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Abstract
The livestock sector plays a pivotal role in rural socio-economic development, particularly in arid regions. Making 
silage is one method for storing feed during the dry season, while leguminous species serve as indispensable 
resources in livestock production systems due to their nutritional and ecological benefits. This study aimed to 
select suitable forage resources by evaluating several available leguminous species ( Arachis hypogaea (peanut 
vines), Sophora alopecuroides, Glycyrrhiza glabra (liquorice), and Medicago sativa (Alfalfa)) in Alar, Xinjiang, China, and 
comprehensive analyses of fermentation quality, aerobic stability, and in vitro rumen fermentation were conducted 
to assess their nutritional value and relieve arid regions feed shortages. The fermentation analysis indicated that 
Sophora alopecuroides exhibited the optimal quality, showing significantly higher lactic acid and lower ammonia 
nitrogen (NH3-N) concentrations than the other species (P < 0.05). Following a 12-day aerobic exposure, all the 
legume silages exhibited increased dry matter (DM), pH, and NH3-N concentrations alongside a decreased water-
soluble carbohydrates (WSC) content. Alfalfa and Sophora alopecuroides silages maintained significantly higher lactic 
acid bacteria populations than other varieties (P < 0.05). In vitro rumen fermentation revealed alfalfa silage achieved 
peak biogas production at 72 h, while liquorice silage showed significantly lower NH3-N content than other groups 
(P < 0.05). Alfalfa and Sophora alopecuroides silages demonstrated superior gas production and DM degradation 
rates, indicating their enhanced fermentative characteristics. In summary, alfalfa and sophora alopecuroides could be 
of the suitable plants for making high-quality silage. However, additional research is needed to study the effect of 
the silages on animal growth performance.
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Introduction
The sustainable advancement of ruminant livestock sys-
tems in developing countries is significantly constrained 
by the rapid expansion of animal husbandry and the lim-
ited availability of high-quality forage, particularly in arid 
regions [1–2]. To address these challenges, the strategic 
selection and utilization of forage resources have become 
essential for enhancing feed production efficiency and 
economic viability. Notably, leguminous plants have gar-
nered significant attention as promising forage resources 
for livestock production in arid regions, particularly due 
to their adaptability and nutritional value [3].

Within the leguminous family, Arachis hypogaea is an 
important cash crop in arid and semiarid regions, char-
acterized by its high nutritional value, high crude pro-
tein content, high fiber quality, and good palatability [4]. 
However, most of the peanut vines are typically disposed 
of through field incineration or abandonment, which 
causes environmental pollution [5–6]. Sophora alope-
curoides has emerged as a promising forage candidate 
due to its high crude protein content (18–22%), rapid 
growth rate, and exceptional tolerance to barren soils, 
wind erosion, and drought [7–9]. Recent studies have 
demonstrated its potential as a supplemental feed, with 
in vitro trials showing improved digestibility and favor-
able rumen fermentation characteristics [10], though fur-
ther research is needed to optimize its inclusion levels in 
livestock diets. Liquorice (Glycyrrhiza spp.), a perennial 
legume species, demonstrates exceptional drought tol-
erance and cold resistance, while containing substantial 
concentrations of amino acids, essential minerals, and 
crude protein (12–16%) [11]. While historically employed 
in pharmaceutical and flavoring applications, liquorice 
has recently emerged as a dual-purpose crop, offer-
ing high-quality forage and bioactive compounds with 
potential antioxidant and immunomodulatory effects in 
livestock nutrition [12–14]. Medicago sativa (alfalfa), a 
globally distributed perennial legume, is characterized 
by high biomass yield, superior nutritional value, and 
ecological adaptability, establishing it as a premier for-
age crop with significant soil amelioration properties 
[15–16].

Forage preservation for livestock feeding is usually 
done by drying the plant material and storing it as hay or 
ensiling it into silage [17]. In contrast, ensiling effectively 
preserves the nutritional quality through anaerobic fer-
mentation, while extending the storage stability [18–20]. 
Among the leguminous species, Medicago sativa (alfalfa) 
dominates global cultivation as a primary forage crop 
[21–22]. However, limited scientific attention has been 
given to the ensiling potential and nutritional evalua-
tion of alternative leguminous resources, including pea-
nut vines, Sophora alopecuroides, and the aerial parts of 
liquorice. The current study was designed to address the 

critical shortage of roughage resources in arid and semi-
arid regions through a systematic evaluation of unde-
rutilized leguminous species. Using the peanut vines, 
Sophora alopecuroides, and the aerial parts of liquorice as 
test materials, with alfalfa as a reference, the study aims 
to assess the nutritional composition, evaluate the fer-
mentation characteristics, and determine the digestibil-
ity parameters of these alternative forages. The findings 
will help in the development of selection of suitable feed 
resources that will ultimately help to alleviate feed short-
age in arid areas.

Materials and methods
Forage harvesting and silage making
The four leguminous species - Arachis hypogaea (Yuhua-
37), the aerial parts of liquorice (Glycyrrhiza uralensis), 
Sophora alopecuroides (wild variety), and alfalfa (Medi-
cago sativa) - were cultivated in Alar, Xinjiang (40°30′N, 
81°15′E) and harvested at the full flowering stage to 
ensure an optimal nutritional composition for ensiling. 
The fresh biomass was mechanically chopped into 2.5 cm 
particles using a multi-function chopper [2]. Silage 
preparation was performed using an industrial ensil-
ing machine (RH-IBJ-400, Qufu Tianliang Trading Co., 
Ltd.), with each polyethylene-wrapped bale standardized 
to 60  kg. The ensiled materials were stored for 60 days 
under controlled room temperature conditions to facili-
tate proper anaerobic fermentation [23].

Quality analysis of silage
The 500 g sample of each silage (prepared) and fresh for-
age were taken for quality analysis. The samples were 
dried at 65 ℃ in an oven and then ground through a 
1 mm sieve using a mill (Christy and Norris Co. Ltd., Suf-
folk, UK), and analysed in triplicate for dry matter (DM), 
crude protein (CP), crude ash (Ash) and ether extract 
(EE) contents [24]. Neutral detergent fiber (NDF) and 
acid detergent fiber (ADF) were determined according 
to the methods of Van Soest et al. [25]. Water-soluble 
carbohydrates (WSC) were determined by a spectropho-
tometer following the methods of Koehler [26]. Alkaloids 
(TAs) were determined using an alkaloid kit (Suzhou 
Keming Biotechnology Co., Ltd.) [23].

After 60 days of ensiling, the wrapped silages were 
opened, and a 500  g fresh weight sample was col-
lected from each polyethylene bag for analysis. A 15  g 
fresh weight subsample was homogenized with 135 
mL of distilled water and filtered through two layers of 
cheesecloth. The pH of the filtrate was measured using 
a calibrated pH meter (Hanna Instruments Italia Srl, 
Villafranca Padovana, Italy). Two 15 mL aliquots of the 
filtrate were centrifuged at 2500 rpm for 10 min at 4℃, 
and the supernatant was subjected to acid extraction for 
subsequent ammonia (NH₃) and organic acids analysis 
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[27]. The NH₃ concentration was determined using a 
Pentra 400 analyzer (Horiba Ltd., Kyoto, Japan) follow-
ing the method of Rhine et al. [28], while lactic, acetic, 
and butyric acids were quantified by gas chromatography 
(GC, Shimadzu Ltd., Kyoto, Japan) as described by Fussell 
and McCalley [29].

Aerobic stability analysis
The aerobic stability, defined as the time (hours) until the 
silage temperature exceeds the ambient temperature by 
2℃, was evaluated following the methodology of Nishino 
and Touno [30]. The silage samples (150 g) were aerobi-
cally exposed in 500 mL sterile bottles covered with ster-
ile gauze. The temperature was continuously monitored 
using data loggers, while subsamples (20  g) collected at 
0, 3, 6, 9, and 12 days were homogenized with 180 mL 
of Ringer’s solution, filtered, and analyzed. The pH of the 
filtrate was measured was using a calibrated pH meter 
(Hanna Instruments), and the samples were assessed for 
dry matter (DM), water-soluble carbohydrates (WSC), 
and ammonia nitrogen (NH₃-N) content to evaluate the 
stability dynamics.

Microbial colony determination
During the aerobic exposure (0, 3, 6, 9, 12 days), 10  g 
silage samples were homogenized with 90 mL of sterile 
saline (0.85% NaCl) for microbial analysis. Serial dilu-
tions were plated on selective media: Plate Count Agar 
for the aerobic bacteria (30  °C, 48 h), MRS agar for the 
lactic acid bacteria (37  °C, 72  h, anaerobic), and Potato 
Dextrose Agar for the yeast/mold quantification (28℃, 
72 h). Microbial enumeration was performed using a col-
ony counter (Scan 1200, Interscience) [31], enabling the 
precise monitoring of the microbial population dynamics 
throughout the aerobic exposure.

Measurement of in vitro fermentation parameters
A sample of 0.22  g was weighed into a 100 mL glass 
syringe, and rumen buffer was prepared according to the 
method of Menke et al. [32]. Before morning feeding, 
the ruminal fluid obtained from three sheep fitted with 
a fistula was immediately taken to the laboratory, filtered 
through four layers of gauze, kept at 39 °C in a water bath 
and blended with buffer solution (1:2, v/v) under a con-
tinuous flush of CO2, and several drops of 0.1% resazurin 
solution were added. The samples were added into each 
glass syringe with 30 mL of mixed solution. After the 
mixture was added, it was placed in an artificial rumen 
incubator in a 39 °C water bath. The amount of gas gener-
ated after 0, 1, 2, 3, 4, 6, 8,10, 12, 24, 36, 48 and 72 h was 
recorded, and the gas production (GPt) was calculated as 
Pt = (Pt − Pt0)/W.

GPt: samples in t time of gas production (mL·g− 1 DM); 
Pt: Volume read in time period t (mL); Pt0: Volume of 
blank sample read in time period t (mL); W: weight of 
sample used in fermentation.

After 72 h of In Vitro fermentation, the pH of the fer-
mentation broth was measured with a pH meter and 
placed in ice water to terminate the fermentation. The 
ammoniacal nitrogen (NH3-N) concentration deter-
mined by method of Chaney et al. [33]. The In Vitro dry 
matter degradation (IVDMD) was calculated by the dif-
ference of the DM content before and after fermentation 
[22].

Statistical analysis
Statistical analysis was conducted using one-way analy-
sis of variance (ANOVA) with SPSS software (version 
26.0). The resultant data were shown as means ± standard 
errors (n = 3), and Duncan’s multiple test was applied to 
detect differences between means(P < 0.05). Nonlinear 
regression in SPSS software was adopted for the calcula-
tion of degradation parameters a, b and c.

Results
Nutritional characteristics of fresh and silage
The chemical compositions of the different legumes are 
presented in Table 1. The dry matter (DM) content of the 
peanut vines and alfalfa was significantly higher (P < 0.05) 
than that of the aerial parts of liquorice. The crude pro-
tein (CP) contents of the peanut vines were significantly 
lower (P < 0.05) than that of the other legumes. The neu-
tral detergent fiber (NDF) and acid detergent fiber (ADF) 
contents of alfalfa were significantly higher (P < 0.05) 
than those of the other samples. The ether extract (EE) 
contents of the peanut vines were significantly lower 
(P < 0.05) than that of the others, while its ash content 
was significantly higher (P < 0.05). The water-soluble car-
bohydrate (WSC) content of the aerial parts of liquorice 
was significantly higher (P < 0.05) than that of the other 

Table 1  Nutrient composition of fresh forage (before ensiling) of 
the four legumes (dry matter basis) %
Items Peanut 

vines
Sophora 
alopecuroides

Liquorice Alfalfa

DM 42.91 ± 0.11a 41.19 ± 0.01ab 32.10 ± 0.01b 42.64 ± 0.02a

CP 10.23 ± 0.05c 18.07 ± 0.35a 15.20 ± 0.69b 17.33 ± 0.44a

NDF 35.00 ± 0.25d 51.03 ± 1.30c 54.25 ± 0.95b 56.14 ± 0.85a

ADF 23.36 ± 0.27d 30.34 ± 1.06c 32.32 ± 0.49b 35.39 ± 0.22a

EE 1.85 ± 0.57d 4.69 ± 0.28a 2.37 ± 0.26c 3.93 ± 0.56b

Ash 15.69 ± 0.20a 5.71 ± 0.14d 6.90 ± 0.05c 9.28 ± 0.25b

WSC 5.78 ± 0.02c 6.06 ± 0.07b 7.51 ± 0.16a 4.67 ± 0.14d

TA 0.79 ± 0.73 1.64 ± 0.77 1.18 ± 0.14 1.57 ± 0.19
Note DM: dry matter, CP: crude protein, NDF: neutral detergent fiber, ADF: 
acid detergent fiber, EE: ether extract, Ash: crude ash, WSC: water soluble-
carbohydrates, TA: total alkaloids. In the same row, values with no letter or the 
same letter superscripts are not significantly different (P > 0.05), whereas those 
with different small letter superscripts are significantly different (P < 0.05)
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legumes, whereas no significant differences (P > 0.05) 
were observed in the total ash (TA) content among the 
four leguminous species.

The nutrient contents of the different legume silages 
are shown in Table  2. The DM content of the liquorice 
silage was significantly lower (P < 0.05) than that of the 
other silages. The CP content of the Sophora alopecuroi-
des silage was significantly higher (P < 0.05) than that of 
the other samples, with no significant difference (P > 0.05) 
observed between the aerial parts of liquorice silage 
and the alfalfa silage. The NDF and ADF contents of 
the alfalfa silage were significantly higher (P < 0.05) than 
those of the other silages. The EE content of the Sophora 
alopecuroides silage was significantly higher (P < 0.05) 
than that of the others. Compared to the other silages, 
the ash and WSC contents of the peanut vines silage were 
significantly higher (P < 0.05), while its TA content was 
significantly lower (P < 0.05). These results demonstrate 
the distinct chemical and nutritional profiles among the 
legumes and their silages.

Fermentation quality of the legume silages
The fermentation qualities of the different legume silages 
are presented in Table  3. The pH of the peanut vines 
silage was significantly lower than that of the aerial parts 
of liquorice silage and the alfalfa silage (P < 0.05). The lac-
tic acid (LA) content of the Sophora alopecuroides silage 
was significantly higher than that of the other silages 
(P < 0.05), while the acetic acid (AA) content of the aer-
ial parts of liquorice silage was significantly greater than 
that of the Sophora alopecuroides silage and the alfalfa 
silage (P < 0.05). Additionally, the NH₃-N content of the 
Sophora alopecuroides silage was significantly lower than 
that of the other three legume silages (P < 0.05). These 

results highlight the distinct fermentation characteristics 
among the silages.

Table 2  Nutritional components of silage of four leguminous 
plants (DM) %
Items Peanut 

vines
Sophora 
alopecuroides

Liquorice Alfalfa

DM 38.95 ± 0.02a 35.28 ± 0.03ab 31.08 ± 0.01c 37.92 ± 0.01ab

CP 10.48 ± 0.05c 17.94 ± 0.52a 16.94 ± 0.03b 16.89 ± 0.24b

NDF 26.46 ± 1.78c 43.37 ± 1.05b 41.32 ± 0.75b 49.59 ± 0.64a

ADF 14.25 ± 0.92c 26.24 ± 0.91b 24.62 ± 0.94b 33.63 ± 0.92a

EE 1.27 ± 0.04d 4.08 ± 0.54a 2.18 ± 0.20c 3.71 ± 0.31b

Ash 14.92 ± 0.79a 6.61 ± 0.04d 7.77 ± 0.03c 11.58 ± 0.04b

WSC 3.90 ± 0.02a 2.68 ± 0.30c 3.41 ± 0.12b 3.39 ± 0.27b

TA 0.34 ± 0.03b 1.06 ± 0.15a 1.08 ± 0.51a 0.94 ± 0.15a

Note DM: dry matter, CP: crude protein, NDF: neutral detergent fiber, ADF: 
acid detergent fiber, EE: ether extract, Ash: crude ash, WSC: water soluble-
carbohydrates, TA: total alkaloids. In the same row, values with no letter or the 
same letter superscripts are not significantly different (P > 0.05), whereas those 
with different small letter superscripts are significantly different (P < 0.05)

Table 3  Silage fermentation prepared from four legumes (DM) 
%
Items Peanut 

vines
Sophora 
alopecuroides

Liquorice Alfalfa

pH 4.66 ± 0.06c 4.69 ± 0.08c 5.30 ± 0.06a 4.92 ± 0.02b

LA 1.16 ± 0.02c 3.81 ± 0.04a 1.02 ± 0.09d 2.85 ± 0.07b

AA 2.19 ± 0.11a 0.71 ± 0.06c 2.24 ± 0.08a 1.56 ± 0.09b

BA 0.04 ± 0.01a ND ND ND
NH3-N / 
TN

16.52 ± 1.23a 8.56 ± 0.27d 13.66 ± 0.96b 10.87 ± 0.45c

Note LA: lactic acid, AA: acetic acid, BA: butyric acid, NH3-N: ammonia nitrogen. 
ND indicates that no data are detected. In the same row, values with no letter 
or the same letter superscripts are not significantly different (P > 0.05), whereas 
those with different small letter superscripts are significantly different (P < 0.05)

Fig. 1  Changes in Temperature during 12-day aerobic exposure(°C)
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Aerobic stability of the legume silages
The changes in temperature, dry matter (DM), pH, water-
soluble carbohydrates (WSC), and ammonia nitrogen 
(NH₃-N) during the aerobic exposure of the different 
legume silages are presented in Fig. 1; Table 4. In terms of 
temperature changes, the temperature of the silages was 
basically the same at 0 d. However, under aerobic envi-
ronment, the temperature of silage continued to increase 
during 24 h and 72 h. The temperatures of peanut vines 
silage and liquorice silage were significantly greater than 
those of the others (P < 0.05), the onset of spoilage was 
observed at 72 h for liquorice and 120 h for peanut vines, 
liquorice silage underwent complete aerobic deteriora-
tion within 96 h, while Sophora alopecuroides and Alfalfa 
exhibited significantly delayed thermal peaks ( 144 h and 
216  h), respectively, compared to liquorice, and Alfalfa 
maintained the longest stability (> 216 h). At 9 and 12 d, 
silage temperature decreased in all groups. By day 12, all 
silages maintained elevated center temperatures basically 
exceeding environmental temperatures (P < 0.05). The pH 
values of all four legume silages increased significantly 
with prolonged aerobic exposure time. At 0 d, the pH val-
ues, ranked from low to high, were as follows: the peanut 

vines silage, the Sophora alopecuroides silage, the alfalfa 
silage, and the aerial parts of liquorice silage. The pH of 
the peanut vines silage was significantly lower than that 
of the aerial parts of liquorice silage and the alfalfa silage 
(P < 0.05). By 12 d, the pH of the liquorice silage was 
significantly higher than that of the other three legume 
silages (P < 0.05).

The WSC content of the four legume silages exhibited 
a negative correlation with the duration of aerobic expo-
sure. Throughout the exposure period, the WSC content 
of the peanut vines silage was significantly higher than 
that of the other three silages at all time points (P < 0.05). 
At 0 d, the NH₃-N content of the aerial parts of liquorice 
silage was significantly higher than that of the other 
silages (P < 0.05). Subsequently, the NH₃-N content of 
all four legume silages showed an increasing trend. By 
12 d, the NH₃-N content reached its highest value, with 
the Sophora alopecuroides silage recording significantly 
lower NH₃-N content compared to the other silages 
(P < 0.05).

Table 4  Changes in DM, pH, WSC, and NH3-N during 12-day 
aerobic exposure
Time(d) Peanut 

vines
Sophora 
alopecuroides

Liquorice Alfalfa

DM(%)
0 38.95 ± 0.02a 35.28 ± 0.03ab 31.08 ± 0.01c 37.92 ± 0.01ab

3 45.93 ± 0.01a 44.47 ± 0.02a 35.80 ± 0.03c 40.53 ± 0.02b

6 46.99 ± 0.03a 44.64 ± 0.03ab 38.82 ± 0.03b 42.60 ± 0.03ab

9 50.40 ± 0.03a 44.74 ± 0.04ab 37.91 ± 0.02c 42.42 ± 0.02bc

12 50.74 ± 0.02a 46.00 ± 0.05ab 39.82 ± 0.05b 44.14 ± 0.02ab

pH
0 4.66 ± 0.06c 4.69 ± 0.08c 5.30 ± 0.06a 4.92 ± 0.02b

3 4.86 ± 0.01d 4.89 ± 0.01c 5.39 ± 0.01a 5.36 ± 0.01b

6 4.88 ± 0.02d 4.93 ± 0.02c 5.88 ± 0.01a 5.42 ± 0.04b

9 4.84 ± 0.01d 4.96 ± 0.01c 6.07 ± 0.01a 5.40 ± 0.05b

12 4.88 ± 0.01c 5.39 ± 0.07b 6.20 ± 0.02a 5.41 ± 0.04b

WSC(%)
0 3.90 ± 0.02a 2.68 ± 0.30c 3.14 ± 0.12b 3.39 ± 0.27b

3 3.69 ± 0.09a 2.49 ± 0.02b 2.78 ± 0.68b 2.64 ± 0.28b

6 3.49 ± 0.11a 2.32 ± 0.58b 2.69 ± 0.09b 2.64 ± 0.08b

9 3.37 ± 0.10a 2.15 ± 0.15c 2.73 ± 0.06b 2.33 ± 0.06c

12 3.22 ± 0.14a 2.05 ± 0.06c 2.39 ± 0.20b 2.25 ± 0.04bc

NH3-N(%)
0 3.15 ± 0.13b 2.65 ± 0.06c 3.80 ± 0.16a 2.77 ± 0.17c

3 3.36 ± 0.07b 2.70 ± 0.03c 3.83 ± 0.19a 3.45 ± 0.01b

6 3.39 ± 0.12a 2.75 ± 0.06b 3.91 ± 0.30a 3.56 ± 0.47a

9 3.63 ± 0.02b 2.82 ± 0.21c 4.32 ± 0.06a 3.65 ± 0.24b

12 4.29 ± 0.07ab 2.91 ± 0.09c 4.71 ± 0.82a 3.80 ± 0.06b

Note DM: dry matter, WSC: water-soluble carbohydrate, NH3-N: ammonia 
nitrogen. In the same row, values with no letter or the same letter superscripts 
are not significantly different (P > 0.05), whereas those with different small letter 
superscripts are significantly different (P < 0.05)

Table 5  Changes in the number of microorganisms during 
aerobic exposure(lg /g FM)
Time(d) peanut 

vines
Sophora 
alopecuroides

Liquorice Alfalfa

Lactic acid bacteria
0 5.03 ± 0.04b 5.56 ± 0.05a 4.73 ± 0.01c 5.50 ± 0.01a

3 4.21 ± 0.20d 5.02 ± 0.04b 4.50 ± 0.01c 5.44 ± 0.01a

6 3.98 ± 0.08c 4.36 ± 0.35b 4.08 ± 0.07bc 5.33 ± 0.07a

9 3.63 ± 0.20c 4.26 ± 0.19b 3.91 ± 0.11c 5.00 ± 0.02a

12 3.60 ± 0.07b 4.06 ± 0.11ab 3.70 ± 0.06b 4.50 ± 0.59a

Yeast
0 3.04 ± 0.12 2.87 ± 0.25 3.08 ± 0.07 3.09 ± 0.03
3 3.16 ± 0.17b 3.00 ± 0.03b 3.43 ± 0.07a 3.44 ± 0.07a

6 3.21 ± 0.09d 3.51 ± 0.05c 3.96 ± 0.09a 3.67 ± 0.05b

9 3.44 ± 0.07c 3.64 ± 0.05b 4.26 ± 0.02a 3.71 ± 0.15b

12 3.88 ± 0.19b 3.75 ± 0.17b 4.42 ± 0.04a 4.47 ± 0.05a

Mold
0 <2 <2 <2 <2
3 <2 <2 2.77 ± 0.11a <2
6 2.91 ± 0.07b 2.14 ± 0.04c 3.45 ± 0.03a 2.20 ± 0.11c

9 2.96 ± 0.03b 2.35 ± 0.05d 3.79 ± 0.05a 2.66 ± 0.30c

12 3.63 ± 0.08a 2.63 ± 0.40c 3.93 ± 0.07a 3.21 ± 0.13b

Aerobic bacteria
0 2.86 ± 0.11c 2.98 ± 0.18bc 3.11 ± 0.08ab 3.26 ± 0.08a

3 3.05 ± 0.47b 3.24 ± 0.01ab 3.71 ± 0.08a 3.37 ± 0.02ab

6 3.37 ± 0.08c 3.67 ± 0.04b 3.87 ± 0.07a 3.61 ± 0.10b

9 3.41 ± 0.11c 3.77 ± 0.15b 4.65 ± 0.15a 3.94 ± 0.06b

12 3.83 ± 0.01c 4.29 ± 0.03b 4.84 ± 0.05a 4.59 ± 0.34ab

Note In the same row, values with no letter or the same letter superscripts are 
not significantly different (P > 0.05), whereas those with different small letter 
superscripts are significantly different (P < 0.05)
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Microbial population of the legume silages
As shown in Table  5, the lactic acid bacteria (LAB) 
counts in the alfalfa silage were significantly higher than 
those in the other silages at 12 d (P < 0.05). No molds 
were detected in any of the legume silages at 0 d, and 
the yeast counts showed no significant differences at 
this time point (P > 0.05). At 3 d, the yeast counts in the 
alfalfa silage were significantly higher than those in the 
peanut vines silage and the Sophora alopecuroides silage 
(P < 0.05), while the yeast counts in the aerial parts of 
liquorice silage were also significantly higher than those 
in the peanut vines silage and the Sophora alopecuroides 
silage (P < 0.05). Between 6 and 9 d, the yeast and mold 
counts in the aerial parts of liquorice silage were signifi-
cantly higher than those in the other silages (P < 0.05). By 
12 d, the yeast and mold counts in the Sophora alope-
curoides silage were significantly lower than those in the 
liquorice silage and the alfalfa silage (P < 0.05). The aero-
bic bacterial counts increased progressively over time in 
all silages; however, at 12 d, the aerobic bacterial counts 

in the peanut vines silage were significantly lower than 
those in the other silages (P < 0.05). These results demon-
strate the distinct microbial dynamics among the legume 
silages during the aerobic exposure.

In vitro gas production and kinetic parameters of the 
legume silages
As shown in Fig.  2, the gas production in all groups 
increased with the fermentation time. A rapid increase 
was observed from 0 to 24  h in all silages except the 
liquorice silage. After 24  h, the gas production curve 
gradually plateaued, with the majority of gas production 
occurring within 0–36 h for all four legume silages. Nota-
bly, the gas production of the aerial parts of liquorice 
silage was consistently lower than that of the other three 
legume silages at all time points, indicating the distinct 
fermentation characteristics.

As shown in Table  6, the fast gas production fraction 
(a) was significantly higher (P < 0.05) for the peanut vines 
silage compared to the liquorice silage and the alfalfa 
silage. The slow gas production fraction (b) and the 
potential gas production (a + b) were significantly higher 
(P < 0.05) for the Sophora alopecuroides silage than for 
the peanut vines silage and the liquorice silage, with no 
significant difference (P > 0.05) observed compared to the 
alfalfa silage. The gas production rate constants (c) were 
significantly higher (P < 0.05) for the peanut vines silage 
and the alfalfa silage than for the Sophora alopecuroides 
silage and the liquorice silage. After 72 h of in vitro fer-
mentation, the pH values of the artificial rumen cultures 
for all four legume silages exceeded 7, with no significant 
differences (P > 0.05) among them. However, the NH₃-N 
content of the liquorice silage was significantly lower 
(P < 0.05) than that of the other silages, reflecting the dis-
tinct fermentation kinetics and end-product profiles.

Table 6  Fermentation parameters and gas production 
parameters of four legume silages
Items Peanut 

vines
Sophora 
alopecuroides

Liquorice Alfalfa

a(mL) 4.75 ± 0.06a 4.37 ± 0.24ab 1.30 ± 0.64c 3.71 ± 0.77b

b(mL) 30.55 ± 1.26b 35.83 ± 1.49a 23.85 ± 3.45c 34.88 ± 1.98a

a + b(mL) 35.30 ± 1.27b 40.20 ± 1.26a 25.14 ± 2.82c 38.59 ± 2.73ab

c(mL/h) 0.10 ± 0.01a 0.06 ± 0.01b 0.04 ± 0.01b 0.10 ± 0.02a

pH 6.78 ± 0.08 6.82 ± 0.07 6.91 ± 0.01 6.89 ± 0.10
NH3-
N(mg/
dL)

52.00 ± 1.25a 54.55 ± 0.38a 47.85 ± 2.07b 53.24 ± 3.12a

Note a: the fast gas production fraction, b: slow gas production section, a + b: 
potential gas production, c: the gas production rate constant, NH3-N: ammonia 
nitrogen. In the same row, values with no letter or the same letter superscripts 
are not significantly different (P > 0.05), whereas those with different small letter 
superscripts are significantly different (P < 0.05)

Fig. 2  In vitro gas production (mL·g− 1 DM) of silages prepared from four legumes for 72 h

 



Page 7 of 10Yang et al. BMC Plant Biology          (2025) 25:641 

As shown in Table 7, the ruminal degradation rates of 
DM for the different legume silages increased over time. 
From 4 to 12  h, the DM degradation rate of the alfalfa 
silage was consistently significantly higher than that of 
the other silages (P < 0.05). By 24  h, the DM degrada-
tion rates of the peanut vines silage and the alfalfa silage 
reached comparable levels (P > 0.05) and were signifi-
cantly higher than those of the other silages (P < 0.05). At 
36 h, the DM degradation rate of the liquorice silage was 
significantly lower than that of the other silages (P < 0.05). 
However, from 48 to 72  h, the DM degradation rate of 
the alfalfa silage was again significantly higher than that 
of the other silages (P < 0.05), highlighting its superior 
degradability over extended fermentation periods.

Discussion
Nutritional characterization and fermentation quality 
analysis of silage feeding
The dry matter (DM) content of the studied legumes 
ranged from 32 to 43% pre-ensiling, satisfying the opti-
mal silage conditions, with post-ensiling values maintain-
ing 31–39% DM content. This minimal DM loss (≈ 3–4%) 
during the ensiling process aligns with previous findings 
by Zhang [34], suggesting the effective preservation of 
the original forage material. The crude protein (CP) con-
tent remained stable throughout the ensiling process, 
with values exceeding 15% for most species, except the 
peanut vines (≈ 10%). This stability in CP content, consis-
tent with Li’s observations [35], underscores the potential 
of these legumes as high-quality protein sources in rumi-
nant diets.

The reduction in the NDF and ADF contents post-
ensiling (P < 0.05) suggests enhanced digestibility, likely 
resulting from the degradation of plant cell walls by 
organic acids during fermentation. This finding is partic-
ularly significant as it indicates improved feed efficiency, 
given the established negative correlation between ADF 
content and ruminant digestibility [36–37]. The observed 
decrease in the ether extract (EE) content, consistent 
with Fabrício et al.‘s findings [38], may be attributed to 

the microbial conversion of lipids into volatile fatty acids 
during fermentation.

The scientific community has established that the opti-
mal pH range for high-quality silage preservation falls 
between 3.7 and 4.2 [39], which promotes proper fer-
mentation and ensures maximal nutrient preservation. 
The pH values of silage from the four leguminous spe-
cies increased after ensiling, primarily due to their high 
protein and mineral content, as well as low water-soluble 
carbohydrate (WSC) levels. These characteristics endow 
leguminous plants with strong buffering capacity, thereby 
resulting in relatively higher pH values in their silage [40]. 
Fermentation quality indicators revealed distinct patterns 
among the silages. While only the Sophora alopecuroi-
des silage achieved the optimal NH₃-N/TN threshold 
(< 10%), all silages demonstrated acceptable fermentation 
characteristics. The elevated CP content post-ensiling, 
despite higher NH₃-N/TN ratios in some species, aligns 
with previous research [39], suggesting that while protein 
degradation occurs, net protein preservation remains 
favorable. The higher lactic and acetic acid content in the 
peanut vines silage may reflect its unique chemical com-
position and microbial dynamics during fermentation.

Aerobic stability and microbial dynamics
When silage is exposed to air during the opening of a silo, 
or after its removal, fermentation acids and other sub-
strates undergo oxidation due to the activity of yeasts, 
aerobic bacteria and molds [30, 41]. Therefore, aero-
bic stability is crucial in silage. Aerobic stability, a cru-
cial parameter governing silage conservation efficiency 
and agricultural economics, was defined as the number 
of hours until silo temperature increased 2 °C above the 
baseline silo temperature [30]. Under aerobic conditions, 
silage temperatures continued to increase over the 24 h 
and 72  h period, the onset of spoilage was observed at 
72 h for liquorice and 120 h for Peanut vines. Liquorice 
silage underwent complete aerobic deterioration within 
96  h, characterized by sustained temperature elevation 
and pH exceeding 6.0, consistent with accelerated micro-
bial proliferation under aerobic conditions [42], while 
Sophora alopecuroides and Alfalfa exhibited significantly 
delayed thermal peaks (144  h and 216  h), respectively, 
compared to liquorice, indicating liquorice silage exhib-
ited the poorest aerobic stability with its elevated WSC 
concentration identified as the predisposing factor for 
accelerated oxidative deterioration through microbial 
respiratory dominance [46]. The initial rapid increase 
in the DM content, attributed to moisture evaporation 
[43], was followed by characteristic changes in microbial 
populations and chemical composition. In this study, the 
DM content increased initially during aerobic exposure 
due to moisture evaporation [44]. The pH elevation and 
the WSC depletion during aerobic exposure, consistent 

Table 7  DM degradation rates of silage prepared from four 
legumes
Time(d) Peanut 

vines
Sophora 
alopecuroides

Liquorice Alfalfa

4 21.44 ± 0.52b 18.86 ± 0.88c 15.82 ± 1.59d 25.79 ± 0.81a

8 22.31 ± 2.38b 19.57 ± 1.22bc 18.28 ± 1.42c 28.27 ± 1.14a

12 23.99 ± 0.83b 20.70 ± 2.21c 19.52 ± 1.78c 32.12 ± 1.67a

24 32.17 ± 0.82a 24.04 ± 1.53b 20.59 ± 1.92c 35.15 ± 1.91a

36 33.46 ± 1.92b 29.71 ± 0.67c 23.12 ± 0.85d 40.94 ± 1.28a

48 37.39 ± 1.54b 37.00 ± 2.64b 26.51 ± 2.91c 43.47 ± 1.29a

72 38.32 ± 1.76b 37.74 ± 0.92b 28.67 ± 1.54c 44.80 ± 0.73a

Note In the same row, values with no letter or the same letter superscripts are 
not significantly different (P > 0.05), whereas those with different small letter 
superscripts are significantly different (P < 0.05)
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with the established literature [45–46], reflect the meta-
bolic activity of aerobic microorganisms. Notably, the 
Sophora alopecuroides silage exhibited slower pH eleva-
tion, potentially due to its lower residual sugar content 
and distinct microbial community structure. The decline 
in the lactic acid bacteria (LAB) populations, concurrent 
with the proliferation of aerobic microorganisms [44], 
reflects the competitive microbial ecology of exposed 
silage. The slower deterioration rate observed in the 
Sophora alopecuroides silage may be attributed to its 
lower WSC content, which limited the growth of spoil-
age microorganisms. This finding aligns with previous 
research identifying yeasts as the primary agents of aero-
bic deterioration in silage [47].

Gas production and gas production parameters in vitro 
rumen fermentation
The in vitro gas production reflects the nutritional value 
of feed and the rumen microbial metabolism [48–50]. In 
this study, the gas production increased over time, with 
the alfalfa silage exhibiting the highest cumulative gas 
production, indicating efficient utilization of fermentable 
carbohydrates [51–53]. The gas production parameters, 
including the fast and slow gas production fractions, pro-
vide insights into the feed fermentation kinetics [54]. The 
positive fast gas production fraction in all silages indi-
cated no lag phase, while the higher slow gas production 
fraction in the Sophora alopecuroides and alfalfa silages 
suggested effective utilization of insoluble components 
like cellulose and hemicellulose [55–56].

The rumen fluid pH, ranging from 5.5 to 7.5, remained 
stable across all treatments, indicating no adverse effects 
on the rumen homeostasis [57]. The NH₃-N, a byprod-
uct of protein degradation, ranged from 47 to 54  mg/
dL, higher than the optimal range of 3.3–8.0 mg/dL for 
microbial growth [58–60]. This discrepancy may result 
from the high crude protein content of legumes, lead-
ing to NH₃-N accumulation [61]. The DM degradation 
rate, reflecting the feed digestibility, increased with the 
fermentation time, with the alfalfa silage exhibiting the 
highest rate (44.80%) at 72  h [62]. Combined with its 
high cumulative gas production, the alfalfa silage dem-
onstrated superior nutritional value and digestibility for 
ruminants [63].

Conclusions
The results of this study demonstrated significant varia-
tion in silage quality among the tested leguminous spe-
cies. Sophora alopecuroides silage exhibited optimal 
fermentation characteristics, while Glycyrrhiza glabra 
(liquorice) silage showed comparatively inferior fermen-
tation quality. During aerobic exposure, Arachis hypo-
gaea (peanut vines) and Sophora alopecuroides silages 
maintained better stability, as evidenced by minimal pH 

elevation and restricted proliferation of yeasts, molds, 
and aerobic bacteria. In vitro rumen fermentation analy-
sis revealed superior gas production and dry matter deg-
radation rates in Medicago sativa (alfalfa) and Sophora 
alopecuroides silages. Based on comprehensive evalua-
tion of fermentation quality, aerobic stability, and rumen 
degradability, Medicago sativa and Sophora alopecuroides 
were identified as the most suitable species for high-qual-
ity silage production under the experimental conditions. 
Further research is warranted to investigate the effects of 
these silages on animal growth performance and produc-
tion efficiency.
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