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Abstract: Myriophyllum aquaticum (M. aquaticum) is a commonly used aquatic macrophyte for water
purification and could be utilized as animal food. However, the high water content of M. aquaticum
makes it difficult for long-term preservation, which leads to challenges as an ideal animal feed
ingredient. The storage of Silage for long periods may be a proper method to solve the problem. In
the present paper, we assess the effects of lactic acid bacteria Lactobacillus buchneri (LB), Lactobacillus
plantarum (LP), or their combination on fermentation and microbial communities during the ensiling
of M. aquaticum silage. The results show that the LP-treated silage displays a higher lactic acid
concentration than that in the control silage. Both LB and LP increased the abundance of Lactobacillus,
but decreased the abundance of Serratia and Prevotella_9 in M. aquaticum silage after 60 days of
ensiling. Both LB and LP increased the diversity and richness of fungi. Therefore, the inoculation of
LP improved silage fermentation during ensiling. These results show that the inoculation of lactic
acid bacteria improves the fermentation quality of M. aquaticum silage, which makes it possible for
the application of M. aquaticum to animal forage in the future.
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1. Introduction

Myriophyllum aquaticum (M. aquaticum) is a commonly used aquatic macrophyte for
the purification of various water bodies, which has a strong ability to absorb the nutrients,
especially nitrogen and phosphorus. Thus, in aquatic environments, M. aquaticum can
rapidly grow at the expense of such eutrophic nutrients [1-3]. In addition, some research
has shown that, in effluents with nitrogen concentrations not higher than 20 mg L1
M. aquaticum can both absorb nitrogen and phosphorus from sediments through their
roots and utilize nutrients from the water through their stems and leaves. Nitrogen and
phosphorus are absorbed and used for plant growth, while some organic compounds
and heavy metals that are toxic to M. aquaticum may be degraded or immobilized in
their bodies [4-6]. This macrophyte can store a variety of essential nutrients at high
concentrations within the tissues, such as proteins with a relatively balanced amino acid
composition, various trace elements, and vitamins and essential fatty acids. Therefore,
these properties make it an ideal food for farming livestock [4-7].

However, the water content of M. aquaticum is usually above 90%, making it susceptible
to spoilage during long-term preservation, a problem that needs to be addressed during
its conversion into poultry feed. It is well known that silage can be preserved for a long
time and is a major component of food for livestock in agriculture and farming livestock.
Therefore, making silage from M. aquaticum may be a viable solution to this problem.
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Thus, we hypothesized that the inoculation of lactic acid bacteria (LAB) could promote
the fermentation of M. aquaticum into silage and also improve the quality and nutrient
composition of silage.

A large quantity of research has shown that the lactic acid bacteria were the main
microbial population that attached to the surface of silage and promoted its fermenta-
tion [8-10]. The addition of lactic acid bacteria inoculants can ensure the sufficient amount
of lactic acid bacteria for fermentation in the early stage of ensiling, and enable the silage
to enter the lactic acid fermentation stage as soon as possible [11]. Lactobacillus buchneri
consumes more nutrients in silage during ensiling. However, Lactobacillus buchneri is more
resistant to fungi that can degrade lactic acid, so it can improve the aerobic stability of silage
and feed quality. Therefore, the loss of feed nutrients can be compensated by improving
the production [12-14].

In the present study, M. aquaticum was harvested from a constructed wetland and
processed into high-quality silage through reducing the water content for forage purposes.
In order to improve the quality of M. aquaticum silage, two lactic acid bacteria (LAB)
inoculants, Lactobacillus buchneri (LB) and Lactobacillus plantarum (LP), were fermented
with the processed M. aquaticum silage. The aim of this study is to investigate the effects
of LP and LB on the fermentation quality and the bacterial and fungal communities in
M. aquaticum silage during ensiling. This work was conducted with the perspective of
exploring a rational pathway for future applications in animal forage.

2. Materials and Methods
2.1. Silage Preparation

The M. aquaticum, which is used for silage experiments, was harvested in the ecological
ditches and wetlands of the experimental station of the Chinese Academy of Sciences in
Changsha County, Changsha City, Hunan Province, China. The water on the surface of the
M. aquaticum was dried, and the M. aquaticum was chopped to 2 cm-3 cm pieces, to ensure
that the raw materials were clean, with no mildew deterioration. The chopped M. aquaticum
was treated with the following: (1) distilled water (control), (2) Lactobacillus buchneri CICC
20295 (LB, China Center of Industrial Culture Collection), (3) Lactobacillus plantarum CICC
20242 (LP, China Center of Industrial Culture Collection), and (4) combined LB with LP
(FH). The LB (LP) was used at a rate of 1 x 10° CFU per gram of fresh weight by dissolving
in 10 mL of distilled water and then sprayed on the M. aquaticum (about 600 g) to make sure
that the inoculants and raw material were evenly mixed, and mixed LB and LP were added
to the FH-treated group (1 x 10° CFU g~! FW) and also evenly sprayed. The control group
was added with 10 mL of distilled water. After thoroughly mixing, some polyethylene bags
were applied to pack M. aquaticum forages and then the bags were vacuum sealed. The
silage bags were stored at an environmental temperature of 26 £ 3 °C for 60 days.

2.2. Chemical Component and Fermentation Characteristics Analyses

Triplicate bags of all treated silages were sampled on days 1, 7, 21, 45, and 60. Dry
matter (DM) was determined in triplicate by oven drying for 48 h at 65 °C. A mixture of
20 g of silage and 180 mL of distilled water was stored at —20 °C for 24 h; the filtered
aqueous extract was used for the estimation of pH, lactic acid content, acetic acid content,
propionic acid content, and butyric acid content. Organic acid, including lactic acid, acetic
acid, propionic acid, and butyric acid, were determined by high-performance liquid chro-
matography (HPLC) and analyzed by the Shimadzu LC-20AD high-performance liquid
chromatography system (Shimadzu, Japan). Crude protein (CP) was determined by the
Kjeldahl method and analyzed by FOSS 2300 Auto Kjeldahl Nitrogen Analysis (FOSS, Den-
mark); the neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined
by the Van Soest method and analyzed by an Ankom A200i semi-automatic fiber analyzer
(Ankom, Macedon, NY, USA). All the methods described above were performed according
to Ke et al. [15].
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2.3. DNA Extraction, Amplification, and Sequencing

After 60 days of ensiling, we collected all the samples, then stored them at —20 °C
for further analysis. The isolation of microorganism cells was performed, as described.
Briefly, 25 g of silage sample was mixed with 50 mL of sterile saline solution, and shaken at
140 rpm for 15 min, and then filtered with 2 layers of gauze. Then, 40 mL of each filtrate was
centrifuged at 8000x g min~! for 5 min to collect microorganism cells [16]. According to
the manufacturer’s standards, total DNA was extracted by the application of the FastDNA
SPIN for the soil kit (MP Biomedicals, Solon, OH, USA). The concentration and purity
of extracted DNA were determined using a NanoDrop 2000 UV-Vis spectrophotometer
(Thermo Scientific, Wilmington, CA, USA), and the quality of extracted DNA was evaluated
by 1% agarose gel electrophoresis. All extracted DNA samples were frozen at —20 °C for
further analysis.

The PCR amplification and bioinformatic analysis of the samples were performed
by Shanghai Personal Biotechnology Co., Ltd. According to the description of Chen et al.
and Tian et al. [17,18], the bacterial 16S rRNA gene was amplified using primers 338F (5'-
ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3'), and
the fungal ITS gene was amplified using primers ITS1F (5'-GGAAGTAAAAGTCGTAACAAGG-
3’) and ITS2-2043R (5'-GCTGCGTTCTTCATCGATGC-3'). The two-terminal (paired-end)
sequencing of community DNA was performed using the Illumina platform. The quality
filter, cluster, and analysis of the 16S and ITS rRNA gene sequencing data was determined by
the DADA2 method and analyzed by QIIME2 software. The data were analyzed using the
free online Personalbio cloud platform (www.personalbio.cn accessed on 1 January 2022).

2.4. Statistical Analyses

The SAS software (SAS version 9.0, SAS Institute, Inc., Cary, NC, USA) was used to
analyze the data of silage fermentation and biochemical composition by one-way analysis
of variance. The Tukey’s multiple range test was used for multiple comparisons, and
significance was declared if p < 0.05.

3. Results
3.1. The Chemical Composition and Quality of Silage

On the first day of ensiling, the pH value of LB was slightly higher than that of
CK (Figure 1), but the pH values of FH and LP were significantly lower than that of CK
(p < 0.05). On the 7th day of ensiling, the pH value of all treatments gradually decreased.
On the 21st day of ensiling, the pH values of FH and LB were significantly lower than that
of the CK (p < 0.05), while the pH value of LP was slightly lower than that of the CK, but
there was no significant difference (p > 0.05). On the 60th day of ensiling, the pH of LP and
LB decreased to the minimum, with an increase in the fermentation time, and the pH levels
of all treatments were significantly lower than the CK (p < 0.05). From the 21st day to the
60th day of ensiling, the pH value of FH basically remained unchanged. During the whole
ensiling process, the lactic acid content of the FH group was higher than that of the CK,
except the FH on the 60th day (p < 0.05). The content of lactic acid in LP reached the highest
on the 60th day of ensiling, and the content of lactic acid in LB and FH reached the highest
on the 21st day of ensiling, which increased by 131.2%, 47.5%, and 29.3%, compared to
CK, respectively. The content of acetic acid in LB increased at first, and then decreased
in the whole ensiling process. The content of acetic acid in LP and FH decreased at first,
and then increased in the ensiling process; the content of acetic acid in the bacteria-added
group was higher than the control group (p < 0.05). In comparison to the CK, the acetic acid
content in LB, LP, and FH increased by 41.6%, 109.1%, and 116.8%, respectively. On the
60th day, after ensiling, the propionic acid content in LB was slightly lower than that in CK
(p > 0.05), and propionic acid content in LP and FH was significantly lower than that in
CK (p < 0.05); compared to the CK, propionic acid content in LB, LP, and FH decreased by
11.5%, 23.4%, and 28.0%, respectively. The content of butyric acid in LP was 54.7% higher
than that in CK (p < 0.05); the content of butyric acid in LB and FH was lower than that in
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CK (p < 0.05). The content of butyric acid in LB and FH was 39.1% and 64.1% lower than
that in CK, respectively.
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Figure 1. Changes in fermentation quality of M. aquaticum silage during ensiling. (A) pH value;
(B) lactic acid content; (C) acetic acid content; (D) propionic acid content; and (E) butyric acid content.
CK, control; LB, Lactobacillus buchneri; LP, Lactobacillus plantarum; and FH, combination of LB and LP.

During the whole ensiling process, the dry matter content (DM) of all the treatments
showed a trend of decreasing at first and then increasing (Figure 2). On the first day of
ensiling, there was no significant difference between the DM content of each group and CK
(p > 0.05). On the 7th and 21st days, the DM content of FH was the highest, significantly
higher than that of the other treatments (p < 0.05); on the 45th day, the DM content of LP
was significantly higher than that of the other treatments (p < 0.05). The DM content of CK
was the highest, and was significantly higher than that of the other treatments (p < 0.05).
The crude protein (CP) content of the CK was the lowest during ensiling, and the change in
CP in each treatment was not significant. On the 60th day, the CP content of the LP was
the highest, which was 8.9% higher than that of the CK, and the content of CP in LB and
FH was 4.0% and 3.7% higher than that in CK. During ensiling, the neutral detergent fiber
(NDF) content in LP increased at first, and then decreased; NDF content in the other three
treatments increased after 60 days ensiling; the content of NDF in the LP and FH groups
was significantly lower than that in the control group (p < 0.05); and the content of NDF in
the LB group was slightly higher than that in the control group (p > 0.05). The content of
NDF in FH was the lowest, 19.9% lower than that in CK, and the content of NDF in the LP
group was 12.6% lower than that in CK. The content of acid detergent fiber (ADF) in LB
and FH showed an increasing trend, while the ADF content in LP showed an increasing
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and then decreasing trend after 60 days; compared to the CK, the ADF content in LB, LP,
and FH decreased by 2.4%, 23.0%, and 16.3%, respectively.
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Figure 2. Changes in the chemical composition of M. aquaticum silage during ensiling. (A) Dry matter
content; (B) crude protein content; (C) neutral detergent fiber content; and (D) acid detergent fiber
content. CK, control; LB, Lactobacillus buchneri; LP, Lactobacillus plantarum; and FH, combination of LB
and LP.

3.2. Microbial Diversity in M. aquaticum Silage

The alpha diversity of bacteria in M. aquaticum silage is shown in Table 1. Based on
the Good’s coverage values, the sequencing adequately captured most of the bacterial
communities. The diversity and richness of bacteria (Table S1) decreased in the LB- and FH-
treated silages, compared to those in the control silages. This may be explained by the lower
pH, and anaerobic and acidic environment could lead to the decrease in aerobic epiphytic
bacteria [16]. Similarly, Bai et al. [19] found that silages inoculated with LB had decreased
bacterial diversity due to the predominant genus (Lactobacillus). Ogunade et al. [20] also
reported that, when the relative abundance of dominant bacteria increased, the microbial
community was less diverse.

Table 1. Alpha diversity of bacteria in M. aquaticum silage after 60 days of ensiling.

Sequence . Good’s
Samples Number OTUs Shannon Chaol Simpson Coverage
CK 48,481 60 6.185 1126.34 0.911 0.991
LP 46,958 51 6.333 1033.33 0.917 0.992
LB 42,065 43 4.362 589.6 0.819 0.996
FH 47,440 46 5.002 684.28 0.848 0.995

The relative abundances of bacteria at the phylum and genus levels in M. aquaticum
silage after 60 days of ensiling are shown in Figure 3. At the phylum level, after 60 d of fer-
mentation, the main phylum in the control silage were Proteobacteria (56.9%), Bacteroidetes
(27.6%), Firmicutes (13.1%), and Cyanobacteria (1.3%). In contrast, in treatments inoculated
with lactic acid bacteria, Firmicutes (83.4% in LP, 68.2% in LB, and 59.2% in FH) domi-
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nated the epiphytic flora of the silage. Firmicutes are acid hydrolytic microorganisms and
Proteobacteria can digest organic matter; they both play important roles during ensiling.
These results were analogous to the previous observations of other common silages, such as
maize and alfalfa [19,21-25]. At the genus level, Lactobacillus was the most dominant in LP
(80.9%), LB (61.4%), and FH (55.3%). It is well known that Lactobacillus has an important
role in reducing pH and enhancing lactic acid content; it becomes a predominant genus in
silages. Similarly, when mixed high-moisture amaranth and rice straw was ensiled with
Lactobacillus plantarum and/or cellulase, Lactobacillus was the dominant genera in all
treatments [26].

100
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Figure 3. The epiphytic bacterial community in M. aquaticum silage after 60 d of ensiling. The bacterial
communities are shown at the phylum level (A) and the genus level (B). CK, control; LB, Lactobacillus
buchneri; LP, Lactobacillus plantarum; and FH, combination of LB and LP.
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The alpha diversity of fungi in M. aquaticum silage is shown in Table 2. Based on
the Good’s coverage values, the sequencing had adequately captured most of the fungal
communities. The diversity and richness of fungi (Table S2) in the silage were increased in
the treatment with the addition of lactic acid bacteria inoculants, compared to the control
group. This was in agreement with the results of Liu et al. [27] that the fungal richness and
diversity of silage inoculated with LAB was significantly higher than that of uninoculated
silage. However, a different result was obtained by Vu et al. [28], who showed an increase
in fungal richness in elephant grass silage under natural conditions, and no difference in
fungal richness and diversity between silage with and for added inoculants.

Table 2. Alpha diversity of fungi in M. aquaticum silage after 60 days of ensiling.

Samples Sequence Number OTUs Shannon Chaol Simpson Good’s Coverage
CK 63,721 69 3.488 169.16 0.681 0.999
LP 56,737 78 4.809 321.02 0.848 0.999
LB 72,852 67 5.594 198.84 0.937 0.999
FH 71,732 76 3.837 222.81 0.883 0.999
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The relative abundances of fungi at the phylum and genus levels in M. aquaticum
silage after 60 days of ensiling are shown in Figure 4. At the phylum level, after 60 d
of fermentation, the main phylum in the control silage were Basidiomycota (55.6%), As-
comycota (29.4%), Mortierellomycota (0.8%), and Mucoromycota (0.1%). Similarly, the
LP-treated silage was predominated by Basidiomycota (56.6%) and Ascomycota (27.9%),
while the abundance of Ascomycota was highest in FH-treated silage (83.6%) and followed
by LB-treated silage (63.0%). The abundance of Basidiomycota was observed in FH-treated
silage (12.5%) and LB-treated silage (21.8%). Zhang et al. [29] also found that Ascomycota
had a high abundance, and then was followed by Basidiomycota in silages. However, Liu
et al. [27] found that Ascomycota had the highest abundance at the phylum level in the con-
trol silage after 60 days of ensiling, whereas Basidiomycota was still the dominant phylum
in the LAB-treated silage. This result was different from our finding that Basidiomycota
was the dominant phylum in the control silage of M. aquaticum. At the genus level, the
abundance of Saitozyma was higher in LP-treated silage (48.9%) and silage treated with
CK (45.4%), than that in LB-treated silage (14.8%) and FH-treated silage (9.3%). Saitozyma
was reported to suppress acetic acid fermentation and is an integral component of soil and
epiphytic plants [30-32]. Although more information on the fungal microbiota of silage is
lacking, the roles of these fungi in forage ensiling are not known.

1004
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Figure 4. The epiphytic fungal community in M. aquaticum silage after 60 d of ensiling. The bacterial
communities are shown at the phylum level (A) and the genus level (B). CK, control; LB, Lactobacillus
buchneri; LP, Lactobacillus plantarum; and FH, combination of LB and LP.
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4. Discussion

However, fresh M. aquaticum with water content between 85% and 93% is not easy
to preserve for a long period of time and easily goes bad, while the activity of lactic acid
bacteria was inhibited when the moisture content was too low, which affected the fer-
mentation quality of the silage. Therefore, the experiment controlled the water content of
M. aquaticum between 75~80% for silage. Lactic acid bacteria were added to increase the
abundance of lactic acid bacteria on the surface of M. aquaticum, which made the fermen-
tation rapidly proceed. A large amount of lactic acid was generated in the fermentation,
resulting in a rapid decrease in pH, which is conducive to inhibiting the degradation of
crude protein and reducing the decomposition rate of protein in feed, which can be directly
digested and absorbed by animals. Zieliniska et al. [33] reported that added Lactobacillus
plantarum and Lactobacillus buchneri on alfalfa silage could improve the quality of alfalfa
silage. Arasu et al. [34] found that, when Lactobacillus plantarum was added to rye, lolium
multiflorum, and barley silages, the silage quality improved, and the L. plantarum strain has
good antibiotic resistance and meted the safety standard of animal feed. The lactic acid in-
oculant used in this experiment is the lactic acid bacteria preparation of M. aquaticum silage,
which has a higher adaptability to M. aquaticum. Braman W L et al. [35] also reported that
the lactic acid bacteria additive could improve the fermentation quality of corn silage, and
cause the silage to have a low pH, and a high content of volatile fatty acid and lactic acid.
The amount and composition of organic acids reflect the fermentation of carbohydrates in
the silage during the ensiling process. The higher the ratio of lactic acid to total organic
acids, the more the lactic acid bacteria become the dominant group in the fermentation
process, while the lower the butyric acid content, the more the harmful bacteria, such as
Clostridium, were inhibited. In this study, the organic acid, pH, and butyric acid contents
were significantly higher in the treatment with the addition of inoculant, compared to
CK, and the lactic acid content and lactic acid to total acid ratio were also significantly
higher. Sucu E et al. [36] showed that the addition of lactic acid bacteria improved the
quality and nutritional value of rye silage, specifically by reducing the pH, butyric acid,
and ammonia nitrogen content of the silage, increasing the content of lactic acid and neutral
detergent fiber, and inhibiting the activity of microorganisms, such as molds. Jatkauskas
J et al. [37] found that the addition of lactic acid bacteria to alfalfa, lolium perenne, and red
clover mixed with ryegrass and timothy reduced the loss of nutrients in feed and improved
the silage quality and aerobic stability of silage. The main components of NDF include
cellulose, lignin, and hemicellulose, while cellulose and lignin are the main components
of ADF. The content of NDF and ADF in the animal forage affected the dry-matter intake
and digestibility of the feed. The content of NDF and ADF in the treatment with lactic acid
bacteria was significantly lower than that of CK, while the content of CP was increased
and much higher than that of conventional green feed and grain crops, which could be an
important supplement to the protein source in animal forage.

In the present study, the complex microbial communities of the raw materials were
gradually replaced by lactic acid bacteria during anaerobic fermentation, and the microbial
diversity sharply reduced after successful fermentation. Similarly, Guan H et al. [38] found
that the microbial diversity of LAB-treated silage decreased after ensiling. This suggested
that there was a difference between the epiphytic LAB found on the raw materials and
LAB. Consequently, although they have successfully become the dominant microorganisms
during the fermentation process, they did not produce sufficient lactic acid to reduce the
pH, which could inhibit the growth of other undesirable microorganisms. In the present
study, the most dominant phylum in CK was Proteobacteria, while for LAB-treated silage,
Firmicutes were the dominant phylum. This could indicate that aerobic microorganisms
grow and take advantage of oxygen during the early period of fermentation, and, after-
wards, anaerobes start to increase. LAB dominate in the fermentation process and play a
key role in inhibiting the growth of harmful microorganisms by the production of lactic acid
and reducing the pH; as a result, the nutrients of the forage can be preserved [39]. Fungi
and their toxic secondary metabolites—mycotoxins—have been shown to cause a health
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risk to animals [40]. Even though the fermentation process inhibits the growth of most of
the microorganisms related to silage spoilage, some species of filamentous fungi, such as
A. fumigatus and P. niveus, can tolerate the low pH levels and low availability of oxygen
during storage [41,42]. Therefore, these fungi could exit the silage, reducing the dry matter
content and nutrients of the forage. We found that the most dominating genus in CK and
LP was Saitozyma, and the abundance of Saitozyma decreased because of the application of
LB to the forage. While several previous reports found the existence of Saitozyma in silage,
the roles of these fungi in forage ensiling need further research [43].

5. Conclusions

The application of Lactobacillus buchneri (LB) and Lactobacillus plantarum (LP) improved
the fermentation and nutrition of M. aquaticum silage. Both LB and LP increased the
abundance of Lactobacillus, but decreased the abundance of Serratia and Prevotella_9 in M.
aquaticum silage after 60 days of fermentation. Both LB and LP increased the diversity and
richness of fungi. These results show that the inoculation of lactic acid bacteria improves
the fermentation quality and nutrition of M. aquaticum silage. The present study provides
support for further research and the production of M. aquaticum silage, demonstrating the
potential of M. aquaticum for conversion into animal forage.
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