegrass harvested at the filling stage; DSN, natural fermentation of 
Italian ryegrass harvested at the dough stage. a−cMeans with different lower case were significant at P < 0.05
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significantly lower than that in FDS (P < 0.05). Carbohy-
drate and amino acid were the two metabolisms with the 
highest proportion in fresh and ensiled Italian ryegrass, 
so we specifically analyzed the carbohydrate and amino 
acid metabolisms (Fig.  6b, c). In terms of carbohydrate 
metabolism, the citrate cycle, butanoate, propanoate, 
glyoxylate and dicarboxylate metabolisms in fresh Ital-
ian ryegrass were higher than that in their corresponding 
silage. Ensiling upregulated the metabolisms of starch, 
sucrose, amino and nucleotide sugar, galactose, glycoly-
sis/gluconeogenesis, fructose and mannose. Most amino 
acid metabolisms were downregulated in silage, such as 
glycine, serine, threonine, arginine and proline metabo-
lisms, Lysine biosynthesis was the only obviously upregu-
lated amino acid metabolism in silage. Carbohydrate and 
amino acid metabolisms in FFS and FDS were similar, 
while amino acid metabolisms downregulated by ensil-
ing were higher in FFS than those in FDS. Carbohydrate 
metabolism in the first 3 days of ensiling of FSN was sim-
ilar to that in the first 30 days of ensiling of DSN, while 
amino acid metabolism of FSN in the late stage of ensil-
ing was quite different from DSN. Thus, for the metabolic 
level, it also showed that the fermentation degree of DSN 
was lower than that of FSN.

In order to find out the contribution of bacteria to the 
carbohydrate and amino acid metabolisms, the correla-
tion between bacteria and these metabolisms was ana-
lyzed (Fig. 7). Bacteria, which was abundant in epiphytic 
microbiota were positively correlated to the downregu-
lated carbohydrate and amino acid metabolisms during 
ensiling, and negatively correlated to the upregulated 
carbohydrate and amino acid metabolisms. Lactobacil-
lus, Weissella, Pediococcus, Bifidobacterium, Serratia, 
and Hafnia were positively correlated to the upregulate 
carbohydrate and amino acid metabolic pathway during 
ensiling, indicating that these bacteria exerted the main 
function in Italian ryegrass silage.

Discussion
Chemical and microbial changes of Italian ryegrass 
during growth
In the present study, with the growth of Italian ryegrass, 
the increase of DM, NDF, and ADF contents and the 
decrease of CP and WSC are typical, and consistent with 
the previous studies. These were mainly due to the dep-
osition of cell wall composition, such as hemicellulose 
and cellulose [7] and the increase of stem to leaf ratio—
because the protein fraction of plant was dominated 

Fig. 3 Epiphytic microbiota of Italian ryegrass. a at phylum level. b at the genus level. FFS, Italian ryegrass harvested at the filling stage; FDS, Italian 
ryegrass harvested at the dough stage
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by leaf protein [18, 19]. Organic acid is the main fac-
tor affecting the buffering capacity of forage, in Italian 
ryegrass, the main buffers are malate and citrate [13]. The 
decrease of buffering capacity in FDS, may be due to the 
decrease of these organic acid content.

Phyllosphere constitutes a very large microbial habi-
tat, which is sufficiently numerous to contribute in 
many processes of importance to global process. How-
ever, it has long been considered as a hostile environ-
ment for bacterial colonists, and bacteria need a high 
degree of adaptation to colonize this environment 

[20]. In the present study, the dominant bacteria in 
the two growth stages of Italian ryegrass belonged to 
Proteobacteria, indicating that the metabolic type or 
physiological characteristics of this kind of bacteria 
can adapt to the complex environment of the phyllo-
sphere. However, with the growth of Italian ryegrass, 
the relative abundance of Proteobacteria decreased and 
the diversity of epiphytic microbiota increased. Pseu-
domonas was the dominant genus in FFS, O’May and 
Tufenkji [21] pointed out that the swimming ability 
relying on the biofilm of Pseudomonas is crucial to its 

Fig. 4 Bacterial community composition and succession of Italian ryegrass silage (relative abundance > 0.1%). Relative abundance of bacteria 
in Italian ryegrass silage at the phylum level a and at the genus level d. Bacterial community succession of Italian ryegrass during ensiling are 
aggregated and colored on a stream-graph at the phylum level b and c and genus level e and f 
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colonization, and the formation of biofilm depends on 
certain humidity conditions. Therefore, the decreased 
moisture content during the growth of Italian ryegrass 
may limit the colonization of Pseudomonas, and the 

vacated niche expanded the living space of other bac-
teria. Although the epiphytic microbiota of FFS and 
FDS was quite different, the metabolisms in the two 
epiphytic microbiotas were relatively consistent. This 

Fig. 5 Lactic acid bacterial succession in Italian ryegrass silage

Fig. 6 Microbial metabolism of Italian ryegrass harvested at the two growth stages during ensiling. a the level 2 metabolisms predicted by KEGG. 
Differential analysis of specific carbohydrate b and amino acid c metabolisms
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may be due to the similar selection directions in similar 
environments, resulting in similar functions of bacteria 
in the same environment.

Effect of growth stages on fermentation quality of Italian 
ryegrass silage
In the present study, the changing trend of pH in both 
growth stages of Italian ryegrass silage was opposite to 
that of lactic acid content. As known, lactic acid (pKa, 
3.86) is the most effective organic acid to reduce pH in 
silage circumstances [22], and its acid strength is 10–12 
times that of other organic acids, such as acetic acid 

(pKa, 4.75) and propionic acid (pKa, 4.87). The differ-
ent upward trends of pH in FSN and DSN at the end of 
ensiling were related to the different production rates of 
lactic acid during ensiling. The lactic acid production rate 
of FSN was significantly higher than that of DSN, result-
ing in more lactic acid and lower pH in FSN during the 
same ensiling days. The dry matter content can affect the 
process, rate, and type of silage fermentation by affecting 
the activity of microorganisms [23]. As the fermentation 
substrate, WSC content can determine the fermentation 
intensity. In the present study, the moisture and WSC 
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contents in FSN were higher than that in DSN, jointly 
resulting in more organic acids and lower pH in FSN.

In general, the acetic acid content increased with ensil-
ing days is related to the decrease of WSC content in 
the later stage of ensiling, and the hetero-fermentation 
of LAB [24]. In the present study, the increase of acetic 
acid content in FSN at the later stage of ensiling may be 
due to the above reasons. Although the linear increase 
of acetic acid content in the first 15  days of ensiling in 
FSN was probably related to other acetic acid-producing 
bacteria. The result of Bjorkroth et  al. [25] showed that 
bacteria in the genus Weissella can carry out heterofer-
mentative, such as Weissella cibaria. Therefore, the rapid 
increase of acetic acid content in FSN was caused by the 
abundant Weissella at the early stage of ensiling. The ace-
tic acid content in DSN also increased obviously in the 
first 15  days of ensiling, which may be related to abun-
dant Enterobacteriaceae besides Weissella. The decrease 
of acetic acid content in the later stage of ensiling may 
be partly due to esterification [26]. Overall, the acetic 
acid content in FSN group was higher than that in DSN, 
which was related not only to the DM and WSC contents, 
but also to the abundance of bacteria. The abundance of 
bacteria that can produce acetic acid in FSN was higher 
than that in DSN.

The  NH3−N content of FSN and DSN was lower than 
the upper limit (100 g/kg TN) required for quality silage, 
indicating that the protein of Italian ryegrass was not 
degraded significantly during ensiling. The result of Zhao 
et  al. [27] showed that Naiper grass harvested in early 
vegetable stage had a lower  NH3−N than that of har-
vest at the late vegetative stage (95.7 vs. 155). Although 
in this study, there is no significant difference in  NH3−N 
content of Italian ryegrass harvested at the two growth 
stages. Previous study showed that the degradable pro-
tein of Italian ryegrass decreased with the growth stage 
[28]. Therefore, FSN may have more degradable proteins 
than DSN. However, the activity of plant protease will 
become higher in the mature stage of forage [29], which 
may lead to no significant difference in  NH3−N content 
between the two growth stages.

Effect of growth stages on microbial community of Italian 
ryegrass silage
When compared with the epiphytic microbiota, ensil-
ing significantly changed bacterial community structure, 
showing an increase in Firmicutes and a decrease in Pro-
teobacteria. For DSN, ensiling also decreased the alpha 
diversity of bacterial community, but not for FSN. There-
fore, the difference in alpha diversity between the two 
epiphytic microbiotas disappeared after ensiling. On day 
3 of ensiling, the relative abundance of Weissella in FSN 
reached 78.16%. The greater the abundance of dominant 

bacteria in bacterial community, the lower its diversity. 
Therefore, when compared with epiphytic microbiota, 
the bacterial diversity of FSN decreased obviously. How-
ever, the bacterial community of FSD on day 3 of ensil-
ing was not stable, because its dominant bacteria were 
Weissella, which is intolerant to low pH, as the continu-
ous accumulation of organic acid content and reduction 
of pH, Weissella was gradually replaced by Lactobacillus 
[30, 31]. On day 30 of ensiling, Lactobacillus became the 
dominant bacteria, and since then, the bacterial com-
munity became relatively stable. On day 3 of ensiling, 
the bacterial community structure of DSN also change 
greatly as compared to its epiphytic microbiota. How-
ever, the relative abundance of its dominant bacteria was 
relatively low, accounting for 34.62%, and many genera 
were retained. In the subsequent ensiling, Lactobacillus 
did not occupy a large advantage, so the bacterial com-
munity of DSN maintained a high diversity in the ensiling 
process.

However, the bacterial community structures of FSN 
and DSN were still different. In other words, the growth 
stage still has an effect on the bacterial community of 
silage, which may be related to the epiphytic microbiota 
of Italian ryegrass and the contents of WSC and DM. The 
diversity of epiphytic microbiota of FDS was higher than 
that of FFS. The higher the microbial diversity, the more 
stable the community structure, and the stronger resist-
ance to external environmental stresses [32]. In addition, 
the WSC and moisture contents of FDS were obviously 
lower than that in FFS, and the lower moisture content 
will limit the activity of most microorganisms, resulting 
in a lower succession rate of the bacterial community in 
DSN than that in FSN.

Weissella, Lactococcus, and Pediococcus are common 
LAB in the early stage of ensiling [33], but these three 
types of bacteria showed different changes in the pro-
cess of Italian ryegrass silage. In the present study, Weis-
sella is the LAB with the highest relative abundance in 
the early stage of ensiling of Italian ryegrass, followed 
by Lactococcus, and the relative abundance of Pediococ-
cus appeared to increase in the later stage of ensiling. The 
relative abundance of Weissella in FSN decreased with 
ensiling days, while that decrease in DSN presented at 
the later stage of ensiling, and at the end stage of ensil-
ing, DSN had a higher abundance of Weissella, which 
may be related to the slow fermentation process. At the 
early stage of ensiling, both FSN and DSN did not show 
abundant Pediococcus, but it increased since day 30 of 
ensiling. Cai et al. [34] showed that some strains of Pedi-
ococcus can grow normally at pH 3.5, which may be the 
reason why they can exist in FSN. The relative abundance 
of Pediococcus in DSN was higher than that in FSN, 
which may be related to the relatively high pH value.
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Effect of growth stage on bacterial metabolism of Italian 
ryegrass silage
By predicting the metabolisms of bacterial community, 
the dynamics of bacterial community and its role in silage 
fermentation were further clarified. Consistent with Bai 
et  al. [35] that most metabolisms were downregulated 
by ensiling, such as amino acid metabolism. Amino acid 
metabolism provides essential component (like nitrogen 
nutrients) for microbial growth [36, 37]. The decreased 
amino acid metabolism was positively correlated to the 
relative abundance of undesirable bacteria, thus it can 
be speculated the simplified bacterial community during 
ensiling caused the downregulated of most metabolisms. 
Compared with epiphytic microbiota, carbohydrate 
and nucleotide metabolism were upregulated in silage 
microbiota. Anaerobic environment promoted fermen-
tation metabolism, bacteria (most were enterobacteria 
and LAB) adapted to this environment and fermented 
carbohydrate to produce ATP and intermediate metabo-
lites to maintain their activities. The upregulated nucle-
otide metabolism may be related to bacterial death and 
nucleotide degradation. Although the specific prediction 
of carbohydrate and amino acid metabolism showed that 
not all carbohydrate and amino acid metabolisms were 
upregulated and downregulated after ensiling, respec-
tively, indicating that ensiling was intensified by those 
upregulated carbohydrate and amino acid metabolism, 
such as fructose, mannose, cysteine, and methionine 
metabolism. Although the ensiling process simplified the 
bacterial community structure and downregulated most 
of the metabolic pathways, there was no significant differ-
ence in the changes of the metabolic pathways of Italian 
ryegrass harvested at the two growth stages during ensil-
ing, and no obvious difference between the two growth 
stages, indicating that although the bacterial community 
was different, the metabolic pathway was similar, it might 
be caused by functional redundancy in similar environ-
ments [38].

At present, researches on silage metabolism mainly 
focus on phenomena. It has not been reported to regulate 
the fermentation of silage microorganisms by regulating 
the metabolic pathway, which may be the research direc-
tion of silage microbiology in the future.

Conclusion
When compared with the dough stage, Italian ryegrass 
harvested at the filling stage had higher WSC and mois-
ture content, and its silage showed lower pH, higher 
lactic acid content, and rapid bacterial succession. The 
diversity of epiphytic microbiota made Italian ryegrass 
harvested at the dough stage more difficult to ferment, 
showing a delayed succession process. Metabolic analysis 

revealed that carbohydrate and amino acid metabolism 
played an important role in silage fermentation. Silage 
quality may be regulated through these metabolic path-
ways in the future.
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