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Abstract 

Background During alfalfa harvesting and preservation, it is important to minimize losses and preserve dry mat-
ter and nutrients. Soil contamination of alfalfa forage is a common issue that occurs during the ensiling process. Soil 
contamination can adversely influence the quality of silage, potentially altering the fermentation process, microbial 
composition, and iron content.

Results In this study, different levels of soil (0, 1.5% or 7.5% contamination on a wet basis; silt loam soil) and two 
types of additives (LP, Lactobacillus plantarum inoculant alone; MLP, combination addition of molasses and Lacto-
bacillus plantarum) were added to alfalfa and subjected to anaerobic fermentation for 45 days to evaluate the iron 
content as well as the alpha diversity and relative abundance of bacterial and fungal communities. Soil-contaminated 
alfalfa contained lower levels of LA (14.2–41.8 g  kg−1 DM) and higher levels of AN (50.0–156.4 g  kg−1 DM) compared 
to uncontaminated alfalfa. Soil contamination of alfalfa forage increased the abundance of Clostridia, Actinobacteria, 
and Alphaproteobacteria in silage. The application of LP or MLP in soil-contaminated silage increased the abundance 
of Lactobacillus and inhibited the growth of Enterococcus faecium, Pediococcus pentosaceus, unclassified_f_Entero-
bacteriaceae, and Weissella cibaria. In addition, as the level of soil contamination increased, both the total and bioac-
cessible iron contents in alfalfa silage increased. The dominant bacteria Lactobacillus plantarum exhibited a positive 
relationship with LA and bioaccessible iron contents and a negative relationship with pH, AN and BA. The dominant 
fungi Neocosmospora rubicola showed a positive relationship with total iron, BA, AN and pH.

Conclusions Soil contamination of alfalfa increased the abundance of Clostridia, Actinobacteria, and Alphaproteo-
bacteria and it also increased the total and bioaccessible iron content in silage. The addition of LP and MLP improved 
the fermentation quality of soil-contaminated silage by increasing LA production and reducing the relative abun-
dance of Enterococcus faecium, Pediococcus pentosaceus, unclassified_f_Enterobacteriaceae, and Weissella cibaria.
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Introduction
The preservation of alfalfa feed through anaerobic fer-
mentation is a dependable strategy on livestock farms, 
as it is less susceptible to weather fluctuations and facili-
tating long-term storage. The essence of fermentation 
process lies the conversion of soluble carbohydrates into 
lactic acid by lactic acid bacteria (LAB) under anaerobic 
conditions, thereby reducing the pH level and inhibiting 
the growth of most aerobic spoilage bacteria [1]. Due to 
its high protein content, alfalfa has been extensively uti-
lized in ruminant diets. During the anaerobic fermenta-
tion of alfalfa forage, it is crucial to minimize losses and 
ensure safety. However, factors such as soil contamina-
tion can influence the anaerobic fermentation process.

Soil is an important source of contamination dur-
ing forage fermentation [2]. In China, soil contamina-
tion of forage is inevitable and frequent occurrence 
during ensiling. Factors such as harvesting, drying, 
picking, and shredding on unevenly planted land and 

mechanical processes that can disturb the soil surface, 
lead to an increase in soil contamination of alfalfa. Soil 
contamination can impair forage quality and decrease 
the digestibility of ingested organic matter [3, 4]. The 
soil contamination rate of fermented forage can reach as 
high as 8% (wt/wt) [2] and can easily increase the min-
eral content, especially iron in silage [5–7]. The impact 
of soil contamination on iron content is particularly sig-
nificant because the iron content in soil is significantly 
higher than in plants [8, 9]. Healy [10] demonstrated 
that iron derived from soil in the gastrointestinal fluid of 
ruminants may be partially soluble, and the released ions 
could be absorbed or influence the mineral composition 
of the digestive fluid. Ruminants can tightly control iron 
metabolism through homeostasis mechanisms; excess 
iron can reduce cattle and sheep feed intake [6], lower 
feed utilization and daily gain, and increased competi-
tion for intestinal absorption with manganese and cop-
per, negatively affecting the status of these essential trace 
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minerals in ruminants [11, 12]. But the effects of soil con-
tamination on the iron content and composition of alfalfa 
silage remain unclear.

Microorganisms play a crucial role in the anaerobic fer-
mentation of alfalfa forage. Aerobic microorganisms in 
silage remain active until oxygen is depleted, and acidi-
fication inhibits microbial metabolism [13]. In well-pre-
served forage, facultative anaerobic bacteria gradually 
lower the silage pH, promoting the growth of acid-tol-
erant lactic acid bacteria, which dominate the microbial 
community in properly fermented silage [14]. Among the 
many microbial species found in silage, some are consid-
ered undesirable as their presence can reduce dry mat-
ter (DM), leading to unfavorable fermentation, such as 
the production of butyric acid or toxins, posing adverse 
effects on the health of livestock and humans [15]. For-
mer studies have explored the variations in bacterial flora 
among different silages [16, 17] and the spatiotemporal 
changes in microbial communities within silage [18]. Soil 
contamination can introduce additional microbial popu-
lations into the fermentation process, and some of these 
microbes might compete with or inhibit the growth of 
desirable anaerobic bacteria. A better understanding of 
the effects of soil contamination on microbial communi-
ties could provide further insights into improving meth-
ods for alfalfa silage preservation.

Therefore, in the present study, different levels of soil 
and two types of additives were added to alfalfa and sub-
jected to anaerobic fermentation to evaluate the iron 
content as well as the alpha diversity and microbial com-
munities. This study will provide guidance and sugges-
tions for improving the quality and safety of alfalfa silage.

Methods
Experimental design and silage preparation
The experiment was conducted in Hujiachi Town, Heng-
shui City, Hebei Province. Alfalfa was harvested at the 
bud stage in May 2021 and wilted to 325.4  g   kg−1 dry 
matter. It was then chopped to a 1–2  cm theoretical 
length for silage preparation. A 3 × 3 factorial design with 
a control was employed to investigate the effects of soil 
contamination on the fermentation characteristics, iron 
content, and microbial composition of alfalfa silage. Fac-
tors included the level of soil contamination (0, 1.5%, and 
7.5% on a wet basis; silt loam soil) and two additives: (i) 
Lactobacillus plantarum; (ii) a combination of molas-
ses and Lactobacillus plantarum. We defined the soil 
contamination level in silage according to the study of 
Rafferty et al. [2], which found the soil contamination rate 
of fresh forage samples collected from the field before 
harvest was lower than 2% (wt/wt), while the soil con-
tamination rate of samples collected after four months of 
harvest and storage was as high as 8% (wt/wt).

To simulate the impact of soil contamination on alfalfa 
silage, the top 5 cm soils from the alfalfa fields were air-
dried and crushed before being mixed with the alfalfa 
materials according to the method of Hansen and Spears 
[5]. The soil used in present study is not polluted with 
heavy metals or organic matter, the soil texture was silt 
loam with a pH of 7.8, organic matter 14.4 g  kg−1, potas-
sium of 11.8  mg   g−1, calcium of 29.0  mg   g−1, sodium 
of 0.1  mg   g−1, magnesium of 9.2  mg   g−1, copper of 
13.2 µg   g−1, iron of 25,431.3 µg   g−1, zinc of 70.6 µg   g−1. 
The soil was thoroughly mixed with the alfalfa materi-
als at the appropriate inclusion levels (0, 1.5%, and 7.5%) 
before fermentation. Lactobacillus plantarum was iso-
lated by Li et  al. [19] and applied at a concentration of 
1.0 ×  106 cfu  g−1 of fresh matter (FM) [19, 20]. The Molas-
ses was purchased from Weifang Lvlong Biotechnology 
Co., LTD and was applied at a rate of 2.0  g   kg−1 of FM 
[21]. The two types of additives (LP, Lactobacillus plan-
tarum inoculant alone; MLP, a combination of molasses 
and Lactobacillus plantarum) were dissolved in deion-
ized water. Then, 10 mL of the solution per kg of alfalfa 
material was applied. The control was sprayed with an 
equal volume of deionized water. The 1 L plastic jars 
with screw-top lids were used as experimental silos. 
After treatment application, each silo was packed with 
alfalfa materials. Triplicate silos for each treatment were 
sealed and allowed to ferment at ambient temperature 
(25 ℃ ± 1 ℃). On day 45, the silos were opened, and the 
top 5  cm of oxygen-exposed fermented materials were 
removed.

Fermentation characteristics and iron content analysis
The pH value, ammonia nitrogen (AN), and organic 
acid contents of each sample were determined. Samples 
(20  g) from each silo were added to 180  mL of deion-
ized water and homogenized using a juice squeezer for 
2 min. The slurry was then strained through four layers 
of cheesecloth and one layer of qualitative filter paper. 
The pH of the supernatant was measured using a pH 
meter (PHS-3C, INESA Scientific Instrument Co., Ltd., 
Shanghai, China). The lactic acid (LA), acetic acid (AA), 
propionic acid (PA), and butyric acid (BA) were deter-
mined using high-performance liquid chromatography 
(HPLC) (Liu et  al., 2013). The analysis was performed 
using a Shodex RS pak KC-811 column from Showa 
Denko K.K. in Kawasaki, Japan. A diode array detec-
tor (DAD) with a wavelength of 210 nm (SPD-M10AVP, 
Shimadzu Co., Ltd., Kyoto, Japan) was used. The eluent 
consisted of 3 mmol/L  HClO4, and the flow rate was set 
at 1.0  mL   min−1. The column temperature was main-
tained at 50 ℃. AN was determined using the phenol and 
sodium hypochlorite method [22].
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Approximately 100  g samples of each silo were dried 
at 65 °C for 48 h to measure the iron content. The dried 
samples (0.5 g) were wet digested for iron content anal-
ysis using a mixture of nitric, sulfuric, and perchloric 
acids (8:1:1, v/v/v), following the method described by 
Fischer and Ľabbé [23]. The total iron content of all sam-
ples was determined by ICP-MS (PlasmaQuant-MS Elite, 
Germany).

Bioaccessible iron content analysis
The simulated in vitro digestion system was used to ana-
lyze the bioaccessible iron content with modifications 
based on the method described by Hansen and Spears 
[5]. A mixture of enzymes was used to simulate rumen 
digestion because rumen fluid is highly variable and 
contain high contents of trace minerals. Dried samples 
(0.5 g) were added to a 50 mL flask containing 30 mL of 
acetic acid buffer. Cellulase (EC 3.2.1.4) from Aspergil-
lus niger was added at a concentration of 10 units/mL of 
buffer. Then, hemicellulase (EC 232–799-9) from A. niger 
was included at a level of 1.67 units/mL of buffer. Addi-
tionally, 50 μL of heat-stable amylase (EC 3.2.1.1) was 
added to each flask. The flasks were sealed with parafilm 
and placed in a 39  °C water bath. They were then oscil-
lated at a rate of 30 times per minute for 24 h. After the 
24 h of digestion period, a 3 mL aliquot of the fluid was 
centrifuged at 580 ×g for 5 min to separate solid compo-
nents before conducting iron content analysis.

The abomasal stage follows ruminal digestion. Approx-
imately 3 mL of a 5% pepsin solution (388 units/mg; EC 
3.4.23.1) in 1 N HCl was added to each flask, resulting in 
a buffer pH below 2.5. The flasks were then sealed with 
parafilm and placed in a 37  °C water bath. They were 
oscillated at a rate of 30 times per minute for 1 h. After 
1 h of digestion, a 3 mL aliquot of the fluid was extracted 
following the previously described method. Intestinal 
digestion followed the abomasal stage, and the pH was 
adjusted to 6.8 by adding 1  M NaOH. Subsequently, 
0.4  mL of a 10% trypsin (EC 232–468-9) solution was 
added to each flask. The flasks were again oscillated in a 
37 °C water bath, with a frequency of 30 oscillations per 
minute, for a duration of 2  h. The dialyzable iron con-
tent was measured using a dialysis tube with a molecular 
cut-off of 15,000 Da (Spectra/Por 7 Dialysis Membrane, 
Spectrum Laboratories, Rancho Dominguez, CA). 
After the process of intestinal digestion, the flasks were 
inverted and then transferred into a 50 mL polypropylene 
tube. Subsequently, they were centrifuged at 580×g for a 
duration of 10 min. Approximately 8 mL of the superna-
tant was transferred into a 50 mL dialysis tube segment, 
which was approximately 8  cm in length. The catheter 
was suspended in a 600  mL beaker filled with 500  mL 
of deionized water and covered with a large sealing film. 

The sample was placed in an oscillating water bath at 
37  °C for a duration of 2 h to simulate the approximate 
retention time of digestive juices in the intestinal tract. 
The soluble mineral elements in the intestinal super-
natant and dialysate were analyzed. The dialyzable iron 
content was determined as the amount of soluble iron 
that disappeared from the dialysis tubing during the 2 h 
time period (initial supernatant iron content—dialysis 
tubing iron content). The iron contents of ruminal, abo-
masal, intestinal, and digestion and dialyzable solutions 
were determined using ICP-MS (PlasmaQuant-MS Elite, 
Germany).

Microbial community analysis
DNA extraction and PCR amplification
The microbial total DNA extraction of all samples was 
performed using the method described by Zheng et  al. 
[24]. The sample (20 g) was mixed with 80 mL of sterile 
water and stirred at 120  rpm for 2  h at 4  °C. The sam-
ples were filtered through two layers of sterile gauze and 
then centrifuged at 10,000 ×g for 15 min at 4 °C. The pel-
let was washed three times in sterile water and then used 
to extract the total genomic DNA. Microbial community 
genomic DNA was extracted using the E.Z.N.A.® soil 
DNA Kit (Omega Biotek, Norcross, GA, U.S.) according 
to the manufacturer’s instructions. The DNA extract was 
checked on a 1% agarose gel, and the DNA concentra-
tion and purity were determined using a NanoDrop 2000 
UV–vis spectrophotometer (Thermo Scientific, Wilm-
ington, USA).

The hypervariable region V3-V4 of the bacterial 16S 
rRNA gene was amplified using primer pairs 338F (5′-
ACT CCT ACG GGA GGC AGC AG-3′) and 806R (5′-
GGA CTA CHVGGG TWT CTAAT-3′) with an ABI 
 GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The 
PCR amplification of the 16S rRNA gene was performed 
as follows: initial denaturation at 95  ℃ for 3  min, fol-
lowed by 27 cycles of denaturing at 95 ℃ for 30 s, anneal-
ing at 55 ℃ for 30 s and extension at 72 ℃ for 45 s, and 
single extension at 72 ℃ for 10 min, followed by cooling 
to 4 ℃. The PCR mixtures consisted of 5 × FastPfu buffer 
(4  μL), 2.5  mM dNTPs (2  μL), forward primer (5  μM) 
0.8 μL, reverse primer (5 μM) 0.8 μL, FastPfu Polymerase 
0.4  μL, BSA 0.2  μL, template DNA (10  ng), and  ddH2O 
(up to 20 μL).

The PCR primers targeting the full-length ITS rRNA 
were ITS1F (5′-CTT GGT CAT TTA GAG GAA GTAA-
3′) and ITS2R (5′-GCT GCG TTC TTC ATC GAT GC-3′). 
The PCR amplification of the ITS rRNA gene was per-
formed as follows: initial denaturation at 95 °C for 3 min, 
followed by 35 cycles of denaturation at 95  °C for 30  s, 
annealing at 55 °C for 30 s and extension at 72 °C for 45 s, 
along with a single extension at 72 °C for 10 min, and the 
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reaction was then cooled to 4 °C. The PCR mixtures con-
tained 10 × buffer (2 μL), 2.5 mM dNTPs (2 μL), forward 
primer (5  μM, 0.8  μL), reverse primer (5  μM, 0.8  μL), 
rTaq Polymerase (0.2 μL), BSA (0.2  μL), template DNA 
(10 ng,) and  ddH2O (up to 20 μL).

PCRs were performed in triplicate. The PCR product 
was extracted from a 2% agarose gel and purified using 
the AxyPrep DNA Gel Extraction Kit (Axygen Bio-
sciences, Union City, CA, USA), following the manu-
facturer’s instructions. The purified product was then 
quantified using a Quantus™ Fluorometer (Promega, 
USA).

Illumina MiSeq sequencing
Purified amplicons were pooled in equimolar amounts 
and paired-end sequenced using an Illumina MiSeq 
PE300 platform (Illumina, San Diego, USA) following the 
standard protocols by Majorbio Bio-Pharm Technology 
Co. Ltd. (Shanghai, China). The raw reads were deposited 
into the NCBI Sequence Read Archive (SRA) database 
with the following accession Numbers: PRJNA907969 
and PRJNA908062.

Processing of sequencing data
The raw 16S rRNA and ITS rRNA gene sequencing reads 
were demultiplexed and quality-filtered using fastp ver-
sion 0.20.0 [25]. The reads were then merged using 
FLASH version 1.2.7 [26] according to the following cri-
teria: (i) reads with an average quality score of less than 
20 over a 50  bp sliding window were truncated at that 
site, and any resulting truncated reads shorter than 50 bp 
were discarded. Reads containing ambiguous charac-
ters were also discarded; (ii) only overlapping sequences 
longer than 10  bp were assembled based on their over-
lapped sequence. The maximum mismatch ratio of the 
overlapping region is 0.2. Reads that could not be assem-
bled were discarded; and (iii) Samples were distinguished 
based on the barcode and primers, and the sequence 
direction was adjusted to ensure an exact barcode match, 
allowing for a 2-nucleotide mismatch allowed in primer 
matching.

Operational taxonomic units (OTUs) were clustered 
using UPARSE version 7.1 [27], with a 97% similarity cut-
off. Chimeric sequences were identified and removed. 
The taxonomy of each OTU representative sequence was 
analyzed using RDP Classifier version 2.2 [28] against the 
16S rRNA database (e.g., Silva v138) with a confidence 
threshold of 0.7.

Statistical analysis
The fermentation characteristics and data on total 
and bioaccessible iron content were analyzed using 
analysis of variance (ANOVA) with the general 

linear model-univariate procedure of SPSS 19.0 software. 
ANOVAs were performed for soil contamination and 
additive treatments as the two main factors, as well as for 
the interaction between these two factors. The mean val-
ues were compared using Duncan’s multiple range tests. 
Differences between means were considered significant 
when P < 0.05. We assessed the diversity of the commu-
nity using the Shannon index. The Shannon indices were 
calculated using Mothur (v.1.30) and analyzed using the 
Wilcoxon rank-sum test for estimators at the OTU level. 
Bar plots depicting bacterial and fungal communities at 
the class and species levels were generated using Simplot 
12.5 software. The Circos graph was constructed using 
Circos software [29]. Redundance analysis (RDA) was 
used to analyze the correlation of microbial community 
and silage characteristics by CANOCO 5.0.

Results
Fermentation characteristics
The fermentation characteristics of the alfalfa silage are 
shown in Table 1. Increasing level of soil contamination 
from 0 to 7.5% resulted in an increase in pH value, BA, 
and AN contents, while decreasing the LA, AA, and PA 
contents. Compared to the control group, the application 
of LP and MLP significantly decreased the pH, BA, and 
AN contents, while increased the LA content of alfalfa 
silage (P < 0.05). The PA content of MLP silage was sig-
nificantly higher than that in the control and LP silage 
(P < 0.05).

Total and bioaccessible iron content
The soil contamination significantly influenced the total 
and bioaccessible iron contents of alfalfa silage (Table 2). 
With the increasing level of soil contamination from 0 to 
7.5%, the total iron content increased dramatically. Bioac-
cessible iron contents following simulated ruminal diges-
tion were also affected by soil contamination levels and 
additives (Table 2). Increasing level of soil contamination 
from 0 to 7.5% resulted in an increase in the bioaccessi-
ble iron content in alfalfa silage. The ruminal, abomasal, 
intestinal, and dialyzable digestible iron contents of 
7.5% soil level were higher than those in 0 and 1.5% soil 
contamination treatments. The ruminal, abomasal, and 
intestinal iron contents in LP and MLP silage were signif-
icantly higher than those in the control silage (P < 0.05).

Alpha diversity of the microbial community
Good’s coverage estimation revealed that > 99% of 
the species were obtained in all alfalfa silage samples 
(Additional file  1: Table  S1), indicating that all sam-
ples reached sufficient coverage. Alpha diversity of the 
microbial community in alfalfa silage is shown in Figs. 1 
and 2. The Shannon index of bacteria in the control 
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Table 1 The fermentation characteristics of alfalfa silage

DM, dry matter; TN, total nitrogen

LA, lactic acid; AA, acetic acid; PA, propionic acid, BA, butyric acid; AN, ammonia nitrogen

Con, control; LP, Lactobacillus plantarum inoculant alone; MLP, combination addition of molasses and Lactobacillus plantarum inoculant

SEM, error of the means; S, soil contamination levels; A, additives; S × A, interaction between soil contamination levels and additives. Means within the same row (a, b) 
or within the same column (A, B) with different superscript differ significantly from each other (P < 0.05)

Item Soil level (%) Additives SEM Significance

Con LP MLP S A S × A

pH values 0 5.93a ± 0.05 4.95bB ± 0.04 4.71bB ± 0.19 0.018  < 0.001  < 0.001 0.071

1.5 5.91a ± 0.08 4.94bB ± 0.01 4.82cAB ± 0.02

7.5 5.95a ± 0.01 5.18bA ± 0.04 5.06bA ± 0.07

LA
(g  kg−1 DM)

0 17.3bAB ± 1.47 39.4abA ± 1.29 46.8a ± 9.75 1.641 0.548  < 0.001 0.952

1.5 20.1bA ± 0.60 37.3aAB ± 0.16 41.8a ± 5.95

7.5 14.2bB ± 0.25 35.6aB ± 0.63 40.6a ± 3.18

AA
(g  kg−1 DM)

0 14.1a ± 0.58 10.4bA ± 0.08 12.9a ± 0.24 0.433 0.094  < 0.001 0.485

1.5 14.6a ± 1.18 7.2bB ± 0.80 14.2ab ± 2.52

7.5 12.2a ± 0.93 6.5bB ± 0.42 11.7a ± 0.58

PA
(g  kg−1 DM)

0 8.3bA ± 0.41 8.6bA ± 0.15 16.4aA ± 0.46 0.183  < 0.001  < 0.001 0.045

1.5 5.7cB ± 0.13 6.7bB ± 0.27 15.8aA ± 0.01

7.5 4.6bB ± 0.30 4.5bC ± 0.58 11.0aB ± 0.94

BA
(g  kg−1 DM)

0 1.0aB ± 0.07 0.3bC ± 0.05 NDc ± 0.01 0.057  < 0.001  < 0.001 0.004

1.5 0.6aB ± 0.01 0.4bB ± 0.07 NDc ± 0.01

7.5 2.2aA ± 0.39 0.9bA ± 0.03 0.1b ± 0.08

AN
(g  kg−1 TN)

0 111.3aB ± 2.35 51.4cC ± 0.40 59.4bB ± 0.19 0.724  < 0.001  < 0.001  < 0.001

1.5 118.0aB ± 3.64 50.0bB ± 1.67 55.6bC ± 0.23

7.5 156.4aA ± 1.05 65.6cA ± 1.83 74.9bA ± 1.45

Table 2 The total and bioaccessible iron contents of alfalfa silage

DM, dry matter

Con, control; LP, Lactobacillus plantarum inoculant alone; MLP, combination addition of molasses and Lactobacillus plantarum inoculant

SEM, error of the means; S, soil contamination levels; A, additives; S × A, interaction between soil contamination levels and additives; Means within the same row (a,b) 
or within the same column (A, B) with different superscript differ significantly from each other

Item Soil levels (%) Additives SEM Significance

Con LP MLP S A S × A

Total iron
(µg  g−1 DM)

0 629.0B ± 101.7 570.0B ± 54.2 606.0C ± 79.5 99.733  < 0.001 0.033 0.079

1.5 1180.5B ± 101.3 1150.4B ± 130.0 1512.9B ± 83.2

7.5 4154.6A ± 580.3 2811.4A ± 323.6 4476.2A ± 205.0

Ruminal iron (µg  g−1 DM) 0 37.3bC ± 1.1 117.7aC ± 3.6 117.8aC ± 8.9 3.768  < 0.001  < 0.001  < 0.001

1.5 59.3bB ± 1.7 194.4aB ± 3.5 209.3aB ± 10.2

7.5 121.7cA ± 4.6 238.6bA ± 10.4 344.6aA ± 20.6

Abomasal iron (µg  g−1 DM) 0 4.7bC ± 0.1 112.2aB ± 4.9 115.6aB ± 4.0 5.746  < 0.001  < 0.001 0.017

1.5 44.8bB ± 3.9 128.4aB ± 2.2 134.0aB ± 6.6

7.5 63.0bA ± 0.7 249.2aA ± 7.4 272.6aA ± 40.3

Intestinal iron (µg  g−1 DM) 0 11.5cB ± 0.1 50.1bB ± 0.3 101.4aC ± 4.5 2.160  < 0.001  < 0.001  < 0.001

1.5 37.3cA ± 2.6 76.6bA ± 8.7 164.4aB ± 3.6

7.5 42.3cA ± 2.0 89.4bA ± 0.7 253.6aA ± 11.5

Dialyzable iron (µg  g−1 DM) 0 6.4 ± 0.1 10.0 ± 2.3 19.8C ± 4.2 2.097 0.007  < 0.001 0.288

1.5 7.6b ± 1.7 28.3ab ± 8.4 35.8aB ± 2.8

7.5 10.5b ± 1.7 30.6ab ± 11.4 50.9aA ± 1.0
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Fig. 1 The Shannon indices of bacterial community in alfalfa silage. Con0, control without soil contamination; Con1.5, control with 1.5% soil 
contamination; Con7.5, control with 7.5% soil contamination; LP0, LP treatment without soil contamination; LP1.5, LP treatment with 1.5% soil 
contamination; LP7.5, LP treatment with 7.5% soil contamination; MLP0, MLP treatment with 1.5% soil contamination; LP7.5, MLP treatment 
with 7.5% soil contamination

Fig. 2 The Shannon indices of fungal community in alfalfa silage. Con0, control without soil contamination; Con1.5, control with 1.5% soil 
contamination; Con7.5, control with 7.5% soil contamination; LP0, LP treatment without soil contamination; LP1.5, LP treatment with 1.5% soil 
contamination; LP7.5, LP treatment with 7.5% soil contamination; MLP0, MLP treatment with 1.5% soil contamination; LP7.5, MLP treatment 
with 7.5% soil contamination
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silage was significantly higher than in the LP and MLP 
silage (Fig.  1). Without additives, the Shannon indices 
of fungi in the 1.5% and 7.5% soil contamination treat-
ments were higher than those in the control treatment 
(Fig. 2).

Bacterial communities of alfalfa silage
The relative abundance of bacterial communities at 
class level is shown in Fig.  3. The identified five main 
classes were Bacilli, Gammaproteobacteria, Clostridia, 
Actinobacteria, and Alphaproteobacteria, the aver-
age abundances were 94.4 ± 1.3%, 3.7 ± 1.0%, 0.5 ± 0.2%, 
0.5 ± 0.1%s and 0.3 ± 0.1%, respectively. Bacilli was most 
abundant in all alfalfa silage. The increasing level of soil 
contamination increased the abundance of Clostridia, 
Actinobacteria and Alphaproteobacteria. Additives 
significantly affected the abundance of Bacilli, Gam-
maproteobacteria, Clostridia, Actinobacteria, and Alp-
haproteobacteria (Additional file  1: Table  S2, P < 0.05). 
The application of LP and MLP decreased the abun-
dance of Gammaproteobacteria, Clostridia, Actino-
bacteria, and Alphaproteobacteria, while increased the 
abundance of Bacilli.

The relative abundance of bacterial community at 
species level in alfalfa silage is shown in Fig. 4. Increas-
ing level of soil contamination led to an increase in the 
abundance of Bacillus acidiproducens in the control 
silage. The application of LP and MLP decreased the 
relative abundance of Enterococcus faecium, Pediococ-
cus pentosaceus, unclassified_f_Enterobacteriaceae, and 
Weissella cibaria and increased the relative abundance 

of Lactobacillus plantarum (Additional file  1: Tables 
S3).

Fungal communities of alfalfa silage
The relative abundance of fungal community at class level 
in alfalfa silage is shown in Fig. 5. The Sordariomycetes, 
Eurotiomycetes, Saccharomycetes, and Dothideomycete 
were predominant in all alfalfa silage. With the increas-
ing level of soil contamination, the relative abundance of 
Eurotiomycetes, unclassified_p_Ascomycota, Blastocladi-
omycetes, and unclassified_p_Chytridiomycota increased 
in control silage. In LP and MLP silage, the relative abun-
dance of Eurotiomycetes decreased as the soil contami-
nation level increased (Additional file 1: Table S4).

The relative abundance of the fungal community at 
species level in alfalfa silage is shown in Fig. 6. The fun-
gal community involved in the control silage consisted 
predominantly of the genera Neocosmospora rubicola, 
Fusarium concentricum, Wickerhamomyces anom-
alus, Monascus pilosus, and unclassified_f_Nectriaceae. 
With increasing level of soil contamination from 0% to 
7.5%, the relative abundance of Neocosmospora rubi-
cola increased, while the relative abundance of Fusar-
ium concentricum decreased. The relative abundance of 
Wickerhamomyces anomalus in the control silage was 
higher than in the LP and MLP silage (Additional file 1: 
Table S5).

Distribution of microbial communities in soil and alfalfa 
silage
The distribution of bacterial and fungal communities 
in soil and alfalfa silage samples at the genus level is 
shown in Figs. 7 and 8, respectively. The composition of 

Fig. 3 The relative abundance of bacterial community at class level in alfalfa silage. Con0, control without soil contamination; Con1.5, control 
with 1.5% soil contamination; Con7.5, control with 7.5% soil contamination; LP0, LP treatment without soil contamination; LP1.5, LP treatment 
with 1.5% soil contamination; LP7.5, LP treatment with 7.5% soil contamination; MLP0, MLP treatment with 1.5% soil contamination; LP7.5, MLP 
treatment with 7.5% soil contamination
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dominant bacteria in the LP and MLP groups of alfalfa 
silage is similar, in which Lactobacillus is the predomi-
nant bacteria with a relative abundance of over 90% 
(Fig. 7A). The dominant bacteria of Con0, Con1.5, and 
Con7.5 were similar, while Enterococcus, Lactobacillus, 
and Pediococcus were the dominant bacteria, with rela-
tive abundances above 40%, 10% and 10%, respectively. 

The distribution of communities in soil was found to be 
more diverse, with Blastococcus having the highest rela-
tive abundance at approximately 4.4%. The composition 
of dominant fungi in different silage samples was simi-
lar, with Neocosmospora and Fusarium being the domi-
nant bacteria (Fig. 7B). Different from alfalfa silage, the 
dominant fungi in the soil were Cladosporium, Myco-
centrospora, and Lectera.

Fig. 4 The relative abundance of bacterial community at species level in alfalfa silage. Con0, control without soil contamination; Con1.5, control 
with 1.5% soil contamination; Con7.5, control with 7.5% soil contamination; LP0, LP treatment without soil contamination; LP1.5, LP treatment 
with 1.5% soil contamination; LP7.5, LP treatment with 7.5% soil contamination; MLP0, MLP treatment with 1.5% soil contamination; LP7.5, MLP 
treatment with 7.5% soil contamination

Fig. 5 The relative abundance of fungal community at class level in alfalfa silage. Con0, control without soil contamination; Con1.5, control 
with 1.5% soil contamination; Con7.5, control with 7.5% soil contamination; LP0, LP treatment without soil contamination; LP1.5, LP treatment 
with 1.5% soil contamination; LP7.5, LP treatment with 7.5% soil contamination; MLP0, MLP treatment with 1.5% soil contamination; LP7.5, MLP 
treatment with 7.5% soil contamination
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Fig. 6 The relative abundance of fungal community at species level in alfalfa silage. Con0, control without soil contamination; Con1.5, control 
with 1.5% soil contamination; Con7.5, control with 7.5% soil contamination; LP0, LP treatment without soil contamination; LP1.5, LP treatment 
with 1.5% soil contamination; LP7.5, LP treatment with 7.5% soil contamination; MLP0, MLP treatment with 1.5% soil contamination; LP7.5, MLP 
treatment with 7.5% soil contamination

Fig. 7 Distribution of bacterial (A) and fungal (B) communities in soil and alfalfa silage samples at the genus level
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Relationship between microbial communities and silage 
characteristics
The RDA showed that the bacterial and fungal commu-
nities were strongly correlated with fermentation char-
acteristics and iron content (Fig.  8). For bacteria, the 
Lactobacillus plantarum exhibited a positive relation-
ship with LA and bioaccessible iron; the Lactobacillus 
brevis showed a positive relation with AA; the Lactoba-
cillus curvatus, Unclassified_f_Enterobacteriaceae, Car-
nobacterium inhibens, Weissella cibaria, Leuconostoc 
mesenteroides, Enterococcus faecium, Klebsiella aerogenes 
and Pediococcus pentosaceus were positively correlated 
with the pH, BA and AN. For fungi, the Neocosmospora 

rubicola exhibited a positive relationship with total iron, 
BA, AN and pH; the Wickerhamomyces anomalus and 
Fusarium concentricum were positively correlated with 
AA; the Dipodascaceae sp and Monascus pilosus showed 
positive relationship with PA; the Cladosporium delicatu-
lum were positively correlated with LA.

Discussion
Fermentation characteristics and iron content
The increasing level of soil contamination from 0 to 
7.5% increased the pH value, BA, and AN contents, but 
decreased the LA, AA and PA contents. Silage pH is an 
important indicator for assessing fermentation quality, a 

Fig. 8 Redundancy analysis (RDA) of the relationship between bacterial community and fermentation characteristic (A), fungal community 
and fermentation characteristic (B), bacterial community and iron content (C), fungal community and iron content (D). LA, lactic acid; AA, acetic 
acid; PA, propionic acid, BA, butyric acid; AN, ammonia nitrogen
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lower pH ensures better anaerobic fermentation and fur-
ther inhibits microorganism. The increase of pH value in 
soil contaminated silage may be due to the high levels of 
basic nitrogenous substance such as AN and BA. Protein 
degradation is a significant issue in alfalfa fermentation, 
in which forage proteins are frequently broken down into 
AN and BA through plant protease and microorganism 
activity [30]. Higher levels of AN and BA were observed 
in soil-contaminated samples, indicating that soil con-
tamination negatively affects the fermentation qual-
ity and leads to increased proteolysis in alfalfa silage. It 
is interesting to note that 1.5% soil level contamination 
without additives seem to promote lactic acid and acetic 
acid production and reduce pH value. This is similar with 
the result of Franco et al. [31], and the reason may be that 
a small amount of soil addition changes the competition 
among microorganisms in the silage. In addition, the LP 
and MLP additives significantly reduced the AN and BA 
contents, which may help to minimize protein loss and 
inhibit the growth of proteolytic bacteria. The pH values 
were also reduced in the LP and MLP samples compared 
to the control samples, indicating that the two additives 
helped convert water-soluble carbohydrates into organic 
acids. The reduction in pH value was mainly due to the 
accumulation of organic acids, especially LA [30]. The 
LA content in the LP and MLP samples was significantly 
higher than that in the control samples, indicating that 
the addition of LP and MLP can improve the fermenta-
tion quality of alfalfa silage.

With the increasing level of soil contamination from 
0 to 7.5%, the total iron content increased dramatically. 
This suggests that soil contamination is the primary fac-
tor contributing to the increase in iron content. A similar 
pattern was observed in the study by Hansen and Spears 
[6], in which soil contamination had a significant impact 
on microelement contents, particularly iron. Iron is often 
found in high contents in ruminant diets, and one of 
the most likely explanations is that iron comes from soil 
contamination of feed [5, 6]. In the present study, the 
fermented alfalfa contaminated by soil (7.5%) contained 
high levels of iron (> 2000  mg/kg), which exceeded the 
recommended values of beef cattle (50 mg/kg) and dairy 
cattle (15–30 mg/kg) feeding standards in the NRC [32, 
33]. In general, the iron in soils is thought to be tightly 
bound with chelating agents that ruminants cannot 
absorb. However, in acidic environments (such as dur-
ing the ensiling of forage), the bioaccessibility of iron 
can be improved by reducing ferric iron to ferrous iron 
[34]. To evaluate the bioaccessibility of iron in alfalfa 
silage, we simulated the digestive system of ruminants to 
determine the effect of soil contamination on iron bio-
accessibility. Microelement bioaccessibility is defined as 
the proportion of microelements that are soluble in the 

gastrointestinal tract and can be absorbed by animals 
[35]. In this study, the bioaccessibility of iron (ruminal 
iron, abomasal iron, intestinal iron, and dialyzable iron) 
in alfalfa silage was found to increase with increasing 
soil contamination level, suggesting that the exposure 
of soil to alfalfa silage may alter the composition of iron 
bound in soil. This result was similar to that of Hansen 
and Spears [5], when 1% and 5% level of soil were added 
to corn forage, the bioaccessible iron content increased 
after 90 days of fermentation. Iron is a well-known cop-
per antagonist in ruminants, and a high-iron diet in 
ruminants may affect the absorption of essential trace 
minerals in the intestine. Soil contamination may be a 
major overlooked source of bioaccessible iron in rumi-
nant feed. Minimizing soil contamination of harvested 
forage can improve the fermentation quality of alfalfa 
silage and reduce the risk of excessive iron levels.

Alpha diversity of the microbial community
Good’s coverage estimation revealed that > 99% of the 
species were detected in all alfalfa silage samples, indi-
cating that all samples reached sufficient coverage. The 
Shannon index of bacteria in the control group was sig-
nificantly higher than that in the LP and MLP groups. 
During fermentation, the bacterial communities in the 
LP and MLP groups were dominated by Lactobacillus, 
leading to a decrease in bacterial diversity. The Lactoba-
cillus did not dominate in the control group, resulting in 
a greater diversity of bacteria types in the control group. 
The use of additives in anaerobic fermented forage gen-
erally reduces bacterial diversity in the later stages of 
fermentation, such as corn fermented for 120 days [36], 
alfalfa fermented for 35 days [37], and oat fermented for 
217  days [38]. Polley et  al. [39] showed that the diver-
sity of microbial communities was low when the abun-
dance of dominant bacteria was high. Similarly, Ogunade 
et  al. [36] also found that bacterial diversity in forage 
inoculated with Lactobacillus plantarum or Lactoba-
cillus buchneri decreased bacterial diversity due to the 
increased relative abundance of the predominant genus 
(Lactobacillus). Without additives, the Shannon indices 
of fungi in the 1.5% and 7.5% soil-contaminated samples 
were higher than those in the control group. The soil-
contaminated forage produced relatively higher Shannon 
indices of bacteria and fungi after fermentation, indicat-
ing that soil contamination increased the bacterial and 
fungal diversity after ensiling and may decelerate the 
growth of desirable bacteria such as Lactobacillus in this 
study.

Microbial communities of alfalfa silage
The microflora in the control group differed signifi-
cantly from that in the LP and MLP groups in terms of 
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composition and proportion. After 45 days of fermenta-
tion, the bacterial community in fermented alfalfa was 
primarily composed of the classes Bacilli and Gam-
maproteobacteria, and a low abundance of Clostridia, 
Actinobacteria, and Alphaproteobacteria. In the control 
group, when the soil contamination level was increased 
to 7.5%, the relative abundances of Actinobacteria, Alp-
haproteobacteria, and Clostridia increased to 1.67%, 
1.16%, and 2.97%, respectively, which were significantly 
higher than those observed in the LP and MLP groups. 
Among these bacteria, Actinobacteria are typical pollut-
ants in the soil environment and have the ability to utilize 
a wide range of organic compounds [40]. Some genera 
of Alphaproteobacteria are known to be responsible for 
the hydrolysis of soluble proteins [41]. Clostridia in fer-
mented forage will consume carbohydrates, proteins, and 
LA as energy sources and secrete BA [42]. The process 
of fermentation involves competition between lactic acid 
bacteria and other microorganisms. Most of the bacteria 
involved in lactic acid fermentation include genera such 
as Lactobacillus, Leuconostoc, Pediococcus, and Weissella 
[43]. In this study, the genera Enterococcus, Pediococcus, 
Weissella, and Leuconstoc were predominantly abundant 
in the control group. The study by Cai et al. [44] showed 
that coccal lactic acid bacteria, mainly including Ente-
rococcus, Pediococcus, Weissella, and Leuconstoc, thrive 
only in the early stages of natural fermentation. These 
results suggest that incomplete fermentation occurred in 
the control group.

Lactic acid bacteria are prevalent in nature and are fre-
quently used as inoculants on alfalfa to facilitate anaer-
obic fermentation. In this study, the addition of LP and 
MLP increased the abundance of Lactobacillus plan-
tarum and decreased the abundance of Enterococcus 
faecium, Pediococcus pentosaceus, Weissella cibaria, and 
Leuconstoc mesenteroides compared to the control after 
45 d of fermentation. Similar results were observed by 
Bai et al. [45] and Yan et al. [46], the abundance of Lac-
tobacillus in lactic acid bacterium-inoculated forage was 
found to be increased compared to the control, indicating 
that inoculation with LP could significantly increase Lac-
tobacillus abundance, thereby producing more LA. The 
lower abundances of Lactobacillus plantarum and the 
higher abundances of unclassified_f_Enterobacteriaceae 
in the control groups may explain their poor quality. The 
presence of gram-negative bacteria, such as Enterobacte-
riaceae, may decrease fermentation quality. These bacte-
ria compete with LAB for water-soluble carbohydrates, 
resulting in slow acidification. Although the alfalfa silage 
was contaminated with soil (at levels of 1.5% or 7.5%), the 
bacterial species Lactobacillus plantarum still dominated 
the bacterial population when LP and MLP additives 
were applied, accounting for over 80% of the total. The 

main reason is that the addition of LP and MLP increases 
the abundance of favorable microorganisms such as Lac-
tobacillus plantarum and generates antibacterial sub-
stances (including organic acids) in anaerobic conditions, 
thus inhibiting the growth of undesirable bacteria and 
improving the fermentation quality of soil-contaminated 
alfalfa. Increasing levels of soil contamination led to an 
increase in the abundance of Bacillus acidiproducens and 
Rhabdanaerobium thermarum in control samples. Rhab-
danaerobium thermarum belongs to the family Eubacte-
riaceae in the order Clostridiales [47]. Bacteria belonging 
to the Clostridiales order typically result from soil con-
tamination [48] and can break down protein [1], which 
may explain the poor fermentation quality of control 
samples contaminated by soil.

There are many studies focusing on mycotoxins in fer-
mented forage, but there is limited information available 
on fungal communities in fermented alfalfa. The fungi 
Sordariomycetes, Eurotiomycetes, Saccharomycetes, and 
Dothideomycetes were predominant at the class level in 
all fermented alfalfa samples. With the increasing level 
of soil contamination, the relative abundance of Eurotio-
mycetes, unclassified_p_Ascomycota, Blastocladiomy-
cetes, and unclassified_p_Chytridiomycota increased in 
the control group. In the LP and MLP groups, the rela-
tive abundance of Eurotiomycetes decreased as the soil 
contamination level increased. The fungi present in this 
study mainly belong to the genera Neocosmospora, Fusar-
ium, Wicherhamomyces, Monascus, unclassified_f_Nec-
triaceae, Aspergillus, unclassified_f_Dipodascacea, and 
Clonostachys. In soil-contaminated alfalfa, the species 
Neocosmospora rubicola was found to be enriched. Neo-
cosmospora rubicola is a filamentous fungus in the Nec-
triaceae family, and the genus Neocosmospora is widely 
found in various environments such as soil, plant debris, 
living plant material, air, water, and as opportunistic ani-
mal pathogens in the form of saprobes, endophytes, and 
pathogens [49]. Neocosmospora has also been reported 
to be related to mycotoxin poisoning in humans and 
animals [50]. In contrast to the species Neocosmospora 
rubicola, Fusarium concentricum was more abundant in 
the uncontaminated group than in the soil-contaminated 
group. The genus Fusarium is an important pathogen 
that can cause significant yield losses in crops [51]. Some 
species of Fusarium have been found in fermented for-
age [52], but Fusarium concentricum has rarely been 
reported in silage. This difference explains the lower 
abundance of Fusarium concentricum in soil-contami-
nated alfalfa. In addition, the species Wickerhamomyces 
anomalus was found to be relatively abundant in Con0. 
Wickerhamomyces anomalus is an ascomycete heteromy-
cete yeast from the family Wicherhamomycetaceae. This 
species exists in many types of environments and has 
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been isolated from fermented corn [53]. It can grow over 
a wide pH range [54] and is a strong producer of AA in 
pure cultures [55]. In addition, Monascus was found to be 
relatively abundant in MLP0, which may be attributed to 
the high molasses and organic acid contents in the MLP 
treatment. The synergy among silage microbes involves 
the food web, where a metabolite produced by one type 
of bacteria, such as lactic acid, serves as an important 
nutrient for other lactic acid-consuming bacteria. LA 
can selectively promote the growth of microorganisms 
involved in these food chains. Monascus belongs to the 
family Monascaceae, and Zheng et  al. [56] found that 
Monascus has a high capacity for polysaccharide utiliza-
tion capacity and can tolerate a high content of organic 
acids (specifically LA to AA ratio of 3:1).

Distribution of microbial communities in soil and alfalfa 
silage
The distribution of bacterial communities in soil was 
more diverse when compared to fermented alfalfa, and 
the most abundant bacteria was Blastococcus, accounting 
for approximately 4.4% of the total. There are hundreds 
of bacteria in fermented alfalfa, and dozens of common 
bacteria make up the majority of microorganisms in fer-
mented alfalfa. The composition of dominant bacteria in 
the LP and MLP groups was similar, in which Lactoba-
cillus was the predominant bacteria with a relative abun-
dance of over 90%. The dominant bacteria of the control 
groups were similar, while Enterococcus was the domi-
nant bacteria with a relative abundance above 40%. The 
composition of dominant fungi in different fermented 
alfalfa samples was similar, with Neocosmospora and 
Fusarium being the most prevalent species. In contrast 
to the fermented alfalfa samples, the dominant fungi in 
the soil were Cladosporium, Mycocentrospora, and Lect-
era. The detection rate and abundance of many bacteria 
and fungi in the soil were lower than those in fermented 
alfalfa, indicating that the microbial community compo-
sition of the fermented alfalfa differed from that of the 
soil.

Relationship between microbial communities and silage 
characteristics
There are complex interactions between microbial com-
munities and silage fermentation characteristics. Silage 
chemical factors and nutrients play a decisive role in 
microbial community, while the composition and diver-
sity of microbial community are crucial for silage qual-
ity. The RDA showed that the dominant Lactobacillus 
plantarum exhibited a positive relationship with LA and 
a negative relationship with pH, AN and BA. This result 
was consistent with previous results, Lactobacillus plan-
tarum can encourage the formation of lactic acid and 

thus reduce the acidity of silage, thereby inhibiting unde-
sirable bacteria [57]. The Lactobacillus brevis showed 
a positive relationship with AA. Lactobacillus brevis is 
a heterofermentative lactic acid bacterium mainly pro-
duce AA [48], higher levels of AA were found in control 
groups may due to the property of Lactobacillus brevis. 
The bacteria Lactobacillus curvatus, Unclassified_f_
Enterobacteriaceae, Carnobacterium inhibens, Weissella 
cibaria, Leuconostoc mesenteroides, Enterococcus fae-
cium, Klebsiella aerogenes, Pediococcus pentosaceus and 
fungi Neocosmospora rubicola were positively correlated 
with the pH, BA and AN, indicating that these microbial 
may promote the protein degradation in soil-contam-
inated alfalfa silage. The Lactobacillus plantarum was 
positively correlated with bioaccessible iron, this may be 
related to the acidic environment formed by its fermen-
tation. The acidic environment enhances the reducibility 
of iron in soil and increases the dissociation of some iron 
from insoluble complexes [40]. Rooke et al. [58] observed 
increased solubility of minerals in grass silage compared 
to unfermented forage, suggesting that the acidic envi-
ronment of silage promotes increased mineral release of 
naturally occurring elements in silage. Therefore, feed 
with a low pH value that may come into contact with soil 
should be considered as a potential source of bioaccessi-
ble iron.

Conclusions
In summary, this study has identified microbial commu-
nities and investigated the iron content in alfalfa silage 
contaminated with soil. Soil contamination of alfalfa 
silage increased the abundance of Clostridia, Actinobac-
teria, and Alphaproteobacteria, which can have potential 
implications for silage quality. The addition of LP and 
MLP improved fermentation quality of soil-contami-
nated silage by increasing LA production and reducing 
the abundance of Enterococcus faecium, Pediococcus pen-
tosaceus, unclassified_f_Enterobacteriaceae, and Weis-
sella cibaria. The exposure of soil to alfalfa silage makes 
the iron more bioaccessible, this may affect the absorp-
tion of essential trace minerals in ruminant. There-
fore, it is important to minimize soil contamination in 
feed and mitigate the risk of elevated iron content. This 
study provides guidance for high quality of alfalfa silage 
production.
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