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Simple Summary: The leguminous forage Chamaecrista rotundifolia contains a high crude protein
content and can be an important feed source for livestock. Forage is preserved mainly as silage, and
microbial fermentation is key to high-quality silage. The fermentation quality of silage depends
on the microbial community structure and the metabolites produced during silage fermentation.
The current study provides evidence that the addition of malic or citric acid and/or Lactobacillus
acidophilus (L) improves the quality of silage and inhibits the growth of harmful microorganisms.

Abstract: This study aimed to investigate the effects of citric acid, malic acid, and Lactobacillus
acidophilus (L) on fermentation parameters and the microbial community of leguminous Chamaecrista
rotundifolia silage. Fresh C. rotundifolia was treated without any additive (CK), or with L (106 CFU/g
fresh weight), different levels (0.1, 0.3, 0.5, and 1% fresh weight) of organic acid (malic or citric
acid), and the combinations of L and the different levels of organic acids for 30, 45, and 60 days of
ensiling. The effects of malic acid and citric acid were similar during the ensiling process. Treatment
with either citric or malic acid and also when combined with L inhibited crude protein degradation,
lowered pH and ammonia nitrogen, and increased lactic acid concentration and dry matter content
(p < 0.05). The neutral detergent fiber and acid detergent fiber increased initially and then decreased
with fermentation time in all treatments (p < 0.05). Increasing the level of organic acid positively
affected the chemical composition of C. rotundifolia silage. In addition, the addition of 1% organic acid
increased the relative abundance of Lactobacillus, while the relative abundances of Clostridium and
Enterobacter decreased at 60 days (p < 0.05). Moreover, both organic acids and combined additives
increased (p < 0.05) the relative abundance of Cyanobacteria at 60 days of fermentation. We concluded
that adding malic acid, citric acid, and L combined with an organic acid could improve the quality
of C. rotundifolia silage and increase the relative abundance of beneficial bacteria. The addition of
organic acid at a level of 1% was the most effective.

Keywords: citric acid; Chamaecrista rotundifolia silage; Lactobacillus acidophilus; malic acid; microbial
diversity

1. Introduction

Chamaecrista rotundifolia, an important leguminous forage grass, is sown for livestock
fodder in tropical and subtropical regions due to its nutritive value, nitrogen fixation
activity, and resistance to diseases and pests [1]. It was reported that cattle grazing native
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pasture plus C. rotundifolia gained 40% more live weight than cattle grazing native pasture
alone [2]. However, fresh C. rotundifolia contains alkaline substances and has a high tannin
content, which makes it difficult for livestock to digest and absorb. Suitable processing is
required to improve its palatability, digestibility, and nutritive value.

Silage is a common way for the preservation of forages and is a crucial component
of ruminant feeding. However, its safety and quality have become prerequisites for its
continued development in ruminant husbandry [3]. Ensiling is a process for epiphytic lactic
acid bacteria (LAB) to use water-soluble carbohydrates (WSC) in forage to produce lactic
acid [4]. This process lowers the pH of the silage and inhibits the growth of undesirable
microorganisms [5].

The insufficient LAB content and low WSC content of C. rotundifolia make it difficult
to ensiling. Consequently, LAB inoculants are widely used as additives to ensure optimal
fermentation [6]. For example, Lactobacillus acidophilus (L), a homofermentative bacteria
with a pH range of 3.72-7.74 [7], has a strong inhibitory effect on food deterioration and
harmful microorganisms due to the generation of lactic acid [8]. Citric acid is commonly
added to silage and animal feed to improve feed utilization, and to inhibit the growth of
harmful microorganisms such as Clostridium and Escherichia coli [9]. Malic acid plays a piv-
otal role in the succinic acid-propionic acid metabolic pathways in the rumen and possesses
an antibiotic-like property that inhibits the growth of harmful microorganisms [10]. In
addition, the inclusion of other electron acceptors, such as malic acid, in ruminant feed can
reduce the availability of H; in the rumen for methane generation without affecting rumen
functions [11]. Both malic and citric acids are important intermediates of the tricarboxylic
acid cycle, are involved in energy metabolism, can be used as carbon sources to supply
energy for the activities of beneficial microorganisms, and can reduce the pH of silage,
which creates an improved environment for silage fermentation [12]. Li et al. [13] reported
that malic and citric acids could enhance the silage quality of cassava foliage, and their
effectiveness improved when combined with Lactobacillus plantarum. The fermentation
quality of silage relies, to a large extent, on the microbial community and its metabolites.
Hence, further studies on the composition of microbial silage communities can provide
a scientific basis for improving fermentation quality [14]. However, the impacts of malic
acid, citric acid, and L on fermentation parameters and the microbial community of C.
rotundifolia silage remain largely unknown.

This study aimed to fill this gap. In the present study, different levels of malic acid,
citric acid, and L, and the organic acids in combination with L were added to C. rotundifolia.
We hypothesized that citric acid, malic acid, and L would have beneficial effects on the
fermentation and microbial community of C. rotundifolia silage, and there might be a
potential synergistic effect when citric acid and malic acid are combined with L.

2. Materials and Methods
2.1. Silage Preparation

In September 2020, C. rotundifolia was harvested from Wanan Farm (Zhangpu County,
Zhangzhou, China) at 8-10 cm above ground. The forage was spread out evenly indoors
and dried until the dry matter (DM) reached 25.0% fresh weight (FW), which took approxi-
mately 4 h.

C. rotundifolia was cut into 2-3 cm lengths with a grass cutter, and treated with different
additives as follows: distilled water (CK), Lactobacillus acidophilus (L, provided by Fujian
Academy of Agricultural Sciences, Fuijan, China) at 1 x 10° cfu/g fresh weight, different
levels (0.1, 0.3, 0.5, and 1% FW) of malic acid (M1-M4) and citric acid (C1-C4) (analytical
reagent, Shanghai Aladdin Biochemical Technology, Shanghai, China) and L combined with
the different levels of malic acid (ML1-MLA4) or citric acid (CL1-CL4). The additives, based
on the FW of the wilted raw material, were dissolved in 10 mL of sterile water and sprayed
evenly on the surface of the C. rotundifolia with a small spray bottle (an equal amount of
distilled water was sprayed on CK). Then the C. rotundifolia was packed into vacuum sealed
bags (24 cm x 35 cm) of 400 g each. The bags were sealed with an automatic vacuum
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compressor, and the C. rotundifolia was fermented anaerobically at a room temperature
of 25 + 3 °C. At 30, 45, and 60 days of ensiling, three bags were randomly selected from
each treatment to determine nutritional components and fermentation parameters. In total,
there were 9 bags (3 fermentation times x 3 replicates) for each treatment.

2.2. Sampling and Chemical Analysis

After 30, 45, and 60 days of fermentation, C. rotundifolia was removed from the bags,
dried at 65 °C for 48 h for DM determination, and ground into powder to determine
the chemical composition. Briefly, WSC content was measured by the anthrone-sulfuric
acid colorimetric method [15]; total nitrogen (TN) content was measured by an automatic
nitrogen determinator (KDN-103F, Shanghai Fiber Inspection Instrument Co., Ltd., Shang-
hai, China); crude protein (CP) content was measured by TN x 6.25; acid detergent fiber
(ADF) and neutral detergent fiber (NDF) according to Van Soest et al. [16]; and ash content
according to Monti et al. [17].

To determine fermentation parameters, 10 g samples were homogenized with 90 mL
ultrapure water, sealed with sealing film, refrigerated at 4 °C for 24 h, and then filtered
through four layers of medical gauze. The pH was measured by a pH meter (FiveEasy Plus,
Mettler Toledo International Trading Co., Ltd., Shanghai, China). Ammonia nitrogen (NH3-
N) content was determined by the phenol-sodium hypochlorite colorimetric method [18],
and lactic, acetic, and propionic acids were determined following Wang et al. [19], using a
high-performance liquid chromatograph (HPLC, WondaSil C18 Superb column, Shimadzu,
Kyoto, Japan; SPD 210 nm; flow rate 1 mL/min; temperature 30 °C).

2.3. DNA Extraction, Amplicon Library Preparation, and Sequencing

After 60 d of fermentation, a portion of each silage sample was snap-frozen (—80 °C)
for further analysis. To analyze the microbial diversity of 60 d silage, CK, L, and organic
acid treatments with higher fermentation quality (C4, CL4, M4, ML4) were selected for
high-throughput sequencing. Total genome DNA was extracted using the CTAB/SDS
method, and DNA concentration and purity were monitored on 1 % agarose gels. The
PCR was performed using diluted genomic DNA as a template, specific primers with
Barcode, Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Bio-
labs (Beijing) LTD., Beijing, China), and high performance and fidelity enzymes based
on the selection of sequencing regions to ensure amplification efficiency and accuracy.
The hypervariable regions V3-V4 of the bacterial 165 rDNA were obtained using 315F
(CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT) as primers. The
PCR products were detected by electrophoresis using 2% concentration of agarose gel,
purified by magnetic beads, quantified by enzyme labeling, mixed thoroughly in equal
amounts according to the concentration of PCR products, and the products were recov-
ered for the target bands using a gel recovery kit (Qiagen, Hilden, Germany). The PCR
amplification products were identified by agarose gel electrophoresis, and a MiSeq library
was constructed and sequenced using TruSeq® DNA PCR-Free. The library quality was
assessed on the Qubit@2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) and the Agilent
Bioanalyzer 2100 System (Agilent, Santa Clara, CA, USA). After the library was qualified,
it was double-ended sequenced based on the Illumina NovaSeq sequencing platform to
obtain a complete microbial community.

2.4. Sequence Processing and Analysis

The reads of each sample were spliced using FLASH after truncating the barcode and
primer sequences to obtain raw tags [20]. The raw tags were processed according to the QI-
IME quality control process to obtain high-quality clean tags [21]. The tag sequences were
compared with the species annotation database (https://github.com/torognes/vsearch/
accessed on 6 January 2021) to detect chimeric sequences, and the final effective tags
were obtained by removing the chimeric sequences. Sequences were clustered into opera-
tional taxonomic units (OTUs) with 97% consistency by default for all effective tags using
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Uparse [22]. MUSCLE was used for a fast multiple sequence comparison to obtain the
phylogenetic relationships of all OTU-representative sequences [23]. Finally, the data of
each sample were homogenized, the least amount of data in the sample was used as the
criterion for homogenization, and the subsequent alpha and beta diversity analyses were
based on the homogenized data. QIIME (version 1.9.1) was used to calculate Observed-
species, Chaol richness estimate, Shannon diversity index, Simpson diversity index, ACE
richness estimate, and Goods-coverage [24]. The R (version 2.15.3) for Windows was used
to determine alpha diversity index inter-group variance, which was done separately with
parametric and non-parametric tests: the T-test and Wilcox-test for two groups and the
Tukey-test and Wilcox-test for more than two groups (Agricolae Package). To analyze Beta
diversity, ImageGP was used for analyzing principal coordinate analysis (PCoA) based
on a Bray—Curtis dissimilarity matrix [25]. Spearman’s correlation analysis tested the
correlations between the main genera and silage fermentation quality.

2.5. Sampling and Chemical Analysis

The data were subjected to a two-way analysis of variance (SPSS software, version
26.0, Chicago, IL, USA). The fixed effects were the ensiling days, additive treatments, and
the interactions between ensiling days and additive treatments. Differences among means
were compared by Duncan’s multiple range test, and p < 0.05 was accepted as significant.

3. Results and Discussion
3.1. Effect of Additives on the Nutrient Composition of Chamaecrista Rotundifolia Silage

Low DM and WSC contents tend to cause spoilage of silage, and organic acids and LAB
are often added to limit spoilage and improve silage quality. After 30 days of fermentation,
the DM content of C. rotundifolia silage was higher with any of the additives than with CK
silage (p < 0.05). The DM and WSC contents increased with increasing levels of organic
acids; however, fermentation time had no significant effect on the DM content of the silage.
The CP contents in the L, M2-M4, ML2-ML4, C2-C4, and CL2-CL4 silages were greater
than in the CK silage (p < 0.05) at all fermentation times, with CL4 the greatest. The WSC
content of M4 silage was higher (p < 0.05), and that of L silage was lower (p < 0.05) than
that of CK silage. The CP and DM contents of the silages with all additives were higher
than those in the CK silage. Similar changes were reported by Tao et al. [26]. Citric acid
and malic acid, as intermediates in the tricarboxylic acid cycle, rapidly lower the pH,
thereby inhibiting the growth and activity of harmful microbiota, which reduces the loss
of DM and the degradation of CP [27]. Under anaerobic conditions, a low pH suppresses
unwanted microbial activity if LAB ferments WSC into sufficient lactic acid [28], and can
then preserve most of the CP in silage [29]. M4 had a greater concentration of WSC at
30 days of fermentation, and the lactic acid content was greater than that of CK, indicating
that WSC content can promote the production of lactic acid during fermentation [30]. In the
present study, both LAB and organic acid additions increased the lactic acid concentration
and reduced the concentrations of acetic and propionic acids.

The NDF content increased initially and then decreased with time of fermentation,
and after 60 days, the NDF content was lower than at 30 and 45 days (p < 0.05) in all
treatments. The NDF content at 30 days of fermentation was lowest in the M4 silage
(p < 0.05), and at 60 days was lowest (p < 0.05) in the L silage among treatments. The ADF
contents of the L, M4, ML4, CL2-CL4, and C2-C4 silages were generally lower than those
of CK silage (p < 0.05) at all fermentation times. After 60 days of fermentation, the ADF
content in each treatment decreased significantly, with 1% malic acid being the lowest. At
45 days of fermentation, ML4 and CL4 treatments had lower (p < 0.05) ash contents than CK
treatment, while at 60 days of fermentation, the ash content in all silages was lower than in
CK (p < 0.05) (Tables 1 and 2). The NDF and ADF contents of forages affect the digestibility
of feed in ruminants. In this study, the L, M4, ML4, C4, and CL4 silages reduced the NDF
and ADF contents in the silage due, at least in part, to the hydrolysis of digestible parts
of cell walls by organic acids during fermentation [31]. In addition, the NDF and ADF
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contents in the LAB and LAB with organic acid silages were lower after 60 days than
after 30 and 45 days of fermentation, which may be due to the continued hydrolysis of
structural carbohydrates [32]. In general, the acid hydrolysis of structural carbohydrates is
accompanied by the release of WSC, which was evident in this study [29]. The L in this
study belonged to homotypic fermentative LAB, which uses more WSC to ferment into
lactic acid than heterofermentative LAB. Therefore, the addition of a combination of L and
citric acid or malic acid was effective in reducing fiber content and thereby improving the
digestion and utilization of C. rotundifolia silage by herbivores. The level of 1% citric or
malic acid gave the best results.

3.2. Effect of Additives on the Fermentation Parameters of Chamaecrista rotundifolia

Acid production and pH reduction during fermentation are spontaneous results
of microbial activity and are used as important indicators in evaluating the quality of
silage [33]. Grass silage pH is generally below 4.2, which is designated as excellent quality,
and legume silage with high CP content has a higher pH, generally between 4.0 and 5.6 [34].
In the present study, the pH of the silage was lower (p < 0.05) with the addition of organic
acids or LAB than the CK silage (Tables 3 and 4) and decreased with an increase in the level
of citric acid or malic acid (p < 0.05). The lowest pH occurred in silage with 1% citric or
malic acid and with these acids plus LAB. In addition to the lowered pH, the NH3-N:TN
ratio was below 0.1 with all additives during the 60 days of fermentation, indicating good
silage quality. However, overall, fermentation time did not affect the pH or the NH3-N:TN
ratio. The rapid reduction of NH3-N:TN ratios in the C4 and M4 silages may be due to
the accumulation of lactic acid and the rapid acidification of silage. At 30 and 60 days of
fermentation, all silages with additives had greater lactic acid concentrations than the CK
silage. Similarly, Li et al. [35] reported that the addition of organic acids rapidly reduced
the pH of alfalfa silage, thus inhibiting the activity of undesirable microorganisms and
protease activity and resulting in lower non-protein nitrogen and NH3-N contents in alfalfa
silage. The NH3-N:TN ratio decreased with increasing citric acid addition at 30 and 60 days
of fermentation (p < 0.05), and at 45 days of fermentation, the NH3-N:TN ratio was lower,
except for M1, in all silages than the CK silage (p < 0.05). The acetic acid concentration
was lower in all silages than in CK, but only C3 remained lower throughout (p < 0.05).
Citric acid and malic acid displayed similar effects in reducing acetic acid concentrations.
Propionic acid concentrations in all silages were lower (p < 0.05) than in the CK silage at 30
and 60 ensiling days.

The addition of 0.5% and 1% citric or malic acids during 60 days of fermentation
reduced the pH, NH3-N:TN ratios and acetic acid concentration of C. rotundifolia silage,
increased the lactic acid content, reduced DM loss, and improved the quality of C. rotundi-
folia silage. Similarly, Ke et al. [36] reported that with the addition of L. plantarum, malic
acid and citric acid, pH, and the NH3-N:TN ratio of alfalfa silage were reduced when
compared to the control silage. The addition of two organic acids further improved silage
quality, but Lactobacillus plantarum and an organic acid displayed a superimposed effect.
In the present study, L and L combined with an organic acid produced small amounts of
lactic acid, with no effect on days of fermentation, which is consistent with the study of
Ni et al. [37]. Moreover, Muck et al. [34] reported that low levels of WSC in raw materials
may reduce the improvement of silage quality by the addition of LAB. This could explain
why, in the current study, silages with LAB alone or when combined with an organic acid
did not produce substantial amounts of lactic acid.
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Table 1. Effect of ensiling time, L, and organic acids on nutritional components of Chamaecrista rotundifolia silage.

Item and Treatments SEM P
Ensiling Days CK L M1 M2 M3 M4 C1 C2 C3 C4 D T DxT

DM (g/kg FW)
30 2451 °¢ 267.32 256.5P 262.53b 266.4 b 271.82 258.6P 263.13b 268.5ab 272,14 0.972 0.003 <0.001 1.000
45 2436 ¢ 262.8ab 252.6 bc 255.0P 260.4 ab 267.6 2 253.8 be 255.6 b 264.0ab 267.62
60 246.1¢ 262.62 2499 be 257.( abe 261.33b 266.52 250.8 be 257.9 ab 263.22 267.42

CP (g/kg DM)

30 139.0 Ac 163.6 2P 14124A¢ 1567 Aab 161.5 2P 168.62 152.4 Abc 156.6 2P 163.3 2b 169.4 2 1.615 <0.001 <0.001 <0.001
45 124.8 ABd 159.52 136.4 ABed 145 9 Bbe 156.5 b 163.22 138.8 Be 143.7 ¢ 157.1 3P 165.12
60 115.1 Bb 15322 123.2 Bb 143.0 Ba 152.32 155.02 125.2 b 14392 15342 156.4 2

WSC (g/kg DM)
30 11.1be 82¢ 10.4 Abc 11.3 be 11.4 be 16.9 Aa 10.6 be 12.1 Abc 13.02b 13.32b 0.339 <0.001 <0.001 0.775
45 10.3 bed 794 9.4 ABcd 10.4 bed 1542 15.1 ABa 10.3 bed 12.5 Aabe 13.94b 13.0 abe
60 9.7 abed 50f 6.1 Bef 8.0 cde 9.3 bed 11.8 Bab 7.2 def 8.1 Bede 10.6 abc 12.12

NDF (g/kg DM)
30 638182  §135Abc 4654 640.8 Aa 624.3 Ab 551.0 Bf 6203B>  040Bed 598 8Bde 591 7 Ade 4.035 <0.001 <0.001 <0.001
45 652.54b  g19.7Ade 71 Aa 652248b 3054 g1p9Aef  g393Abe gogpAcd  gp55Acd 599 g Ae
60 563.8 C¢ 522.6 Be 604.9 Ba 597.6Bab  5949Bab  55371Bed 585 4Cb 549 9Ced  5465Cd 547 5Bd

ADF (g/kg DM)
30 439.1 Bbe 405.8 Bf 469442 4363Bbc 430, Bed 405.4 B 4489 Ab 406.2 Bf 419.7Bde 4152 ABef 5300 <0.001 <0.001 <0.001
45 450.6 Ab 435.3 Ac 464.6 Aa 453.8 Ab 447 6 Ab 414.1 Ad 4465 Ab 434.7 Ac 432.2 Ac 425.7 Ac
60 426.6 Ca 391.0 Bd 4353 Ba 407.2Cbc 4046 Cc 376.0 Ce 426.4 Ba 413, Bbe 414.3 Bp 409.4 Bbe

Ash (g/kg DM)
30 57.7 56.6 & 5228 5298 52.9 53.7 53.7 B 53.7 A 55.14 56.5 A 0.444 <0.001 0.030 <0.001
45 61.22 57.7 Ab 57.8 Ab 57.2 Ab 53.7 ¢ 52.7°¢ 62.7 Aa 57.5 Ab 57.1 Ab 53.4 Be
60 5442 48.4 Bbed 50.7 Bb 52.5 Babc 52.1 bed 52.9 abe 44.8 Ce 50.3 Bbed 50.9 Bab 53.5 Bab

L, Lactobacillus acidophilus; SEM, standard error of means; DM, dry matter; FW, fresh weight; CP, crude protein; WSC, water-soluble carbohydrates; NDF, neutral detergent fibre; ADF,
acid detergent fibre. Chamaecrista rotundifolia was treated with the following: distilled water (CK), LAB (L), and different levels (0.1, 0.3, 0.5, and 1%) of malic acid (M1-M4) and citric acid
(C1-C4). D, ensilage days effect; T, treatment effect; D x T, the interaction between ensilage days and treatment. Means of additive treatment within a row (a—f) followed by different
lowercase superscripts differ (p < 0.05). Means of ensiling time treatment within a column (A-C), followed by different uppercase superscripts, differ (p < 0.05).
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Table 2. Effect of ensiling time and additives on nutritional components of Chamaecrista rotundifolia silage.
Item and Treatments p
Ensiling Days CK L ML1 ML2 ML3 ML4 CL1 CL2 cL3 CL4 SEM D T DxT

DM (g/kg FW)
30 245.1°¢ 267.32 261.6° 263.7P 269.7 ab 277.82 26220 265.2b 271.2ab 27842 1.072 0.001 <0.001 1.000
45 243.6 € 262.8 ab 255.0 be 257.4b 264.6 P 268.2 ab 255.0 be 259.2 ab 266.4 b 271.12
60 246.1 ¢ 262.62 252.2 be 258.4 abc 263.63b 26842 252.7 be 259.4 ab 264.13b 271.22

CP (g/kg DM)

30 139.0 Ac 163.6 2P 153.8 bc 161.0 2P 165.04ab 1728 4a 154.0 Abc  161.3 Aab 165.7 @b 174.02 1.659 <0.001 <0.001 0.964
45 124.8 ABd 159.52 142.44 148.1°4 1602 ABbc 17 ABab 149 4 ABd 112353 165.7 @b 173.72
60 115.1 Bb 153.22 1325°¢ 147.7 be 153.9 Bab 158 2 Bab 136.5 Be 147.7 Bbe 154.1 ab 168.22

WSC (g/kg DM)
30 11.1 be 82¢ 9.7 be 10.9 abe 11.2 abe 12.72 09.1 be 9.3 be 11.44b 11.54b 0.263 0.258 <0.001 0.850
45 10.3 bed 79d 11.2ab 11.93b 13.0 13.6 2 10.4 ab 10.9 ab 11.0ap 13.4
60 9.7 abed 50f 10.02 10.12 12.22 13.82 10.32 1092 12.82 13.42

NDF (g/kg DM)
30 638.1B2  135Abc g8 Bede  gop gBede 597 4 Be 579.8 Af  g295Bab g1 6Bbc  gpp7Bde 1.1 Bde 0.442 <0.001 <0.001 <0.001
45 652.5Ab  g197Ade  g57gAa gqppAbc gog5Acd 5937 Ae g 7Abe g33 ) Ac 634.9 Ac 571.6 Ae
60 563.8 C¢ 522.6 Be 577.5 Cc 5723 Cb 540.5 Cd 538.0 Bd 595.0 Ca 583.5 Cb 525.8 Ce 525.7 Ce

ADF (g/kg DM)
30 439.1 Bbe 405.8 Bf 451.8 Ab 433.1 Be 420.0Bd  4156Ade  4p454a 469.0 Aa 397.2 ¢f 404.( Bef 2.880 <0.001 <0.001 <0.001
45 450.6 AP 435.3 Ac 4655482 45394ab 449 Ab 416.8 Ad 463.6 A2 443.8Bbc 4442 Abc 4163 Ad
60 426.6 C2 391.0 Bd 394.4 Bc 394.0 Be 387.3Cd 3765 Be 416.1 Bb 414.1¢b 411.1B> 3832 Cde

Ash (g/kg DM)
30 57.7 56.6 & 54.4 58.84 58.1 59.7 4 57.8 AB 5834 60.04 6164 0.476 <0.001 0.104 <0.001
45 6122 57.7 Ab 54.0 be 54,1 ABbc 54.1 be 49.7 Be 60.1 Aa 53.7 Bbe 51.8 €¢ 49.8 ¢
60 5442 48.4 Bbed 52,64 52.6 Bd 54.6 bed 55.6 ABbc 53 7 Bbed 53.1 Bed 56.2 Bab 58.4 Ba

SEM, standard error of means; DM, dry matter; FW, fresh weight; CP, crude protein; WSC, water-soluble carbohydrates; NDEF, neutral detergent fibre; ADF, acid detergent fibre.
Chamaecrista rotundifolia was treated with the following: distilled water (CK), LAB (L), and different levels (0.1, 0.3, 0.5, and 1%) of malic acid (ML1-ML4) and citric acid (CL1-CL4). D,
ensilage days effect; T, treatment effect; D x T, the interaction between ensilage days and treatment. Means of additive treatment within a row (a—f) followed by different lowercase
superscripts differ (p < 0.05). Means of ensiling time treatment within a column (A-C), followed by different uppercase superscripts, differ (p < 0.05).



Animals 2022, 12, 2260 8of 17

Table 3. Effect of ensiling time, and Lactobacillus acidophilus and organic acids on fermentation characteristics of the Chamaecrista rotundifolia silages.

Item and Treatments

Ensiling Days CK L M1 M2 M3 M4 c1 c2 c3 c4 SEM D 4 DxT
Lactic acid (% DM)
30 052f 1.44 be 1.53 Aabe 0.99 de 1.70 Aab 1.26 Acd 0.77 ¢f 1.72ab 1.50 abe 1.85Aa 0.048 0.006 <0.001 0.017
45 045¢ 1.30 @b 0.89 Cbe 1.37ab 1.29 Bab 1.73 ABa 0.95 be 1.18 b 1.21ap 1.21 Bab
60 0.44° 1.50ab 1.28 Bb 1.632b 1.56 ABab 2.01 Ba 1.26 bb 1.512b 1.41°P 1.37 ABb
Acetic acid (% DM)
30 1.832 1.37ab 1.69 2P 1.552b 1.30 Aabe 1.24 Abe 1.78 ab 1.54 b 0.82 Ac 1.65 Aab 0.057 <0.001 <0.001 0.334
45 1.632 0.92 be 1.582 1472 1.38 Aab 1.50 Aa 1472 1.414b 0.54 Ac 1.34 Aab
60 1.912 1.09 ab 1.443b 0.92 ab 0.41Bb 0.49 Bb 1.52ab 1.02ab 0.59 ABb 0.61Bb
Propionic acid (% DM)
30 0.24 Ba 0.11 ABe 0.18P 0.07 Acde 0.06 Bde 0.09 <d 0.09 ABed 0.10 Bed 0.04¢ 0.04 Be 0.001 <0.001 <0.001 ,0.001
45 0.16 Ca 0.05 Bb 0.132 0.04 ABb 0.04 ABP 0.02P 0.03 Bb 0.15 A2 0.03P 0.04 Bb
60 0.38 A2 0.17 Ab 0.13 bed 0.02 Bd 0.02 Bd 0.04 cd 0.15 Abe 0.19 Ab 0.03¢d 0.22 Ab
pH
30 5.162 450°¢ 484P 463¢ 453¢ 4.36 ABd 489P 461°¢ 451°¢ 435 ABd 0.028 <0.001 <0.001 0.988
45 5.252 4,54 cde 487b 4.66 ¢d 450 def 438 Mg 484Pb 4.68¢ 457 def 43748
60 5.154 445¢ 470b 457¢ 444° 424 Bd 4.75b 456°¢ 447¢ 429 Bd
NH;-N:TN
30 4.96 Aab 4.86 Ab 5.07 Aa 2.82 Ae 3.00 Ad 1.80 Ah 3.57 Ac 3.05 Ad 2.42 Af 2.07 48 0.135 <0.001 <0.001 <0.001
45 6.16 BP 5.32 Be 6.63 Ba 422 Bd 4,00 Be 3.31 Bg 3.58 Af 4,7 Bde 3.13 Bh 2,38 ABi
60 6.20 Ba 4,58 Abc 5.83 Ca 3.96 Bed 4.47 Bbe 2.97 Cef 5.01 Bb 4.7 Be 3.38 Bde 2.60 Bf

L, Lactobacillus acidophilus; SEM, standard error of means; NH3-N:TN, ammoniacal nitrogen as a percentage of total nitrogen. Chamaecrista rotundifolia was treated with the following:
distilled water (CK), L, and different levels (0.1, 0.3, 0.5, and 1%) of malic acid (M1-M4) and citric acid (C1-C4). D, ensilage days effect; T, treatment effect; D x T, the interaction between
ensilage days and treatment. Means of additive treatment within a row (a—i) followed by different lowercase superscripts differ (p < 0.05). Means of ensiling time treatment within a
column (A-C), followed by different uppercase superscripts, differ (p < 0.05).
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Table 4. Effect of ensiling time and additives on fermentation characteristics of Chamaecrista rotundifolia silage.
Item and Treatments p
Ensiling Days CK L ML1 ML2 ML3 ML4 CL1 CL2 cL3 CL4 SEM D T DxT
Lactic acid (% DM)
30 0524 1.44°¢ 1.57 Abc 1.62 be 1.61 be 2.662 2.08 Aabc 2.19 Aab 1.99 be 1.97 Abe 0.060 0.003 <0.001 0.199
45 0.454d 1.30 be 0.93 Bed 1.56 ab 1.65 b 1912 1.25 Bbe 1.38 Babc 1.66 2P 1.45 Babe
60 0.44 b 1502 1.69 A2 1.992 1.802 1.972 1.34 ABa 1.65 ABa 1.692 1.76 ABa
Acetic acid (% DM)
30 1.832 1.37b 1.462b 1.35P 0.65 Bd 0.84 Bd 1.28 be 1.16 Abe 0.544 0.82 Bed 0.051 <0.001 <0.001 <0.001
45 1.632 0.92¢ 1.48 b 1.26 abe 1.16 Abe 1.21 Aabe 1.32 abe 1.19 Abc 0.494d 1.17 Abe
60 1912 1.09 be 0.92 bed 0.83 bed 0.35 Bed 0.31¢d 1.33ab 0.83 Bbed 0.45 < 0.48 Bed
Propionic acid (% DM)
30 0.24 Ba 0.11 ABP 0.05 Be 0.05 ABe 0.04°¢ 0.05 Be 0.04°¢ 0.04 ¢ 0.03 Be 0.09 ABb 0.009 <0.001 <0.001 <0.001
45 0.16 Ca 0.05 Bbe 0.04 Bbe 0.03 Bbe 0.02¢ 0.02 €¢ 0.03 be 0.04 bc 0.06 Ab 0.06 Bbe
60 0.38 A2 0.17 Ab 0.12 Abed (05 Ade 0.03¢ 0.18 Ab 0.08 cde 0.02¢ 0.04 ABe 0.14 Abe
pH
30 5.162 450¢ 4.73 ABb 452¢ 4.42 ABc 4.6 ABd 466" 448¢ 445¢ 4,28 ABd 0.028 <0.001 <0.001 0.999
45 5254 454¢ 4.76 AP 455¢ 4.49 Ac 434 Ad 470" 454¢ 450¢ 4354d
60 5.152 4.45be 458 Bb 4.47 be 433 Bed 419Bd 456" 440° 439¢ 427 Bd
NH;-N:TN

30 4964 48642 3.92 Ab 3314 2.24 Ae 2.13¢ 3.64 Ac 3.38 3.194d 1.97 Ae 0.131 <0.001 <0.001 <0.001
45 6.16 Ba 5.32 Be 5.84 Bb 3.34¢ 2.97 Bf 2418 457 Bd 3.37¢ 331¢ 2.06 ABh
60 6.20 Ba 458 Ab 4.66 b 357¢ 2.76 Cde 2.16¢ 4.44Bb 3.64°¢ 3.04¢d 2.26 Be

SEM, standard error of means; NH3-N:TN, ammoniacal nitrogen as a percentage of total nitrogen. Chamaecrista rotundifolia was treated with the following: distilled water (CK),
Lactobacillus acidophilus (L), different levels (0.1, 0.3, 0.5, and 1%) of malic acid (ML1-ML4) and citric acid (CL1-CL4). D, ensilage days effect; T, treatment effect; D x T, the interaction
between ensilage days and treatment. Means of additive treatment within a row (a-h) followed by different lowercase superscripts differ (p < 0.05). Means of ensiling time treatment
within a column (A-C), followed by different uppercase superscripts, differ (p < 0.05).
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3.3. Microbial Diversity in Chamaecrista rotundifolia Silage

The sequences were grouped in OTUs to an agreement level of 97%, and the degree
of overlap of bacterial OTUs in each treatment is presented in Figure 1A. There were
1305 OTUs after 60 days of fermentation, with 138 common OTUs and 36, 83, 75, 104, 171,
and 152 OTUs unique to CK, L, M4, C4, ML4, and CL4, respectively. Rarefaction curves
were used to estimate species richness as a function of the sampling results. In the present
study, the curves plateaued, indicating that the sequencings were saturated and that all
microorganisms were identified (Figure 1B).

C4
104 3004
Group
CKo 171 ML4 3 — K
2 .
= & 200
N M4
{ coret 38 | E — G4
2
- 8 — ML
100
182 5 cu4
ClL4 M4
™

1 0 10,000 20,000 30,000 40,000
Sequences per sample

Figure 1. Petal diagram illustrating the degree of overlap of bacterial OTUs among the 6 groups.
Each petal represents a group, the middle CORE number represents the number of OTUs common
to all groups, and the number on the petal represents the number of OTUs specific to that group
(A). Rarefaction curves of the observed species index. The horizontal coordinate is the number of
sequencing strips selected randomly from a sample, and the vertical coordinate is the number of
OTUs that can be constructed based on the number of sequencing strips to reflect the sequencing
depth. Different samples are represented by different color curves (B).

The alpha diversity of the microbial community in each silage treatment is presented
in Figure 2. Chaol, an estimator of species richness based on the number of rare species,
and ACE were used to estimate the number of OTUs in the community [38]. In the current
study, the Shannon, Chaol, and ACE indices were lower in the L than in the CK silage,
indicating that microbial diversity was reduced in the L treatment. Yang et al. [39] reported
that LAB proliferated rapidly as the dominant bacteria after inoculation. In addition, a
reduced pH during fermentation inhibits the activity of bacterial groups, which leads to
a reduction in microbial diversity. Compared with the CK silage, the Shannon index was
higher in the ML4 silage, the Chaol and ACE indices were higher in the C4 and ML4 silages,
and the ACE index was higher in the CL4 silage. This indicates that the addition of an
organic acid and mixed additives could increase the bacterial community richness, which
was similar to the results of Wang et al. [40]. The ACE and Chaol indices were higher
(p < 0.05) in M4, C4, ML4, and CL4 silages than in the CK silage, and the Chaol index was
higher (p < 0.05) in the C4 and ML4 silages than in the CK silage. The Shannon index was
higher in the ML4 silage than the CK silage (p < 0.01) and was lower in the L silage than
the C4 and ML4 silages (p < 0.05); the Simpson index was higher in the ML4 than the L
silage (p < 0.05), and was higher in the ML4 (p < 0.01) and CK (p < 0.05) silages than the
CL4 silage.

Principal Coordinates Analysis (PCoA) determines and visualizes the similarities
or dissimilarities of bacterial communities [41]. In this study, the PCoA plot revealed a
separation and difference in bacterial communities in each ensiled treatment, indicating
that the microbiota was altered with different additives (Figure 3). This difference in silage
quality may be due to changes in the microbial community [42]. Therefore, based on alpha
and beta diversity analyses, we concluded that malic acid, citric acid, and LAB treatments
could affect the microbial diversity and community structure of C. rotundifolia silage.
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Figure 2. Boxplots showing the distribution of x-diversity indices among silage treatments. (A) ACE:
Abundance Coverage-based Estimator; (B) Chaol index; (C) Simpson’s index; and (D) Shannon’s
diversity index. The horizontal bars in the boxes represent the median of the distance matrix
distribution. The lower and upper extents of the boxes are the 25th and 75th percentiles of the
distribution, respectively. The lower and upper whiskers in the box plots are the minimum and
maximum values of the distribution, respectively. * p < 0.05; ** p < 0.01.
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Figure 3. Principal Coordinates Analysis (PCoA) plot based on the Bray—Curtis dissimilarity matrix
of the bacterial community among treatments. Adonis: permutational MANOVA.

Taxonomic markers of silage C. rotundifolia under 6 treatments were separated based
on linear discriminant effect size (LEfSe) analysis [linear discriminant analysis (LDA)
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score > 4] (Figure 4). There were 5 biomarkers in the CK silage, which showed Clostridiaceae
at the family level and Clostridium at the genus level; 4 biomarkers in the L silage, with
Lactobacillus at the family and genus levels; 4 biomarkers in the M4 silage, with Cyanobacteria
at the phylum level and chloroplasts not defined at the genus level; 4 biomarkers in the
M4 silage with Cyanobacteria at the phylum level and chloroplasts not defined at the genus
level; 6 biomarkers in the ML4 silage, with Rhizobiaceae and Lachnospiraceae at the family
level; one biomarker in the CL4 silage, with Lactobacillus plantarum at the species scale; and
no biomarker in the C4 silage. Li et al. [43] analyzed differences in silage microbiome using
the LEfSe method and found a significant correlation with silage fermentation.
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Figure 4. The differentially abundant bacterial taxa identified by linear discriminant analysis effect
size (LEfSe) among treatments (CK, L, M4, C4, ML4, CL4) and their cladograms. (A) Histogram of
the LDA scores. (B) Cladogram of LEfSe analysis. The absence of a group in the figure indicates that
there are no significant different species in this group. LDA, linear discriminant analysis.
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Firmicutes had the highest relative abundance of bacteria at the phylum level in CK,
L, M4, C4, ML4, and CL4, with 73.2%, 89.4%, 65.4%, 70.1%, 61.4%, and 68.1%, respec-
tively (Figure 5A). Cyanobacteria was a dominant phylum in M4, C4, ML4, and CL4, with
24.6%, 14.8%, 14.9%, and 20.4%, respectively, but was only 2.01% and 2.80% in L and CK
silages. The highest relative abundances of the phylum Aspergillus in CK, M4, C4, ML4,
CL4, and L silages were 23.5%, 9.70%, 12.8%, 21.1%, 10.5%, and 8.08%, respectively. In
addition, ML4 had low relative abundances of Bacteroidota (1.13%) and Actinobacteriota
(1.03%). Fermentation is a process of microbial colony succession. Aerobic fermentation in
the pre-fermentation stage is followed by anaerobic fermentation when beneficial bacteria,
mainly LAB, start to dominate. LAB produces lactic acid, which in turn inhibits the growth
of undesirable colonies [44]. There are many microbial species in silage, with Firmicutes and
Proteobacteria the dominant phyla, and Cyanobacteria to a lesser extent; together, they con-
stitute the main epiphytic bacterial communities [45]. Firmicutes and Proteobacteria play
an important role in the degradation of fibers in an anaerobic environment, and changes in
DM, NDEF, and ADF contents in silage may be related to these phyla [46]. Proteobacteria
compete with LAB in the utilization of WSC, and the lower WSC content in the L, C1,
C2, M1, and M2 groups may be related to this competition [47]. The relative abundance
of Cyanobacteria was higher in the M4 silage than in the CK and L silages, which was
attributed to the undefined chloroplasts at the genus level, presumably belonging to the
plant sample fraction of C. rotundifolia. At the genus level, Lactobacillus was the dominant
bacteria at 60 days of fermentation, followed by Clostridium_sensu_stricto_12, Enterobacter,
Methylobacterium-Methylorubrum, Faecalibacterium, and Pectobacterium (Figure 5B). Enterobac-
ter are non-spore forming, facultative anaerobes that are able to ferment glucose to acetic
acid and other metabolites, can cause diseases in animals, such as mastitis, and can desta-
bilize the aerobic stability of the forage [48]. In the present study, the relative abundance
of Lactobacillus was greater in the L silage than the other silages (p < 0.05), and in the C4,
L4, and CL4 silages was greater than in the CK silage (p < 0.05). The relative abundance
of Clostridium_sensu_stricto_12 was lower in all silages than the CK silage (p < 0.05), and
of Enterobacter was lower in L and CL4 silages than in CK silage (p < 0.05). Silages with
added organic acids had higher (p < 0.05) relative abundances of Unidentified_Chloroplast
than CK, and ML4 silage had a higher (p < 0.05) relative abundance of Faecalibacterium than
CKsilage (p < 0.05). Lactobacillus spp. and Enterococcus spp. dominate the fermentation of
feed products and improve silage quality under anaerobic conditions [49]. The dominant
genus in the L, M4, C4, ML4, and CL4 silages was Lactobacillus spp., and the relative
abundances of Clostridium spp. and Enterococcus spp. were lower than in the CK silage.
This may be related to the fact that the M4, C4, ML4, and CL4 silages had increased WSC
and CP contents and reduced NH3-N:TN ratios. Clostridium perfringens is detrimental to
silage quality because it consumes protein and WSC. Avila and Carvalho [50] reported
that Clostridium spp. caused excessive protein degradation, DM loss, and butyric acid pro-
duction, leading to spoilage and a reduction in silage intake by livestock. However, some
Clostridium produce substantial amounts of butyric acid [51]. The decrease in acetic acid
content in M4, C4, ML4, and CL4 may be related to the decrease in the relative abundance
of Clostridium. The concentrations of lactic acid, acetic acid, and propionic acid and the pH
may have a direct effect on bacterial activity and an indirect effect on microbial community
structure [44,52]. In the present study, lactic acid and the NH;3-N:TN ratio were correlated
negatively with Clostridium spp. and Enterobacter spp.
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Figure 5. Bacterial community and relative abundances at the phylum (A) and genus (B) levels in
Chamaecrista rotundifolia silage after 60 days of fermentation.

Figure 6 presents the relationships between the ensiling fermentation quality indi-
cators (pH, lactic acid, acetic acid, propionic acid, and NH3-N:TN) and microbial genera.
Li et al. [14] reported that with an accumulation of lactic acid and a decrease in silage pH,
Lactobacillus dominated, while the relative abundances of Lactococcus, Enterococcus, Clostrid-
ium, and Leuconostoc declined. In the present study. Lactobacillus correlated positively
(r = 0.64) with lactic acid content, which is in agreement with Li et al. [45]. In addition,
Clostridium_sensu_stricto_12 correlated negatively with lactic acid content (r = —0.74) and
positively with amino acids (r = 0.54) and propionic acid (v = 0.58) contents, Enterobacter
correlated negatively with lactic acid content (r = —0.55), Ruminocoocus (r = -0.63), Aurei-
monas (r = —0.70), Roseburia (r = —0.64), and Bacteroides (r = —0.63) correlated negatively
with the NH3-N:TN ratio, and Pediococcus correlated positively with the NH3-N:TN ratio
(r = 0.59) and negatively with lactic acid content (r = —0.50).
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Figure 6. Heat map displaying the correlations between the fermentation quality of Chamaecrista
rotundifolia silage and the relative abundance of bacterial genera. pH, hydrogen ion concentration;
LA, lactic acid; AA, acetic acid; PA, propionic acid; NH3-N, ammonia nitrogen as a percentage of
total nitrogen. * p < 0.05; ** p < 0.01.

4. Conclusions

When malic or citric acid was added separately or combined with L, DM loss of the
silage was reduced, pH was lowered, growth, and activity of harmful bacteria were inhib-
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ited, fermentation was promoted, and protein hydrolysis was reduced. After 60 days of
fermentation, Firmicutes, which enhances fiber digestion, was the dominant phylum in all
treatments. The organic acids L and a combination of both increased the relative abundance
of Lactobacillus and decreased the relative abundance of Clostridium and Enterobacter. We
concluded that the addition of malic acid, citric acid, and L improved the quality of C.
rotundifolia silage and inhibited the growth of harmful microorganisms. A level of 1% malic
acid or citric acid provided the best results.
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