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Abstract: The aim of this study was to evaluate the effects of cellulase (CE) and lactic acid bacteria
(LAB) on Caragana korshinskii silage by analyzing the fermentation parameters, chemical composi‑
tion, and bacterial community. The Caragana korshinskii was harvested at the fruiting period and
treated with cellulase and LAB alone as a control treatment with no additive (CK). The ensiling per‑
formance and bacterial community were determined after 3, 7, 15, 30, and 60 days of fermentation
process. Comparedwith the CK group, the pH, drymatter loss, and ammonia nitrogen content were
significantly (p < 0.05) decreased in the LAB and CE treatments. Compared with the CK and LAB
group, the contents of acid detergent fiber, neutral detergent fiber, and acid detergent lignin in the
CE group decreased significantly (p < 0.05), and the water‑soluble carbohydrates, acetic acid, and
lactic acid concentrations increased significantly (p < 0.05). At the genus level of microorganisms,
the addition of cellulase and LAB significantly reduced the microbial diversity. Compared with the
CK group (78.05%), the relative abundance of Lactiplantibacillus in the CE group (90.19%) and LAB
group (88.40%) significantly (p < 0.05) increased. The relative abundance of Pediococcus in the CE
group (3.66%) and LAB group (2.14%) was significantly (p < 0.05) lower than that in the CK group
(14.73%). Predicted functional profiling of 16S rRNA genes revealed that the addition of cellulase
and LAB increased the pyruvate metabolic pathway during Caragana korshinskii silage, thereby in‑
creasing the accumulation of lactic acid concentration. The addition of cellulase expressed a better
advantage in the biosynthetic capacity of lysine. In summary, the addition of cellulase and LAB
could adjust the bacterial community to improve the silage quality of Caragana korshinskii, and the
addition of cellulase exhibited better results than the LAB additives.

Keywords: lactic acid bacteria; cellulase; microbial community; fermentation characteristics;
Caragana korshinskii

1. Introduction
The Xing’an League region of the Inner Mongolia Autonomous Region is located in

the hinterland of Horqin sandy land. Natural meadows are rare, and the main source of
local beef crude feed is corn stover. The shortage of quality forage grasses has severely con‑
strained local livestock development. Therefore, there is an urgent need to develop more
available feed resources as animal feed. Recently, Caragana korshinskii has been widely cul‑
tivated locally as a renewable resource with the implementation of ecological projects such
as grazing prohibition and sand control [1]. Caragana korshinskii is a genus of Caragana in
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the legume family. The genus Caragana is a dominant species in cold‑temperate arid scrub,
desert, and mountain meadows, and is well known in China for its role in sand fixation,
soil and water conservation, nectar, fuel, and fodder. To date, more than 100 species of
Caragana have been found worldwide, mainly in arid and semi‑arid regions of Asia and
Europe, while at least 60 species ofCaragana have been found in China alone. Among these
plants, Caragana korshinskii is the most common plant in the arid and semi‑arid regions of
the Inner Mongolia Plateau [2]. In China, more than 4 million tons of Caragana korshinskii
are harvested annually to alleviate plant aging [3]. Caragana korshinskii has a high protein
content and is rich in several amino acids, especially lysine, which is an essential amino
acid in beef cattle, and therefore has a high value for feeding [4]. However, the harvested
Caragana korshinskii was treated as fuel, causing a huge feed waste.

Fresh Caragana korshinskii containing tannins and stipule thorns that affect palatabil‑
ity is not eaten by beef cattle. Silage, as a microbial anaerobic fermentation technique,
can soften spines and produce an aromatic odor, which can improve the palatability of
Caragana korshinskii. Silage technology mainly refers to the proliferation of lactic acid bac‑
teria under anaerobic conditions, using soluble carbohydrates to produce large amounts of
lactic and acetic acids, thereby reducing pH, inhibiting the growth of undesirable microor‑
ganisms, preserving feed, and improving palatability [5]. Considering the high lignocellu‑
lose content and low soluble carbohydrate content in fresh Caragana korshinskii, cellulase
could be added. Cellulase increases the content of water‑soluble carbohydrates (WSC)
by degrading cellulose and provides a substrate for lactic acid production by lactic acid
bacteria [6]. Furthermore, He et al. [7] found that the addition of cellulase increased the
true protein content, decreased the fiber and ammonia nitrogen (NH3‑N) contents, and
improved the silage quality of mulberry leaf silage. In addition to increasing the soluble
carbohydrate content of fresh Caragana korshinskii, the number of epiphytic lactic acid bac‑
teria can be increased to obtain successful silage. Lactic acid bacteria, as one of the most
common additives, is used to obtain successful silage products. Lactic acid bacteria can
enhance homologous lactic acid fermentation, produce a large amount of lactic acid, and
rapidly reduce the pH value, thus inhibiting adverse microorganisms and obtaining better
fermentation quality [8]. Ogunade et al. [9] found that in alfalfa silage production, some
harmfulmicroorganisms decrease feed quality and lactic acid bacteria improve silage qual‑
ity by competing with these microorganisms to rapidly eliminate pathogens.

To date, the effects of cellulase and LAB as inoculants on the silage fermentation char‑
acteristics, chemical composition, complex microbial communities, and microbial interac‑
tions of various types of grass have been reported. However, the effects of cellulase and
LABon the silage fermentation ofCaragana korshinskii remain unclear. Therefore, this study
aimed to evaluate the effect of cellulase and LAB additives on Caragana korshinskii silage by
analyzing the fermentation parameters, chemical composition, and bacterial community.

2. Materials and Methods
2.1. Silage Preparation

Caragana korshinskiiwas harvested during the fruiting period in Bayannur Sumu, Horqin
Right Wing Central Banner, Xing’an League, Inner Mongolia Autonomous Region (44◦77′
E, 121◦86′ N). The raw material was harvested by Caragana Harvester, cut to 2–3 cm, and
then processed into silky objects by a korshinskii kneadingmachine. Themoisture content
of the rawmaterial was 46.3%. Afterweighing 16.76 kg of rawmaterials, 5.74 kg of distilled
water was added and stirred well to control the moisture content at 60%. The uniformly
stirred Caragana korshinskii was divided into three groups, and treated with the follow‑
ing: (1) no additive control (CK); (2) cellulase (CE; Yidu Biological Technology Co., Ltd.,
Hohhot, Inner Mongolia, China; mainly including exo‑β‑glucanase, endo‑β‑glucanase, β‑
glucosidase, and xylanase; CE activity as 5× 105 U/g; addition amount: 1× 105 U/kg fresh
material (FM)); (3) lactic acid bacteria (LAB; Yidu Biological Technology Co., Ltd., Hohhot,
Inner Mongolia, China; LAB application rate: 1 × 106 cfu/g FM). All the additives were
mixed homogeneously with Caragana korshinskii. Each treatment batch was divided into
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three copies, each 500 g, packed in polyethylene bags (30 × 40 cm), and vacuum sealed. A
total of 45 bags were prepared (3 treatments × 3 repetitions × 5 silage days) and stored
at ambient temperature (20–30 ◦C). After 3, 7, 15, 30, and 60 days of ensiling, the chemical
composition, fermentation characteristics, and bacterial community were analyzed.

2.2. Analysis of Fermentation Parameters, Chemical Composition, and Microbial Counts
In the fresh Caragana korshinskii and silage, 10 g of forage samples were blended with

90mL of sterilizedwater, and organic acid liquid was obtained by beating the homogenate
for 2 min. The pHwas determined by an electrode pHmeter (PHS‑3C, INESA Scientific In‑
strument Co., Ltd., Shanghai, China). The concentrations of organic acids, lactic acid (LA),
acetic acid (AA), propionic acid, and butyric acid were measured using high‑performance
liquid chromatography according to the method of Cheng et al. [10]. The ammonia nitro‑
gen content wasmeasured by phenol‑sodiumhypochlorite colorimetry determination [11].
Lactic acid bacteria were cultured and counted on anMRSmedium. Aerobic bacteria were
cultured and counted using a nutrient agar medium. Molds and yeasts were cultured and
counted on potato dextrose agarmedium. Coliform bacteriawere cultured and counted on
eosin methylene blue medium. All four culture media were purchased from Guangdong
Huankai Microbial Sci. and Tech. CO., Ltd (Guangzhou, China). Colonies were calculated
as the viable number of microorganisms and transformed into logarithmic scales based on
FM basis (Log10 cfu/g FM).

Each group of samples was tested 3 times in parallel for chemical analysis. Fresh or
ensiling materials were dried in a fan‑forced oven at 65 ◦C for 48 h to analyze DM con‑
tent [12]. The crude protein (CP) content was determined by Kjeldahl method [13]. The
WSC content was measured using the anthrone colorimetry method [14]. The contents of
acid detergent lignin (ADL), acid detergent fiber (ADF), and neutral detergent fiber (NDF)
were measured by an A220 fiber analyzer according to the method of Van Soest et al. [15].

2.3. DNA Extraction, PCR and Sequencing
Fresh sample and silage samples were analyzed by Biotechnology platform (LC‑Bio

Co., Ltd., Zhejiang, China). The cetyltriethyl ammonium bromide (CTAB) method was
used to extract the total DNA of microbial groups from various sources [16], and the qual‑
ity of DNA extraction was detected by agarose gel electrophoresis. At the same time, DNA
concentration was quantified by UV–vis spectrophotometer. The hypervariable region
V3–V4 of the bacteria 16S rRNA gene were amplified with primers 341F(5′‑CCTACGGG
NGGCWGCAG‑3′) and 805R(5′‑GACTACHVGGGTATCTAATCC‑3′). The PCR products
were purified using the AMPure XT beads (Beckman Coulter Genomics, Danvers, MA,
USA),quantified using Qubit (Invitrogen, Carlsbad, CA, USA), then mixed according to the
sequencing requirements of each sample. PCR products were detected by 2% agarose gel and
recovered by AMPure XT beads recovery kit. The PCR products were sequenced on Agilent
2100 biological analyzer (Agilent Technologies, Inc., Santa Clara, CA, USA) and an Illumina
platform (Kapa Biosciences, Woburn, MA, USA) and after edulcoration and ration.

2.4. Bacterial Community Sequencing Analysis
The raw reads were carried out quality filtering by the software of fqtrim (v0.94) (http://

ccb.jhu.edu/software/fqtrim/ (accessed on 1 September 2022)) under specific filtering con‑
ditions so that gain high quality clean labels. Using Vsearch software (v2.3.4) (https://gi
thub.com/torognes/vsearch (accessed on 1 September 2022)) to filter chimeric sequences.
Alpha diversity and beta diversity were reckoned by random normalization to the same
sequence using QIIME2 [17]. Microbial relative abundance was used to represent bacterial
classification. Based on 16S rRNA data, PICRUSt was used to predict metabolic genes [18].
The Kyoto Encyclopedia of Genes and Genomes (KEGG) was also used to assign genes to
metabolic pathways. High‑throughput sequencing data were analyzed and most graphs
were plotted using the https://www.omicstudio.cn/tool (accessed on 15 September 2022)
Omic Studio tool. The Bar plots was made in GraphPad prism 8.0.2.

http://ccb.jhu.edu/software/fqtrim/
http://ccb.jhu.edu/software/fqtrim/
https://github.com/torognes/vsearch
https://github.com/torognes/vsearch
https://www.omicstudio.cn/tool
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2.5. Statistical Analysis
The fermentation parameters, chemical composition, and microbial community were

calculated by two‑way analysis of variance. The statistical model is as follows:

Yıjh = µ + αι + βj + αβıj + ϵıjh (1)

where Yıjh is an observation, µ is the overall mean, αι is the effect of additives (ι = CK, CE,
LAB), βj is the number of ensiling days (j = 3, 7, 15, 30, 60), αβıj is the additives × number of
ensiling days interaction, and ϵıjh is the error. The Duncan’s tests were used to separate sig‑
nificant differences and was considered statistically significant when the probability was
less than the 5% level.

3. Results
3.1. Chemical Composition and Microbial Counts of Fresh Caragana korshinskii

The chemical compositions and microbial counts of Caragana korshinskii before ensil‑
ing are presented in Table 1. TheDMcontent of freshCaragana korshinskiiwas 463.80 g/kg of
FM and the contents of NDF, ADF, ADL, CP, and WSC were 706.92, 594.99, 155.71, 102.53,
and 27.69 g/kg DM, respectively. Microbial counts in the Caragana korshinskii for lactic acid
bacteria, yeasts, coliform bacteria, aerobic bacteria, and molds were 6.11, 8.61, 7.35, 8.15,
and 2.82 Log10 cfu/g FM.

Table 1. Chemical composition and microbial counts of fresh Caragana korshinskii.

Items Sample

DM (g/kg FM) 536.2 ± 7.31
CP (g/kg DM) 102.53 ± 2.75
WSC (g/kg DM) 27.69 ± 0.69
NDF (g/kg DM) 706.92 ± 2.03
ADF (g/kg DM) 594.99 ± 2.11
ADL (g/kg DM) 155.71 ± 2.22

Lactic acid bacteria (Log10 cfu/g FM) 6.11 ± 1.06
Aerobic bacteria (Log10 cfu/g FM) 8.15 ± 0.80
Coliform bacteria (Log10 cfu/g FM) 7.35 ± 2.13

Yeasts (Log10 cfu/g FM) 8.61 ± 0.33
Molds (Log10 cfu/g FM) 2.82 ± 0.28

FM, freshmaterial; DM, drymatter; CP, crude protein;WSC,water soluble carbohydrates; NDF, neutral detergent
fiber; ADF, acid detergent fiber; ADL, acid detergent lignin.

3.2. Fermentation Characteristics and Chemical Compositions of Caragana korshinskii Silage
The dynamic changes of fermentation characteristics and chemical compositions of

Caragana korshinskii silages are displayed in Tables 2 and 3, respectively. At each period of
silage, the pH values of CE and LAB groupswere significantly lower than that of CK group
(p < 0.05) (Table 2). With the increase of silage days, the pH values of CE and LAB groups
showed a decreasing trend, the pH values of CK group reached the lowest value at 15 days
of ensiling, and the pH values increased slightly at 30 and 60 days. The concentrations of
LA andAA in CE groupwas significantly higher than that in CK and LAB group at 60 days
of ensiling (p < 0.05), and there was no significant difference in LA and AA concentrations
among the three groups at the ensiling stages of 3 to 30 d. In addition, no propionic acid
or butyric acid was detected in the three treatment groups throughout the silage process.
The lowest NH3‑N contents was observed in CE groups, and the NH3‑N was not detected
in CE group after 7 days of ensiling.
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Table 2. Effects of additives and ensiling days on fermentation parameters of Caragana korshinskii
silage.

Items Treatments
Ensiling Days

SEM
p Value

3 7 15 30 60 T D T × D

pH value CK 4.24 Aa 4.02 Ab 3.98 Ab 4.13 Aab 4.12 Aab 0.02 <0.0001 0.048 0.4532
CE 4.04 Ba 3.89 Cb 3.89 Bb 3.81 Bc 3.74 Bd

LAB 4.02 Ba 3.97 Bab 3.95 ABbc 3.9 ABc 3.8 Bd

LA (g/kg DM) CK 19.07 Aab 23.87 Aab 24.57 Aa 23.44 Aab 15.26 Bb 0.94 0.0025 0.724 0.0132
CE 23.81 Ab 24.73 Ab 25.13 Ab 27.92 Ab 38.35 Aa

LAB 26.40 Aa 28.06 Aa 26.13 Aa 24.36 Aa 25.19 Ba

AA (g/kg DM) CK 7.27 Ab 8.24 Ab 6.61 Ab 12.90 Aa 9.03 Bab 0.63 <0.0001 0.0003 <0.0001
CE 7.57 Ab 4.94 Ab 5.08 Ab 9.49 Ab 18.37 Aa

LAB 3.29 Aa 6.07 Aa 6.12 Aa 3.52 Ba 4.83 Ba

NH3‑N (g/kg DM) CK 0.15 Bb 0.10 Ab 0.09 Ab 0.34 Aa 0.17 Ab 0.03 <0.0001 <0.0001 <0.0001
CE 0.05 Ba ND ND ND ND
LAB 0.62 Aa 0.11 Ac ND 0.28 Ab ND

DM, dry matter; LA, lactic acid; AA, acetic acid; NH3‑N, ammonia nitrogen; CK, no additive control; CE, cellu‑
lase; LAB, lactic acid bacteria. Different capital letters indicate significant differences among different treatments
under the same ensiling days (p < 0.05); different lowercase letters indicate significant differences among different
ensiling days under the same treatment (p < 0.05); same letter indicate not significant (p > 0.05); ND, no detected;
SEM, standard error of the mean; T, treatments; D, ensiling days; T × D, interaction between treatments and
ensiling days.

Table 3. Effects of additives and ensiling days on chemical composition ofCaragana korshinskii silage.

Items Treatments
Ensiling Days

SEM
p Value

3 7 15 30 60 T D T × D

DM (g/kg FM) CK 395.42 Aa 391.87 Ba 383.42 Ab 369.63 Bc 359.61 Bd 1.73 <0.0001 <0.0001 0.0067
CE 397.63 Aa 393.78 Aba 385.35 Ab 377.73 Abc 371.69 Ac

LAB 398.43 Aa 395.39 Aa 388.76 Ab 380.90 Ac 375.77 Ad

NDF (g/kg DM) CK 688.28 Aa 677.67 Ab 670.33 Ac 662.62 Ad 658.47 Ad 2.31 <0.0001 <0.0001 0.0016
CE 677.67 Ba 660.76 Cb 648.02 Cc 639.27 Bd 635.55 Ce

LAB 685.18 Aa 672.22 Bb 666.30 Bc 657.73 Ad 651.08 Be

ADF (g/kg DM) CK 582.67 Aa 573.10 Ab 565.65 Ac 556.95 Ad 545.80 Ae 2.62 <0.0001 <0.0001 0.0425
CE 571.61 Ba 556.17 Bb 544.33 Cc 535.94 Cd 518.88 Be

LAB 580.42 Aa 569.53 Ab 561.29 Bb 551.06 Bc 540.74 Ad

ADL (g/kg DM) CK 149.05 Aa 145.65 Ab 143.67 Abc 141.79 Ac 139.08 Ad 0.78 <0.0001 <0.0001 0.9621
CE 142.31 Ba 138.19 Bb 135.69 Cc 133.28 Bd 130.90 Be

LAB 148.42 Aa 144.80 Aab 141.16 Bbc 139.77 Abc 138.24 Ac

CP (g/kg DM) CK 101.24 Bd 102.60 Abc 103.51 Bab 103.28 Cbc 104.19 Ba 0.27 <0.0001 <0.0001 <0.0001
CE 102.55 Ae 103.83 Ad 104.28 Ac 105.46 Ab 106.35 Aa

LAB 99.63 Cd 101.03 Bc 103.59 Bb 104.29 Bb 105.82 Aa

WSC (g/kg DM)
CK 23.78 Aa 20.07 Bb 18.66 Cbc 16.14 Ccd 15.70 Bd 0.63 <0.0001 0.0006 0.3776
CE 28.1 Aa 27.12 Aa 26.53 Aa 26.24 Aa 25.99 Aa

LAB 23.95 Aa 21.91 Ba 21.43 Ba 21.17 Ba 20.06 Ba

FM, fresh material; DM, dry matter; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent
lignin; CP, crude protein; WSC, water‑soluble carbohydrates; CK, no additive control; CE, cellulase; LAB, lactic
acid bacteria. Different capital letters indicate significant differences among different treatments under the same
ensiling days (p < 0.05); different lowercase letters indicate significant differences among different ensiling days
under the same treatment (p < 0.05); same letter indicate not significant (p > 0.05). SEM, standard error of the
mean; T, treatments; D, ensiling days; T × D, interaction between treatments and ensiling days.

After 60 days of ensiling, the DM content in CE and LAB groups was significantly
(p < 0.05) higher than that in CK group (Table 3). The WSC, NDF, ADF, ADL, and DM
were significantly decreased (p < 0.05) in all treatment groups as the days of silage in‑
creased. The ADF, NDF, and ADL contents of CE group were significantly lower than
CK and LAB groups at each period of silage (p < 0.05), while the WSC content of CE group
was significantly higher than CK and LAB group at each period of silage (p < 0.05). At
60 days of ensiling, the content of CP in three groups was significantly (p < 0.05) higher
than that before ensiling, and the content of CP in CE and LAB groups was significantly
(p < 0.05) higher than that in CK groups.
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3.3. Bacterial Diversity and Community Composition in Caragana korshinskii Silage
The alpha diversity of dynamic Caragana korshinskii silage bacterial communities is

shown in Table 4. The bacterial coverage of each group was 0.99, indicating that the bacte‑
rial community analysis conducted at this sequencing depth was reliable enough. Ensiling
days had a significant effect on OTUs, Chao1, Shannon, Simpson, and Pielou‑e
(p < 0.05), The Pielou‑e, Simpson, Shannon, Chao1, and OTUs decreased with increasing
ensiling days in all groups. There was no significant difference in Chao1 and OTUs in‑
dexes among the three treatment groups at days 60 of ensiling. The Shannon, Simpson,
and Pielou‑e indexes were significantly lower in the CE and LAB‑treated silages than in
the CK silage at days 60 of ensiling (p < 0.05). The changes in the microbial community
of the silage were further verified by beta diversity analysis using principal coordinates
analysis (PCoA) (Figure 1). Principal coordinates 1 (PCo1) and 2 (PCo2) explain 69.79%
and 19.82% of the total variance in Caragana korshinskii silage, respectively. The bacterial
communities of fresh and silage samples were significantly separated, while there was no
significant difference between silage samples treated with additives, and three groups of
silage samples gathered together.

Table 4. Effects of additives and ensiling days on bacterial alpha diversity of Caragana korshinskii silage.

Items Treatment
Ensiling Days

SEM
p Value

3 7 15 30 60 T D T × D

OTUs CK 250.67 Abc 222 Abc 318.33 Aa 276.67 Aab 215.33 Ac 6.35 0.513 <0.0001 0.1206
CE 268.33 Aab 241 Abc 310.33 ABa 222 Abc 188.67 Ac

LAB 268 Aa 214.67 Ab 284.67 Ba 265.33 Aa 214.33 Ab

Chao1 CK 251.21 Abc 222.07 Ac 318.68 Aa 277.17 Aab 215.85 Ac 6.33 0.5146 <0.0001 0.119
CE 268.48 Aab 241.56 Abc 310.72 ABa 222.61 Abc 189.32 Ac

LAB 268.47 Aa 214.77 Ab 284.67 Ba 265.35 Aa 215.14 Ab

Simpson CK 0.88 ABa 0.83 Aab 0.86 Aab 0.72 Ab 0.76 Aab 0.03 0.0032 <0.0001 0.0044
CE 0.91 Aa 0.75 Aa 0.86 Aa 0.51 Ab 0.52 Bb

LAB 0.86 Ba 0.74 Aab 0.88 Aa 0.63 Ab 0.29 Cc

Shannon CK 4.45 Aa 3.98 Aab 4.29 Aab 3.72 Aab 3.41 Ab 0.16 0.0166 <0.0001 0.0067
CE 4.98 Aa 3.76 Ab 4.47 Aab 2.27 Ac 2.21 Bc

LAB 4.45 Aab 3.49 Abc 4.51 Aa 3.15 Ac 1.53 Bd

Coverage CK 0.99 0.99 0.99 0.99 0.99 0 NS NS NS
CE 0.99 0.99 0.99 0.99 0.99
LAB 0.99 0.99 0.99 0.99 0.99

Pielou‑e CK 0.56 Aa 0.51 ABa 0.52 ABa 0.46 ABa 0.44 Ba 0.02 0.0097 <0.0001 0.0046
CE 0.62 Aa 0.47 Ba 0.54 ABa 0.29 Ca 0.29 Cb

LAB 0.55 Aa 0.45 ABa 0.55 Aa 0.39 Ba 0.2 Cb � � � �

OTUs, operational taxonomic units; CK, no additive control; CE, cellulase; LAB, lactic acid bacteria. Different
capital letters indicate significant differences among different treatments under the same ensiling days (p < 0.05);
different lowercase letters indicate significant differences among different ensiling days under the same treatment
(p < 0.05); no or same letter indicate not significant (p > 0.05). SEM, standard error of the mean; T, treatments; D,
ensiling days; T × D, interaction between treatments and ensiling days.

The changes in bacterial communities at the phylum and genus levels for each treatment
group are shown in Figure 2. In fresh samples, Proteobacteria (73.68%) and Cyanobacteria
(16.31%) accounted for most of the advantages of the total phylum sequence (Figure 2A). The
main genera attached to fresh Caragana korshinskii were Erwinia (25.32%) and Cyanobacte‑
ria_unclassified (16.31%), followed by Pantoea (14.59%) and Escherichia (10.10%) (Figure 2C).
After ensiling, Firmicutes replaced Proteobacteria and Cyanobacteria as the dominant phy‑
lum. The bacterial community composition was similar in CE and CK groups, and the rela‑
tive abundances of Firmicutes increased with the prolongation of silage time. The Firmicutes
in the LAB group decreased slightly after 7 days of ensiling and the Cyanobacteria increased
slightly, but the relative abundance of the Firmicutes in each treatment group reached more
than 90% at 60 days of ensiling. At the genus level of microorganisms, the main bacterial
community composition of CK and CE groups was different from that of LAB group. During
the first 15 days of ensiling, the CK and CE groups were dominated by Pediococcus and after
30 days of ensiling by Lactiplantibacillus. Lactiplantibacillus had always occupied a dominant
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position in the LAB group during the whole silage process. The abundance of Lactiplantibacil‑
luswas higher in the CE (90.19%) and LAB groups (88.40%) at 60 days of ensiling compared to
the control group (78.05%). Figure 2B shows the one‑way ANOVA of phylum level between
FM and silage groups after 60 days of Caragana korshinskii ensiling, and there was a signifi‑
cant difference between FM and silage in the phylum Firmicutes and Proteobacteria (p < 0.05).
One‑way ANOVA of genus level showed that Lactiplantibacillus, Pediococcus, Enterobacter, and
Klebsiella had significant (p < 0.05) differences between FM and silages (Figure 2D). The ad‑
ditive treatment groups effectively reduced the abundance of Pediococcus and increased the
abundance of Lactiplantibacillus compared to the control group.
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 CE 268.48 Aab 241.56 Abc 310.72 ABa 222.61 Abc 189.32 Ac     

 LAB 268.47 Aa 214.77 Ab 284.67 Ba 265.35 Aa 215.14 Ab     

Simpson CK 0.88 ABa 0.83 Aab 0.86 Aab 0.72 Ab 0.76 Aab 0.03 0.0032 <0.0001 0.0044 

 CE 0.91 Aa 0.75 Aa 0.86 Aa 0.51 Ab 0.52 Bb     

 LAB 0.86 Ba 0.74 Aab 0.88 Aa 0.63 Ab 0.29 Cc     

Shannon CK 4.45 Aa 3.98 Aab 4.29 Aab 3.72 Aab 3.41 Ab 0.16 0.0166 <0.0001 0.0067 

 CE 4.98 Aa 3.76 Ab 4.47 Aab 2.27 Ac 2.21 Bc     

 LAB 4.45 Aab 3.49 Abc 4.51 Aa 3.15 Ac 1.53 Bd     

Coverage CK 0.99 0.99 0.99 0.99 0.99 0 NS NS NS 

 CE 0.99 0.99 0.99 0.99 0.99     

 LAB 0.99 0.99 0.99 0.99 0.99     

Pielou-e CK 0.56 Aa 0.51 ABa 0.52 ABa 0.46 ABa 0.44 Ba 0.02 0.0097 <0.0001 0.0046 

 CE 0.62 Aa 0.47 Ba 0.54 ABa 0.29 Ca 0.29 Cb     

 LAB 0.55 Aa 0.45 ABa 0.55 Aa 0.39 Ba 0.2 Cb         

OTUs, operational taxonomic units; CK, no additive control; CE, cellulase; LAB, lactic acid bacteria. 

Different capital letters indicate significant differences among different treatments under the same 

ensiling days (p < 0.05); different lowercase letters indicate significant differences among different 

ensiling days under the same treatment (p < 0.05); no or same letter indicate not significant (p > 

0.05). SEM, standard error of the mean; T, treatments; D, ensiling days; T × D, interaction between 

treatments and ensiling days. 
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Figure 1. The community dissimilarities in different additives treatments and fermentation time,
calculated via weighted UniFrac distances, with coordinates calculated using principal coordinates
analysis (PCoA). FM, fresh material; CK, no additive control; CE, cellulase; LAB, lactic acid bacteria.

As shown in Figure 3, the linear discriminant analysis effect size (LEfSe) was applied
to evaluate the difference in microbial community among the three groups at different
silage times (LDA score > 3.0). We focused on the differences among the three groups at
the genus level. After 3 days of ensiling, the Lactiplantibacilluswas higher in the LAB group,
while Bacillus and Serratia were higher in CE group, and Arsenophonus was higher in CK
group. After 7 days of ensiling, Sphingomonas was higher in CE group. After 15, 30 and
60 days of silage, the main differential microorganisms were only present in the CK and
LAB groups. Curtobacterium, Eggerthella, Catonella, Weissella, and Pediococcus were higher
in CK group. Nevskia and Flavonifractorwere higher in LAB group.



Microorganisms 2023, 11, 337 8 of 16

Microorganisms 2023, 11, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 2. The bacterial community of FM and silage samples. (A) The bacterial community was 

shown at the phylum level. (B) One-way analysis of variance bar plots of the phylum level (10 most 

abundant phylum) among Caragana korshinskii silage groups after 60 days of ensiling. (C) The bac-

terial community was shown at the genus level. (D) One-way analysis of variance bar plots of the 

genus level (10 most abundant genera) among Caragana korshinskii silage groups after 60 days of 

ensiling. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; FM, fresh material; CK, no additive 

control; CE, cellulase; LAB, lactic acid bacteria. 

As shown in Figure 3, the linear discriminant analysis effect size (LEfSe) was applied 

to evaluate the difference in microbial community among the three groups at different 

silage times (LDA score > 3.0). We focused on the differences among the three groups at 

the genus level. After 3 days of ensiling, the Lactiplantibacillus was higher in the LAB 

group, while Bacillus and Serratia were higher in CE group, and Arsenophonus was higher 

in CK group. After 7 days of ensiling, Sphingomonas was higher in CE group. After 15, 30 

and 60 days of silage, the main differential microorganisms were only present in the CK 

and LAB groups. Curtobacterium, Eggerthella, Catonella, Weissella, and Pediococcus were 

higher in CK group. Nevskia and Flavonifractor were higher in LAB group. 

Figure 2. The bacterial community of FM and silage samples. (A) The bacterial community was
shown at the phylum level. (B) One‑way analysis of variance bar plots of the phylum level (10 most
abundant phylum) among Caragana korshinskii silage groups after 60 days of ensiling. (C) The bac‑
terial community was shown at the genus level. (D) One‑way analysis of variance bar plots of the
genus level (10 most abundant genera) among Caragana korshinskii silage groups after 60 days of en‑
siling. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; FM, fresh material; CK, no additive control;
CE, cellulase; LAB, lactic acid bacteria.
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Figure 3. Identification of the communities that have significant differences among the three groups.
CK, no additive control; CE, cellulase; LAB, lactic acid bacteria. Arabic number indicates days of
ensiling. (A) after 3 d of ensiling; (B) after 7 d of ensiling; (C) after 15 d of ensiling; (D) after 30 d of
ensiling; (E) after 60 d of ensiling.
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3.4. Relationships between Fermentation Parameters and Bacterial Community
The correlation between the fermentation quality of Caragana korshinskii silage and

bacterial community was further investigated using redundancy analysis (RDA). The rela‑
tionship between bacterial kinetics and silage quality for each genus is shown in Figure 4.
In the fermentation quality, the genera Lactiplantibacilluswas positively correlatedwith LA
and AA content and negatively correlated with pH. The genera Escherichia, Enterobacter,
and Klebsiella were positively correlated with NH3‑N content. In the chemical composi‑
tions, the genus Lactiplantibacillus was negatively correlated with DM, NDF, ADF, ADL,
and WSC content, and the genera Enterobacter and Escherichia were negatively correlated
with CP content.
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Figure 4. Redundancy analysis (RDA) ordination diagram related to the bacterial with explanatory
(e.g., pH; NH3‑N, LA, AA, DM, NDF, ADF, ADL, CP, WSC) variables represented as arrows by 16S
rRNA sequencing. pH, potential of hydrogen; LA, lactic acid; AA, acetic acid; NH3‑N, ammonia ni‑
trogen; DM, drymatter; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent
lignin; CP, crude protein; WSC, water‑soluble carbohydrates.

3.5. Predicted Metabolic Pathways on Three Levels
The metabolic function profiles by 16S rRNA gene‑predicted for fresh and silages at

60 days is shown in Figure 5. On the first pathway level (Figure 5A), the relative abundance
ofmetabolismwas apparently higher than other pathways, andmetabolismwas promoted
after ensiling. On the second pathway level (Figure 5B), the main metabolism pathways
were carbohydrate metabolism, amino acid metabolism, nucleotide metabolism, energy
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metabolism, and metabolism of cofactors and vitamins. The carbohydrate metabolism,
amino acidmetabolism, nucleotidemetabolism, andmetabolism of cofactors and vitamins
were promoted after ensiling, whereas the energy metabolism was inhibited after ensiling.
As seen in Figure 5C, the glycolysis/gluconeogenesis and pyruvate metabolism were the
two most dominant carbohydrate metabolism pathways, which were promoted after en‑
siling. The pyruvate metabolism in CE and LAB group was higher than that in CK group.
Most amino acid metabolismwas inhibited after ensiling, whereas lysine biosynthesis was
significantly promoted after silage, with the highest lysine biosynthesis in the CE group
(Figure 5D). As illustrated in Figure 5E, most energy metabolic pathways remained stable
during ensiling, while the oxidative phosphorylation, photosynthesis, photosynthesis pro‑
teins, and photosynthesis–antenna proteins were reduced after ensiling. The porphyrin
and chlorophyll metabolism changed themost in themetabolism of cofactors and vitamins
pathway, which was promoted after ensiling (Figure 5F). The porphyrin and chlorophyll
metabolism were significantly (p < 0.05) increased in the LAB group compared to the CK
and CE groups.
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Figure 5. Bar graphs showing 16S rRNA gene‑predicted functional profiles for fresh material and
after 60 days of ensiling on the first (A), second (B) pathway levels, carbohydrate metabolism (C),
amino acid metabolism (D), energy metabolism (E), and metabolism of cofactors and vitamins
(F) of the third pathway level. FM, fresh material; CK, no additive control; CE, cellulase; LAB,
lactic acid bacteria.

4. Discussion
The pH value, organic acid, and ammonia nitrogen content are commonly used in‑

dicators to evaluate fermentation quality. In this study, we observed that the pH value
of the CE and LAB groups was lower than those of the CK group and the LA concentra‑
tion was higher than that of the CK group in all periods of silage, which indicated that the
addition of cellulase and LAB could promote silage fermentation. Cellulase can degrade
cellulose to WSC early in silage, providing substrate for lactic acid bacteria fermentation,
resulting in rapid accumulation of LA and lower pH [19]. The addition of LAB accelerates
the conversion of WSC to lactic acid and reduces pH in the early stages of silage [20]. It
is noteworthy that the CK group showed an increase in pH at 30 and 60 days of ensiling,
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which we believe is related to the increase in Escherichia at 30 days of ensiling. Escherichia
consumed protein to produce NH3‑N, which neutralized the acid. The concentrations of
LA andAA in the CE groupwere significantly higher than those in the CK and LAB groups
after 60 days of ensiling. This may be due to the fact that the addition of cellulase can pro‑
vide more substrates for lactic acid bacteria fermentation by degrading lignocellulose and
increase the concentration of LA and AA [21,22]. The results of Kung et al. [23] indicated
that the action of plant protein hydrolases may be the main reason for NH3‑N production.
The content of NH3‑N in all three treatment groups were rarely likely because of a rapid
decline in pH inhibited proteolytic activity [24]. The lowest NH3‑N content was obtained
in the CE group. Li et al. [25] also found that the addition of cellulase to cassava leaf silage
can significantly reduce NH3‑N production. All groups of NH3‑N content were below the
detection level at 60 days of ensiling, which may be due to some lactic acid bacteria can
induce nitrification and convert ammonia nitrogen into nitrate nitrogen [26].

Good quality fermented silage is usually well preserved in terms of nutrients. After
60 days of ensiling, the CK group had the highest dry matter loss, which was because the
CK group had the lowest WSC content, and when soluble sugar was lacking during fer‑
mentation, some lactic acid bacteria would shift from homofermentative to heterofermen‑
tative [27], and the DM consumption would increase when heterogeneous fermentation
occurred in silage [28]. The cellulase and LAB additives effectively preserve the DM con‑
tent. The CP content of CE group and LAB groupwas higher than that of CK group, which
may be due to the lower pH value of these two groups than that of CK group, which helps
to protect the protein from catabolism [29]. All three treatment groups showed slightly
higher CP content after silage treatment than fresh samples, which may be related to the
decrease inNDF content. Ebrahimi et al. [30] found an increase in CP content after oil palm
leaf silage, which they interpreted as an increase in the relative CP content due to the loss of
NDF. The high content of ADF andNDF in silage is not conducive to absorption and diges‑
tion of animals. The degradation of NDF and ADFwas more pronounced in the CE group,
and a study by Zhang et al. [31] also found that cellulase significantly reduced the levels
of NDF and ADF. Throughout the silage process, CE group had the highest WSC content
and the lowest NDF and ADF content, which were attributed to the ability of cellulase to
degrade plant cell walls and produce more soluble sugars [32]. In terms of nutrient com‑
position and fermentation parameters, the addition of both cellulase and LAB improved
the quality of Caragana korshinskii silage, with cellulase being more effective.

In order to understand the differences of bacterial communities among the three treat‑
ments, weused 16S rRNAhigh‑throughput sequencing technology. A total of 4,025,224 reads
were obtained by high‑throughput sequencing, ranging from 80,350 to 86,972 per treat‑
ment. The coverage of all samples is around 0.99, making it feasible to analyze the bacte‑
rial community. The alpha diversity can explain species richness, evenness, and diversity
in bacterial communities. In the present study, the OUTs, Chao1, Simpson, Shannon, and
Pielou‑e indexes of all treatment groups decreased with the increase of silage time. This is
becausewith the decrease of silage pH, the complex bacterial community in silage is gradu‑
ally replaced by lactic acid bacteria [33]. At 60 days of ensiling, the CE and LAB groups sig‑
nificantly reduced the Simpson index, Shannon index, and Pielou‑e index compared with
CK group. Xiong et al. [34] found that the addition of cellulase and LAB could significantly
reduce the Pielou‑e, Shannon, and Simpson index of hybrid Pennisetum silage. This is be‑
cause cellulase provides more soluble sugars for lactic acid bacteria and promotes mass re‑
production of lactic acid bacteria, thereby increasing the proportion of lactic acid bacteria
in silage microbial populations. Lactic acid bacteria produce large amounts of lactic acid,
which lowers the pH of the feed and inhibits the proliferation of unfavorable microorgan‑
isms, thereby reducing bacterial diversity [35]. The beta diversity can reflect the difference
of bacterial community in each treatment group or each individual. The PCoA diagram
showed a clear separation of bacterial communities between fresh and silage samples, in‑
dicating that silage reconfigured the bacterial community. Similar results were reported
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by Zeng et al. [36] and Li et al. [37], who also found significant differences in bacterial
communities in FM and silage.

The quality of silage is closely related to bacterial community composition [38]. In
this study, we found that Proteobacteria and Cyanobacteria were the most abundant mi‑
croorganisms in FM, the dominant position of Proteobacteria and Cyanobacteria in each
treatment group was replaced by Firmicutes after ensiling. Mu et al. [29] reported similar
results. The reason for this phenomenon may be that the main microorganisms involved
in lactic acid fermentation belong to Firmicutes. Microorganisms of the Proteobacteria and
Cyanobacteria are both Gram‑negative bacteria. The permeability of the outer membrane
of Gram‑negative bacteria is usually affected by the pH value. The lactic acid produced by
lactic acid bacteria reduces the pHvalue and thus inhibits the growth of Proteobacteria and
Cyanobacteria [39]. It is worth noting that the relative abundance of Cyanobacteria in LAB
group increased slightly after 30 days of ensiling, which is difficult to explain when the pH
is less than 4.00. Feng et al.’s [40] research believed that the cause of this phenomenonmay
be that the detected Cyanobacteria are part of plant samples. The main epiphytic genera
in fresh Caragana korshinskii were Erwinia, Cyanobacteria, Pantoea, and Escherichia. Erwinia,
Pantoea, and Escherichia have parthenogenic anaerobic properties and belong to Enterobac‑
teriaceae, they can compete with lactic acid bacteria for nutrients during silage, resulting in
nutrient losses. Cyanobacteria can produce microcystin, which is a strong liver tumor pro‑
moter, and feeding silage containing Cyanobacteria is detrimental to livestock. These four
major epiphytic genera were inhibited after 3 days of ensiling, probably due to a rapid de‑
crease in pH, which inhibited their growth, which is beneficial for silage. It is noteworthy
that the relative abundance of Escherichia in the CK group increased at 30 days of ensil‑
ing, accompanied by an increase in pH value and loss of DM, which ultimately caused a
decrease in silage quality in the CK group. It is well known that lactic acid bacteria play
a crucial role in the silage fermentation process, and different species and characteristics
can affect the fermentation quality of the feed. In the CK and CE groups, the predominant
genera at silage initiation wereWeissella and Pediococcus. Weissella, an early settler in silage,
is a heterotypic fermenting lactic acid bacterium, which can produce AA, LA, and CO2 us‑
ing WSC [41]. Pediococcus can rapidly grow at high pH and produce lactic acid, inhibiting
spoilage microorganisms and improving fermentation quality [42]. After 15 days of ensil‑
ing, the species of lactic acid bacteria shifted towards the genus Lactiplantibacillus, which
is more tolerant to low pH. In the LAB group, the dominant genus at silage initiation was
Lactiplantibacillus and remained dominant throughout the silage. Lactiplantibacillus is a ho‑
mofermentative lactic acid bacteria with strong acid‑producing ability and often becomes
the dominant genus in the later stage of various high‑quality silages. Compared to the con‑
trol silage, although the addition of cellulase and LAB had little effect on the composition
of the dominant genera of the bacterial community, there was some degree of difference
in the relative abundance of the dominant genera. In particular, at 60 days of ensiling, the
CE and LAB groups effectively reduced the abundance of Pediococcus and increased the
abundance of Lactiplantibacillus compared to the CK group. This should be caused by the
lack of acidic conditions in the CK group.

The difference of bacterial community between additive treatment group and control
group during silage was further discussed by LEfSe analysis. In our study, Bacillus and
Serratiawere enriched in CE group at 3 days of ensiling and Sphingomonaswas enriched in
CE group at 7 days of ensiling, both of these microorganisms have the ability to degrade
fiber. The study of Sethi et al. [43] found that Bacillus and Serratia can produce cellulase
and degrade cellulose effectively. The study of Guo et al. [44] found that Sphingomonas has
biodegradability to polycyclic aromatic hydrocarbons. This was consistent with the fact
that the NDF and ADF contents in CE group were significantly lower than those in CK
and LAB groups at the early stage of silage. Lactiplantibacilluswas enriched in LAB group
after 3 days of silage, indicating that the added lactic acid bacteria successfully started
fermentation in the early stage of LAB group silage. The presence of undesirable microor‑
ganisms such as Eggerthella and Flavonifractor in the middle and late stages of silage in the
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CK and LAB groups compared to the CE group indicated that the addition of CEwasmore
effective in suppressing undesirable microorganisms during silage.

The study of the correlation between bacterial communities and silage quality con‑
tributes to a comprehensive understanding of the bacteria critical for silage fermentation
quality. In this study, Lactiplantibacillus was highly negatively correlated with pH and
positively correlated with LA content. This is because Lactiplantibacillus is a producer of
LA, which uses WSC to produce lactic acid and rapidly reduces pH. The genera Weis‑
sella and Pediococcus were also LA producers, while they did not show a positive corre‑
lation with LA content and a negative correlation with pH, which could be explained by
the weak acid resistance of Weissella and Pediococcus. Proteases produced by Enterobac‑
teriaceae were reported to be associated with NH3‑N synthesis [45], which explained the
positive correlation between NH3‑N concentration and Escherichia, Enterobacter, and Kleb‑
siella (both Enterobacteriaceae). It is known that successful silage is acidic, and dry matter,
neutral detergent fiber, and acidic detergent fiber will be decomposed in the acidic envi‑
ronment. In this study, Lactiplantibacillus gradually replaced other genera as the dominant
genus, and lactic acid and acetic acid produced by WSC lowered the pH, which explained
the negative correlation between dry matter, neutral detergent fiber, and acidic detergent
fiber and Lactiplantibacillus.

Predicting the functional changes of bacterial communities is helpful to evaluate the
impact of bacterial communities on the changes of silage quality. Therefore, PICRUSt2
analysis method was used to analyze the relative abundance of KEGG pathway in bac‑
terial communities. On the first pathway level, metabolism was the main metabolic path‑
way, which indicated that the silage processwasmediated bymicrobialmetabolic pathway
and could be transformed into different metabolites using fermentable substrates. On the
second pathway level, the carbohydrate metabolism, amino acid metabolism, nucleotide
metabolism, energy metabolism, and the metabolism of cofactors and vitamins were rel‑
atively abundant. Bai et al. [24] found that these metabolic pathways were related to the
fermentation quality of silage. Therefore, we further analyzed these metabolic pathways
from the level of the third pathway.

It is well known that silage is a process of lactic acid fermentation by lactic acid bacteria
using soluble carbohydrates. Soluble carbohydrates are converted into pyruvate by Embden‑
Meyerhof pathway or pentose phosphate pathway, and lactic acid is formed under the ac‑
tion of lactate dehydrogenase. This study found that the glycolysis/gluconeogenesis path‑
way and pyruvate metabolism pathway accounted for the highest proportion in the car‑
bohydrate metabolism pathway. Therefore, it can be determined that the fermentation
of homolactic acid accounted for a high proportion in the process of Caragana korshinskii
Silage. The promotion of carbohydrate metabolism after silage may be related to the in‑
crease of the relative abundance of lactic acid bacteria. There were no differences in gly‑
colysis/gluconeogenesis metabolic pathways between the three groups, whereas pyruvate
metabolism was higher in the CE and LAB groups than in the CK group, which is con‑
sistent with the fact that the LA concentration were higher in the CE and LAB groups
than in the CK group. It was therefore assumed that promoting the pyruvate metabolic
pathway may be a potential way to increase the lactic acid concentration in Caragana ko‑
rshinskii silage. Most of the amino acid metabolic pathways were inhibited after silage,
which may be related to the rapid decline of pH in the early fermentation period, limiting
the degradation of protein by harmful microorganisms. Notably, the lysine biosynthesis
pathway was significantly promoted after silage in each treatment group, which may be
related to the increase of Lactiplantibacillus. Sands et al. [46] found that Lactobacillus plan‑
tarum can improve the lysine biosynthesis in silage, and plant feed usually lacks lysine.
Therefore, the use of Lactiplantibacillus plantarum strains with strong lysine production ca‑
pacity to prepare silage may have a good application prospect. In this study, the energy
metabolism including the oxidative phosphorylation, photosynthesis, photosynthesis pro‑
teins, and photosynthesis–antenna proteins were reduced after ensiling. The inhibition
of oxidative phosphorylation may be due to the fact that silage is an anaerobic fermenta‑
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tion process, and oxygen was depleted in the early stage of silage, thereby inhibiting this
pathway. The inhibition of photosynthesis, photosynthetic proteins, and photosynthesis–
antenna proteins was due to a large number of Cyanobacteria attached to fresh samples,
which were able to perform photosynthesis. As the silage progressed, the Cyanobacteria
were replaced by lactic acid bacteria, thereby inhibiting this pathway. The porphyrin and
chlorophyll metabolism changed the most in the metabolism of cofactors and vitamins
pathway, the metabolism of porphyrin and chlorophyll in LAB group was significantly
higher than that in other groups. Zhang et al. [47] found that LAB inoculants can pro‑
mote the production of vitamins in silage. Vitamin B12 is the main product of porphyrin
metabolism, and lactic acid bacteria have the ability to produce vitamin B12 [48].

5. Conclusions
This study evaluated the effects of cellulase and lactic acid bacteria additives on fer‑

mentation parameters, chemical composition, and bacterial community of Caragana kor‑
shinskii silage. The results of the study showed that the addition of cellulase and lactic
acid bacteria improved the ensiling performance of Caragana korshinskii by regulating the
bacterial community. The addition of cellulase and lactic acid bacteria increased the abun‑
dance of Lactiplantibacillus, lowered pH, and rapidly inhibited undesirablemicroorganisms
such as Escherichia. Compared to lactic acid bacteria additives, the addition of cellulase in‑
creased the content of water‑soluble carbohydrates in silage and raised the concentration
of lactic acid and acetic acid, and therefore cellulase is more suitable for silageCaragana kor‑
shinskii than lactic acid bacteria. This study reveals the potential of Caragana korshinskii as a
silage feedstock and provides useful knowledge for the exploitation of theCaragana korshin‑
skii resource. However, this study only combined the analysis of silage microorganisms
and fermentation quality, which failed to reveal the fermentation mechanism of Caragana
korshinskii silage in greater depth, and the metabolic process of Caragana korshinskii silage
needs further study.

Author Contributions: Methodology, software, validation, data curation, writing—original draft
preparation, B.B.; methodology, software, validation, formal analysis, writing—original draft prepa‑
ration, R.Q.; investigation, J.B.; resources, Y.L.; writing—review and editing, L.S.; writing—review
and editing, Z.W.; writing—review and editing, T.L.; visualization, G.G.; conceptualization, project
administration, funding acquisition, Y.J. All authors have read and agreed to the published version
of the manuscript.

Funding: Thisworkwas supportedby theProgram forTechnologyProject of InnerMongolia (2020GG0032)
andNational Dairy Technology Innovation Center (2021‑National Dairy Innovation Center‑1), China.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

DataAvailability Statement: The raw sequence datawere uploaded to theNCBI archive of sequence
reads under study record number PRJNA888202.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhao, Y.N.; Zhou, Y.R.; Wang, H.M. Spatial heterogeneity of soil water content under introduced shrub (Caragana korshinskii) in

desert grassland of the eastern Ningxia, China. J. Appl. Ecol. 2018, 29, 3577–3586.
2. Na, X.F.; Xu, T.T.; Li, M.; Zhou, Z.N.; Ma, S.L.; Wang, J.; He, J.; Jiao, B.Z.; Ma, F. Variations of bacterial community diver‑

sity within the rhizosphere of three phylogenetically related perennial shrub plant species across environmental gradients.
Front. Microbiol. 2018, 9, 709. [CrossRef] [PubMed]

3. Li, W.C.; Zhang, S.J.; Zhang, T.Z.; Shen, Y.Q.; Han, L.J.; Peng, Z.J. Bacterial cellulose production from ethylenediamine pretreated
Caragana korshinskii Kom. Ind. Crops Prod. 2021, 164, 113340. [CrossRef]

4. Zhong, C.; Sun, Z.; Zhou, Z.; Jin, M.J.; Tan, Z.L.; Jia, S.R. Chemical characterization and nutritional analysis of protein isolates
from Caragana korshinskii Kom. J. Agric. Food. Chem. 2014, 62, 3217–3222. [CrossRef] [PubMed]

5. Driehuis, F. Silage and the safety and quality of dairy foods: A review. Agric. Food Sci. 2013, 22, 16–34. [CrossRef]

http://doi.org/10.3389/fmicb.2018.00709
http://www.ncbi.nlm.nih.gov/pubmed/29720969
http://doi.org/10.1016/j.indcrop.2021.113340
http://doi.org/10.1021/jf500349s
http://www.ncbi.nlm.nih.gov/pubmed/24650144
http://doi.org/10.23986/afsci.6699


Microorganisms 2023, 11, 337 15 of 16

6. Sun, Q.Z.; Gao, F.Q.; Yu, Z.; Tao, Y.; Zhao, S.F.; Cai, Y.M. Fermentation quality and chemical composition of shrub silage treated
with lactic acid bacteria inoculants and cellulase additives. Anim. Sci. J. 2012, 83, 305–309. [CrossRef]

7. He, L.W.; Zhou, W.; Wang, C.; Yang, F.Y.; Chen, X.Y.; Zhang, Q. Effect of cellulase and Lactobacillus casei on ensiling charac‑
teristics, chemical composition, antioxidant activity, and digestibility of mulberry leaf silage. J. Dairy Sci. 2019, 102, 9919–9931.
[CrossRef]

8. Lei, C.; Yuan, X.J.; Li, J.F.; Wang, S.R.; Dong, Z.H.; Shao, T. Effect of lactic acid bacteria and propionic acid on conservation
characteristics, aerobic stability and in vitro gas production kinetics and digestibility of whole‑crop corn based total mixed ration
silage. J. Integr. Agric. 2017, 16, 1592–1600.

9. Ogunade, I.M.; Kim, D.H.; Jiang, Y.; Weinberg, Z.G.; Jeong, K.C.; Adesogan, A.T. Control of Escherichia coli O157: H7 in con‑
taminated alfalfa silage: Effects of silage additives. J. Dairy Sci. 2016, 99, 4427–4436. [CrossRef] [PubMed]

10. Cheng, Q.M.; Li, P.; Xiao, B.X.; Yang, F.Y.; Li, D.X.; Ge, G.T. Effects of LAB inoculant and cellulase on the fermentation quality
and chemical composition of forage soybean silage prepared with corn stover. Grassl. Sci. 2021, 67, 83–90. [CrossRef]

11. Ke, W.C.; Ding, W.R.; Xu, D.M.; Ding, L.M.; Zhang, P.; Li, F.D. Effects of addition of malic or citric acids on fermentation quality
and chemical characteristics of alfalfa silage. J. Dairy Sci. 2017, 100, 8958–8966. [CrossRef] [PubMed]

12. Zhang, Q.; Wu, B.Y.L.; Nishino, N.K.; Wang, X.G.; Yu, Z. Fermentation and microbial population dynamics during the ensiling
of native grass and subsequent exposure to air. Anim. Sci. J. 2016, 87, 389–397. [CrossRef]

13. Sun, L.; Na, N.; Li, X.M.; Li, Z.Q.; Wang, C.; Wu, X.G. Impact of packing density on the bacterial community, fermentation, and
in vitro digestibility of whole‑crop barley silage. Agriculture 2021, 11, 672. [CrossRef]

14. Owens, V.N.; Albrecht, K.A.; Muck, R.E.; Duke, S.H. Protein degradation and fermentation characteristics of red clover and
alfalfa silage harvested with varying levels of total nonstructural carbohydrates. Crop Sci. 1999, 39, 1873–1880. [CrossRef]

15. Van Soest, P.J.V.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides
in relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3597. [CrossRef] [PubMed]

16. Cota‑Sánchez, J.H.; Remarchuk, K.; Ubayasena, K. Ready‑to‑use DNA extracted with a CTAB method adapted for herbarium
specimens and mucilaginous plant tissue. Plant Mol. Biol. Rep. 2006, 24, 161–167. [CrossRef]

17. Douglas, G.M.; Beiko, R.G.; Langille, M.G. Predicting the functional potential of the microbiome from marker genes using PI‑
CRUSt. InMicrobiome Analysis; Humana Press: New York, NY, USA, 2018; pp. 169–177.

18. Hall, M.; Beiko, R.G. 16S rRNA gene analysis with QIIME2. InMicrobiome Analysis; Humana Press: New York, NY, USA, 2018;
pp. 113–129.

19. Li, M.; Zhou, H.L.; Zi, X.J.; Cai, Y.M. Silage fermentation and ruminal degradation of stylo prepared with lactic acid bacteria and
cellulase. Anim. Sci. J. 2017, 88, 1531–1537. [CrossRef]

20. Contreras‑Govea, F.E.; Muck, R.E.; Broderick, J.A.; Weimer, P.J. Lactobacillus plantarum effects on silage fermentation and in vitro
microbial yield. Anim. Feed Sci. Technol. 2013, 179, 61–68.

21. Sheperd, A.C.; Maslanka, M.; Quinn, D.; Kung, L., Jr. Additives containing bacteria and enzymes for alfalfa silage. J. Dairy Sci.
1995, 78, 565–572. [CrossRef]

22. Li, J.F.; Yuan, X.J.; Dong, Z.H.; Mugabe, W.Z.; Shao, T. The effects of fibrolytic enzymes, cellulolytic fungi and bacteria on the
fermentation characteristics, structural carbohydrates degradation, and enzymatic conversion yields of Pennisetum sinese silage.
Bioresour. Technol. 2018, 264, 123–130. [CrossRef] [PubMed]

23. Kung, L.; Shaver, R. Interpretation and use of silage fermentation analysis reports. Focus Forage 2001, 3, 1–5.
24. Bai, J.; Ding, Z.T.; Ke, W.C.; Xu, D.M.; Wang, M.S.; Huang, W.K. Different lactic acid bacteria and their combinations regulated

the fermentation process of ensiled alfalfa: Ensiling characteristics, dynamics of bacterial community and their functional shifts.
Microb. Biotechnol. 2021, 14, 1171–1182. [CrossRef] [PubMed]

25. Li, M.; Zi, X.J.; Zhou, H.L.; Lv, R.L.; Tang, J.; Cai, Y.M. Silage fermentation and ruminal degradation of cassava foliage prepared
with microbial additive. AMB Express 2019, 9, 180. [CrossRef] [PubMed]

26. Si, H.Z.; Liu, H.L.; Li, Z.P.; Nan, W.X.; Jin, C.A.; Sui, Y.T. Effect of Lactobacillus plantarum and Lactobacillus buchneri addition on
fermentation, bacterial community and aerobic stability in lucerne silage. Anim. Prod. Sci. 2018, 59, 1528–1536. [CrossRef]

27. Li, J.; Yuan, X.; Desta, S.T.; Dong, Z.; Mugabe, W.; Shao, T. Characterization of Enterococcus faecalis JF85 and Enterococcus faecium
Y83 isolated from Tibetan yak (Bos grunniens) for ensiling Pennisetum sinese. Bioresour. Technol. 2018, 257, 76–83. [CrossRef]

28. Desta, S.T.; Yuan, X.; Li, J.; Shao, T. Ensiling characteristics, structural and nonstructural carbohydrate composition and enzy‑
matic digestibility of Napier grass ensiled with additives. Bioresour. Technol. 2016, 221, 447–454. [CrossRef]

29. Mu, L.; Xie, Z.; Hu, L.; Chen, G.; Zhang, Z. Cellulase interacts with Lactobacillus plantarum to affect chemical composition, bacterial
communities, and aerobic stability in mixed silage of high‑moisture amaranth and rice straw. Bioresour. Technol. 2020, 315, 123772.
[CrossRef]

30. Ebrahimi, M.; Rajion, M.A.; Goh, Y.M.; Farjam, A.S.; Sazili, A.Q.; Schonewille, J.T. The effects of adding lactic acid bacteria and
cellulase in oil palm (Elais guineensis Jacq.) frond silages on fermentation quality, chemical composition and in vitro digestibility.
Ital. J. Anim. Sci. 2014, 13, 3358. [CrossRef]

31. Zhang, Y.X.; Wang, M.S.; Samaila, U.; Li, F.H.; Bai, J.; Zhang, J.Y. Lignocellulose conversion of ensiled Caragana korshinskii Kom.
facilitated by Pediococcus acidilactici and cellulases. Microb. Biotechnol. 2022, 16, 432–447. [CrossRef]

32. Nadeau, E.M.G.; Buxton, D.R.; Russell, J.R.; Allison, M.J.; Young, J.W. Enzyme, bacterial inoculant, and formic acid effects on
silage composition of orchardgrass and alfalfa. J. Dairy Sci. 2000, 83, 1487–1502. [CrossRef]

http://doi.org/10.1111/j.1740-0929.2011.00962.x
http://doi.org/10.3168/jds.2019-16468
http://doi.org/10.3168/jds.2015-10766
http://www.ncbi.nlm.nih.gov/pubmed/27040788
http://doi.org/10.1111/grs.12289
http://doi.org/10.3168/jds.2017-12875
http://www.ncbi.nlm.nih.gov/pubmed/28918135
http://doi.org/10.1111/asj.12427
http://doi.org/10.3390/agriculture11070672
http://doi.org/10.2135/cropsci1999.3961873x
http://doi.org/10.3168/jds.S0022-0302(91)78551-2
http://www.ncbi.nlm.nih.gov/pubmed/1660498
http://doi.org/10.1007/BF02914055
http://doi.org/10.1111/asj.12795
http://doi.org/10.3168/jds.S0022-0302(95)76667-X
http://doi.org/10.1016/j.biortech.2018.05.059
http://www.ncbi.nlm.nih.gov/pubmed/29800772
http://doi.org/10.1111/1751-7915.13785
http://www.ncbi.nlm.nih.gov/pubmed/33666350
http://doi.org/10.1186/s13568-019-0906-2
http://www.ncbi.nlm.nih.gov/pubmed/31707488
http://doi.org/10.1071/AN16008
http://doi.org/10.1016/j.biortech.2018.02.070
http://doi.org/10.1016/j.biortech.2016.09.068
http://doi.org/10.1016/j.biortech.2020.123772
http://doi.org/10.4081/ijas.2014.3358
http://doi.org/10.1111/1751-7915.14130
http://doi.org/10.3168/jds.S0022-0302(00)75021-1


Microorganisms 2023, 11, 337 16 of 16

33. McDonald, P.; Henderson, A.R.; Heron, S.J.E. The biochemistry of silage, Chalcombe publications. Exp. Agric. 2008, 28, 179.
34. Xiong, H.M.; Zhu, Y.C.; Wen, Z.Y.; Liu, G.B.; Guo, Y.Q.; Sun, B.L. Effects of Cellulase, Lactobacillus plantarum, and Sucrose on Fer‑

mentation Parameters, Chemical Composition, and Bacterial Community of Hybrid Pennisetum Silage. Fermentation 2022, 8, 356.
[CrossRef]

35. Xian, Z.Y.; Wu, J.Q.; Deng, M.; Wang, M.; Tian, H.C.; Liu, D.W. Effects of Cellulase and Lactiplantibacillus plantarum on the Fer‑
mentation Parameters, Nutrients, and Bacterial Community in Cassia alata Silage. Front. Microbiol. 2022, 13, 926065. [CrossRef]

36. Zeng, T.R.; Li, X.L.; Guan, H.; Yang, W.Y.; Liu, W.G.; Liu, J. Dynamic microbial diversity and fermentation quality of the mixed
silage of corn and soybean grown in strip intercropping system. Bioresour. Technol. 2020, 313, 123655. [CrossRef]

37. Li, M.; Zi, X.J.; Zhou, H.L.; Lv, R.L.; Tang, J.; Cai, Y.M. Effect of lactic acid bacteria, molasses, and their combination on the
fermentation quality and bacterial community of cassava foliage silage. Anim. Sci. J. 2021, 92, e13635. [CrossRef]

38. Tian, H.C.; Wang, Y.; Liu, Z.C.; Hu, Z.Y.; Guo, Y.Q.; Deng, M. Effects of malic acid and sucrose on the fermentation parameters,
CNCPS nitrogen fractions, and bacterial community of Moringa oleifera Leaves Silage. Microorganisms 2021, 9, 2102. [CrossRef]

39. Helander, I.M.; Mattila‑Sandholm, T. Fluorometric assessment of Gram‑negative bacterial permeabilization. J. Appl. Microbiol.
2020, 88, 213–219. [CrossRef]

40. Feng, Q.; Shi, W.; Chen, S.; Degen, A.A.; Qi, Y.; Yang, F.; Zhou, J. Addition of Organic Acids and Lactobacillus acidophilus to the
Leguminous Forage Chamaecrista rotundifolia Improved the Quality and Decreased Harmful Bacteria of the Silage. Animals 2022,
12, 2260. [CrossRef]

41. Wang, M.S.; Wang, L.A.; Yu, Z. Fermentation dynamics and bacterial diversity of mixed lucerne and sweet corn stalk silage
ensiled at six ratios. Grass Forage Sci. 2019, 74, 264–273. [CrossRef]

42. Alhaag, H.; Yuan, X.J.; Mala, A.; Bai, J.F.; Shao, T. Fermentation characteristics of Lactobacillus plantarum and Pediococcus species
isolated from sweet sorghum silage and their application as silage inoculants. Appl. Sci. 2019, 9, 1247. [CrossRef]

43. Sethi, S.; Datta, A.; Gupta, B.L.; Gupta, S. Optimization of cellulase production from bacteria isolated from soil. Int. Sch. Res.
Not. 2013, 2013, 985685. [CrossRef]

44. Guo, C.; Zhi, D.; Wong, Y.; Tam, N.F. Biodegradation ability and dioxgenase genes of pah‑degrading sphingomonas and my‑
cobacterium strains isolated from mangrove sediments. Int. Biodeterior. Biodegr. 2010, 64, 419–426. [CrossRef]

45. Ostling, C.; Lindgren, S. Influences of enterobacteria on the fermentation and aerobic stability of grass silages. Grass Forage Sci.
1995, 50, 41–47. [CrossRef]

46. Sands, D.C.; Hankin, L. Selecting lysine‑excreting mutants of lactobacilli for use in food and feed enrichment. Appl. Microbiol.
1974, 28, 523–524. [CrossRef] [PubMed]

47. Zhang, X.; Ke, C.; Bai, J.; Li, H.; Xu, M.; Ding, T. The effect of Pediococcus acidilactici J17 with high‑antioxidant activity on antioxi‑
dant, α‑tocopherol, β‑carotene, fatty acids, and fermentation profiles of alfalfa silage ensiled at two different drymatter contents.
Anim. Feed Sci. Technol. 2020, 268, 114614. [CrossRef]

48. Arenahalli, N.M.; Prashant, G.; Mandayam, S.N.; Siddalingaiya, G.P. Probiotic lactic acid bacterium from kanjika as a potential
source of vitamin B12: Evidence from LC‑MS, immunological and microbiological techniques. Biotechnol. Lett. 2010, 32, 503–506.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au‑
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/fermentation8080356
http://doi.org/10.3389/fmicb.2022.926065
http://doi.org/10.1016/j.biortech.2020.123655
http://doi.org/10.1111/asj.13635
http://doi.org/10.3390/microorganisms9102102
http://doi.org/10.1046/j.1365-2672.2000.00971.x
http://doi.org/10.3390/ani12172260
http://doi.org/10.1111/gfs.12431
http://doi.org/10.3390/app9061247
http://doi.org/10.5402/2013/985685
http://doi.org/10.1016/j.ibiod.2010.04.008
http://doi.org/10.1111/j.1365-2494.1995.tb02292.x
http://doi.org/10.1128/am.28.3.523-524.1974
http://www.ncbi.nlm.nih.gov/pubmed/4418566
http://doi.org/10.1016/j.anifeedsci.2020.114614

	Introduction 
	Materials and Methods 
	Silage Preparation 
	Analysis of Fermentation Parameters, Chemical Composition, and Microbial Counts 
	DNA Extraction, PCR and Sequencing 
	Bacterial Community Sequencing Analysis 
	Statistical Analysis 

	Results 
	Chemical Composition and Microbial Counts of Fresh Caragana korshinskii 
	Fermentation Characteristics and Chemical Compositions of Caragana korshinskii Silage 
	Bacterial Diversity and Community Composition in Caragana korshinskii Silage 
	Relationships between Fermentation Parameters and Bacterial Community 
	Predicted Metabolic Pathways on Three Levels 

	Discussion 
	Conclusions 
	References

