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Abstract

The production of safe and high-quality silage has always been the main concern. This experiment aimed to inves-
tigate the impact of waste dried soybean curd residue (SR) and Lactobacillus plantarum CCZZ1 on the fermentation
quality and microbial community of total mixed ration (TMR) silage based on Napier grass (Pennisetum purpureum).
Napier grass was made into TMR, and SR at 3%, 6% or 9% on dry material basis was included, which replaced

the equivalent amount of corn meal, then they were inoculated without or with Lactobacillus plantarum CCZZ1

(10° cfu g~'; LP). The research results showed that incorporating SR even at 3% resulted in significant reduction

in ammonia nitrogen content (87.3 g kg™' total nitrogen vs. 109.7 g kg™ total nitrogen), increased lactic acid content
(344 g kg™ DM vs. 25.5 g kg~ DM), and higher relative abundance of Lactobacillus (94.5% vs. 32.2%). Additionally, it
led to decreased relative abundances of pathogenic microorganisms such as Escherichia coli (< 0.1% vs. 9.68%), Staph-
ylococcus epidermidis (< 0.1% vs. 9.46%), and Streptococcus pneumoniae (< 0.1% vs. 8.53%) during the ensiling process.
When SR was used together with LP inoculation, they were further improved. These findings suggest that the inclu-
sion of SR, even at a 3% level without LP inoculation, can effectively improve the fermentation quality and microbial
profile of TMR silage based on fresh Napier grass. This offers a promising technical approach to utilizing SR and pro-
ducing safe and high-quality TMR silage based on fresh grass.

Highlights

1. Ensiling is an efficacious store way for fresh grass-based TMR in tropical and subtropical regions.

2. SRinclusion offers a promising approach to produce safe and high-quality TMR silage.

3. SR greatly increases the relative abundance of desirable Lactobacillus in TMR silage.

4. SR greatly decreases harmful microorganisms like £. coli, S. epidermidis, and S. pneumoniae during ensiling.
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Introduction

Total mixed ration (TMR) is a feed mixture containing
raw materials such as concentrate, by-products, for-
age, minerals and vitamins according to ruminant ani-
mal’s nutrient requirements [1]. Therefore, TMR has
the advantage of balanced nutrition. However, TMR is
prone to aerobic deterioration after being exposed to
the air [2]. This feature is not conducive to the circula-
tion of TMR as a commodity. In addition, the aerobic

deterioration of TMR will not only result in the loss of
nutrients, but also produce harmful metabolites that
will cause damage to animal health [3]. Ensiling could
preserve the nutrients of TMR for a longer period and
facilitate long-distance transportation [3]. Compared
to TMR, ensiled TMR could improve aerobic stabil-
ity, nutrient digestibility and reduce methane emis-
sions [4, 5]. On the other hand, the lactic acid content
of fermented TMR increased, which improved the



Yin et al. Chem. Biol. Technol. Agric. (2023) 10:86

palatability of TMR [6]. Simultaneously, TMR silage
does not cause environmental pollution from the efflu-
ent of unwilted grass silage, due to its low moisture
content.

With the rapid economic and social development in
China, the competition between human food and animal
feed has become more pronounced. As a result, the inten-
sification of ruminant production necessitates the devel-
opment of innovative feeding strategies. Additionally, the
production of hay is more challenging in certain regions
due to climate factors [7]. In such circumstances, using
grass-based TMR silage could be a viable solution. Napier
grass (Pennisetum purpureum) is an important tropical
grass [8]. High yields, wide adaptation and good palat-
ability of Napier grass promote it to be widespread use in
silage production for ruminant animals [9]. Nevertheless,
the utilization of Napier grass as silage is constrained by
its low dry matter (DM) content and high buffer capacity
[10], which often lead to unfavorable fermentation and
effluent production during ensiling, posing detrimental
effects on animal production as well as the environment
[11]. Consequently, the use of inoculants or absorbents
is common practice to enhance fermentation quality and
reduce effluent production of high moisture grass silage.
Homofermentative lactic acid bacteria (LAB) can quickly
reduce pH, reduce nutritional losses and improve the
fermentation quality during ensiling [12]. Soybean curd
residue is a by-product of the tofu production, with an
annual output in China of about 2.8 million tons [13].
The crude protein (CP) content of soybean curd residue
is as high as 15% of DM, and the non-fractionable protein
content in CP is as high as 61.75%, which can be used as
a good source of protein in dairy cow feed [14]. Addition-
ally, in China, dried soybean curd residue (SR) is cheap
and easy to obtain and might be a kind of promising and
efficient absorbent for high-quality silage production due
to its high moisture absorption [15]. However, the studies
on SR addition in high moisture grass-based TMR silage
are rare. Therefore, it is indispensable to better under-
stand the effect of SR and LAB addition on the ensiling
characteristics and microbial community of TMR silage
based on fresh Napier grass. In this study, we assumed
that the high moisture fresh Napier grass might affect
the overall fermentation quality of TMR silage during
ensiling process, and adding SR or LAB might be able to
counteract these negative effects. The objective of this
study was to assess the fermentation quality and micro-
bial community of TMR silage based on fresh Napier
grass with or without the incorporation of SR and LAB.
The findings aim to offer novel technical approaches to
mitigate the adverse impacts of fresh Napier grass TMR
silage production and utilization, particularly on the
health of humans and animals.
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Materials and methods

Silage making and sample dealing

Napier grass was planted on an experimental field at
South China Agricultural University. The experimental
field locates at 23°14'N and 113°38 E, the annual aver-
age temperature was 23.1 C, the annual average rainfall
was 1623.6-1899.8 mm. Napier grass was planted on
June 12, 2021, artificially harvested at a height of 1.5 m
on October 12, 2021, immediately transported to the
laboratory, and chopped into Sects. 1-2 cm thick (DM,
296.6 g kg™! FM). The SR was purchased from an agri-
cultural market in Tianhe District, Guangzhou, China.
As shown in Table 1, the control TMR (CK) in this
experiment were formulated with chopped Napier grass
(1-2 cm), corn meal, soybean meal, vitamin-mineral
supplement (Ainong feed, Jiangsu, China), and salt in a
ratio of 45.0:50.0:3.5:1:0.5, respectively, on a basis of DM.
Napier grass was made into TMR, and SR at 0%, 3%, 6%
or 9% on dry material basis was included, which replaced
the equivalent amount of corn meal, and they were inoc-
ulated with Lactobacillus plantarum CCZZ1 (10° cfu g™
EM; LP) or without. Approximately 200 g well-mixed
TMR was filled into a plastic film bag (200x 300 mm),
vacuumed and sealed with a vacuum sealer. Each treat-
ment was made in triplicates. In total, 48 bags were
stored in a room at the temperature 25 ‘C to 28 °C, and all
the bags were opened at 60 d of ensiling for the chemical
and microbial analyses.

Chemical and microbial quantity analyses

DM content was determined using a forced draft oven
at 70 C for 48 h. The CP content was analyzed accord-
ing to the method of Association of Official Analytical
Chemists [16]. The neutral detergent fiber (NDF) and
acid detergent fiber (ADF) contents were determined
according to the method of van Soest et al. [17]. The
water-soluble carbohydrate (WSC) content was ana-
lyzed using the anthrone method [18]. For pH, ammonia
nitrogen (NH;-N) and organic acid determination, 20 g
of silage samples were mixed with 180 mL of distilled
water, stored at 4 ‘C for 18 h, and then filtered [19]. The
pH of this filtrate was measured by a glass electrode pH
meter (PHS-3C, CSDIHO Co., Ltd, Shanghai, China).
The content of NH;-N was determined by the method
of Broderick and Kang [20]. The content of organic acid
was analyzed using HPLC (Shodex RS Pak KC-811,
Showa Denko K.K., Kawasaki, Japan; detector: RID10A,
Shimadzu Co., Ltd, Kyoto, Japan; eluent: 0.1% H,PO,,
1.0 mL min™!; temperature: 40 “C). Fermentation qual-
ity was comprehensively assessed by V-score, which was
determined from the proportion ammonia-N in the total
nitrogen and volatile fatty acid contents in the silage [21].
Fermentation quality of silage was divided into 3 grades
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Table 1 Ingredient proportions, chemical composition and microbial counts of Napier grass total mixed rations
Items bcK SR3 SR6 SR9 SEM Sig
Ingredient (g kg™' DM)
°Fresh Napier grass 450 450 450 450 / /
SR / 30 60 90 / /
Corn meal 500 470 440 410 / /
Soybean meal 35 35 35 35 / /
VMS 10 10 10 10 / /
Salt 5 5 5 5 / /
Chemical composition (g kg™ DM)
DM (g kg™ FM) 4827 4799 4780 4817 1.02 NS
CcpP 105.5 108.0 109.2 1151 3.62 NS
WSC 192.6 191.7 190.6 189.2 4.21 NS
NDF 479.2 482.0 486.2 491.5 1.75 NS
ADF 204.5 203.0 204.6 2117 2.51 NS
Microbial counts (log;,cfu g" FM)
Lactic acid bacteria 3.28 3.29 332 333 0.02 NS
Aerobic bacteria 5.50 572 5.58 572 0.02 NS
Yeasts 3.39 3.08 347 3.29 0.05 NS
Molds 2.84 2.79 2.72 267 0.03 NS

2VMS, vitamin-mineral supplement is from commercial product containing 14 g kg~' Zn, 3.5 g kg~' Mn, 3 g kg™' Cu, a minimum of 1600,000 IU g~ of vitamin A,
300,000 IU g~" of vitamin D on average; DM dry matter, FM fresh matter, CP crude protein, WSC water-soluble carbohydrates, NDF neutral detergent fiber, ADF acid

detergent fiber

b SR, dried soybean curd residue; SR3, SR6 and SR9 were SR levels at 3%, 6% and 9% of total mixed ration DM, respectively; SEM standard error of the means, Sig

significance, NS not significant

according to V-score points: excellent (V-score>80),
acceptable (60 <V-score < 80), and poor (V-score < 60).

A total of 10 g of each sample was dissolved in 90 mL
of sterile saline solution and shaken for 30 min and seri-
ally diluted from 107! to 107 for microbial analysis. The
number of LAB were enumerated by plate count on MRS
medium agar (Huankai Biological Co., Ltd, Guangzhou,
China) under anaerobic conditions at 37 C for 2 days.
Aerobic bacteria were counted on nutrient agar (Huankai
Biological Co., Ltd) after 2 days of incubation at 37 C
under aerobic conditions. Yeasts and molds were enu-
merated by plate count on potato dextrose agar (Huankai
Biological Co., Ltd), acidified to a pH of 3.5 with a steri-
lized tartaric acid solution, following 3 days of incubation
at 30 C under aerobic conditions [19].

Bacterial diversity analysis

Total DNA in silage samples was extracted using the
TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen
Biotech (Beijing) Co., Ltd.) according to manufacturer
instructions. The DNA concentration of the samples
was measured with the Qubit dsDNA HS Assay Kit and
Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Sci-
entific, Oregon, USA). The V3-V4 regions of 16S rDNA
were amplified using primers 338F (ACTCCTACGGGA
GGCAGCAG) and 806R (GGACTACHVGGGTAT

CTAAT), then PCR products were sequenced and the
raw sequences were analyzed according to the method of
Tian et al. [22]. The functional genes of the bacterial com-
munities were predicted using PICRUSt [23].

Statistical analysis

All data in this study were analyzed using the general lin-
ear model procedure of IBM SPSS.19 software for Win-
dows (IBM Corp, New York, USA), and the means of
different samples were compared (significance at P<0.05)
using Duncan’s multiple range method. The DNA
sequencing data were analyzed on a free online platform
of BMKCloud (http://www.biocloud.net).

Results

TMR characteristics and fermentation quality of TMR
silages

The DM and WSC contents of Napier grass TMRs
were 478.0-482.7 g kg' FM (fresh matter) and
189.2-192.6 g kg™! DM, respectively (Table 1). The
epiphytic LAB number was less than 4 log,,cfu g~ in
all TMRs. There were no significant changes of chemi-
cal composition and microbial population sizes in
TMRs when corn meal was replaced with the equiva-
lent amount of SR at 3%, 6% or 9% fresh material basis
(Table 1, P>0.05).
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Table 2 Effects of LAB and dried soybean curd residue on the fermentation quality of Napier grass total mixed ration silage

Items DM pH Lactic acid Acetic acid Propionic acid Butyric acid NH;-N V-score
(gkg™ FM) (g kg~" DM) (gkg™'TN)

CK 4783 401a 25.5b 1.46a ND 0.35a 109.7a 62.0c
CKLP 480.0 3.78d 32.7a 0.56bc ND ND b 62.4d 91.0a
SR3 4764 3.89b 34.4a 1.02ab ND ND b 87.3b 80.5b
SR3LP 4783 382cd 35.5a 0.54bc ND ND b 51.8e 914a
SR6 480.3 3.87bc 33.7a 0.66bc ND ND b 81.2¢ 88.8a
SR6LP 479.0 382cd 35.6a 0.33c ND ND b 42.2e 94.7a
SR9 478.5 391b 333a 0.66bc ND ND b 69.9d 89.1a
SRILP 480.3 382cd 35.1a 0.55bc ND ND b 413e 91.2a
SEM 091 0.02 0.83a 0.08 / 0.03 4.75 222
Significance

SR NS * * x / *x *x *x

Lp NS %% M * / * *x *x

SR*LP NS *x * NS / *x x *x

Different letters in the same columns indicated the significant differences at P<0.05

LP Lactobacillus plantarum CCZZ1, SR dried soybean curd residue; SR3, SR6 and SR9 were SR levels at 3%, 6% and 9% of total mixed ration DM, respectively; SEM

standard error of the means; NS not significant
DM dry matter, FM fresh matter TN total nitrogen, ND not detected
*P<0.05; **P<0.01

Both Napier grass TMR silages with 3% SR and LP
exhibited good fermentation quality, as evidenced by
lower pH values, higher lactic acid concentration and
the lower concentration of acetic acid, butyric acid and
NH,-N compared to CK (Table 2). The NH;-N content
of all SR and LP treatments was below the criterion
value (100 g kg™! TN) for well-preserved silage. Fur-
thermore, the combined treatment of SR and LP sig-
nificantly decreased NH;-N content compared to SR or
LP alone (P<0.05). However, the NH;-N content of CK
exceed 100 g kg~! TN (Table 2). The V-scores of TMR
silages containing LP or SR surpassed 80, indicating an
excellent grade, and were significantly higher than the
CK (P<0.05), while the CK TMR silage achieved only an
acceptable grade (62, Table 2).

Microbial counts of TMR silages

Compared with the CK, the numbers of LAB and aero-
bic bacteria were significantly reduced in all SR and
SRLP treatments (Table 3; P<0.01). Moreover, the yeast
counts in all SR treatments were below 2 log;, cfu g~* FM
(Table 3; P<0.01). Additionally, the mold counts in all
TMR silages were below 2.00 log;, cfu g™* FM.

Bacterial community of TMR silages

Bacterial diversity of TMR silage is shown in Table 4. The
coverage of all samples was approximately 1.00, and the
observed species, OTUs, Chao 1, Shannon, and Simpson

Table 3 Effects of LAB and dried soybean curd residue on the
microbial counts of (log,qcfu g~' FM) Napier grass total mixed
ration silage

Items Lactic acid Aerobic bacteria Yeasts Molds
bacteria

CK 6.00a 6.40a 442a <2.00
CKLP 577a 5.95ab 4.25a <2.00
SR3 4.98b 4.80de <2.00b <2.00
SR3LP 511b 4.74de <2.00b <2.00
SR6 5.16b 494 cd <2.00b <2.00
SR6LP 5.19b 5.11c <2.00b <2.00
SR9 5.30b 457e <2.00b <2.00
SRIOLP 492b 4.82de <2.00b <2.00
SEM 0.09 0.13 039 /
Significance

SR *x *x *x /

LP NS NS NS /

SR*LP NS * NS /

Different letters in the same columns indicated the significant differences at
P<0.05

LP Lactobacillus plantarum CCZZ1, DM dry matter, SR dried soybean curd
residue, FM fresh matter, SR3, SR6 and SR9 were SR levels at 3%, 6% and 9% of
total mixed ration DM, respectively; SEM standard error of the means, NS not
significant, *P < 0.05; **P<0.01

indices of LP, SR and SRLP treatments decreased greatly
compared with those of CK (Table 4).

At the phylum level, Firmicutes was dominant in all
treatments, and the order of proportion was as follows:
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Table 4 The sequencing index of samples based on 16S rRNA gene

Sample ID Observed species ACE Chao1 Simpson Shannon Coverage
CK 910 120.8 1139 0.81 3.18 1.00
CKLP 33.0 81.8 56.4 0.46 1.52 1.00
SR3 56.7 1286 100.9 0.19 0.75 1.00
SRLP3 55.7 86.4 83.1 0.13 0.54 1.00
SR6 63.0 89.2 79.8 0.17 0.58 1.00
SRLP6 73.7 1011 92.1 0.20 1.05 1.00

LP Lactobacillus plantarum CCZZ1, DM dry matter; SR dried soybean curd residue, SR3 and SR6 were SR levels at 3% and 6% of total mixed ration DM, respectively
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SR3LP (98.1%)>SR3  (94.9%)>SR6LP  (93.6%) > SR6
(91.3%) > CKLP (88.9%) > CK (59.4%) (Fig. 1A). Followed
by Proteobacteria, and the order of proportion was as fol-
lows: CK (26.7%) > CKLP (11.0%) >SR6 (7.75%) > SR6LP
(3.53%) > SR3 (3.32%) > SR3LP (0.95%) (Fig. 1A). At the
genus level, the most abundant genus in CK was Lactoba-
cillus (32.2%), followed by Streptococcus (11.8%), Massilia
(11.3%), Escherichia (9.68%), Staphylococcus (9.46%), and
uncultured_bacterium_o_Chloroplast (4.58%); differently,
in CKLP, the most abundant genus was Lactobacillus
(76.1%), followed by Enterobacter (10.46%), Pediococcus
(9.78%). Excitingly, when replacing a part of corn meal
with SR, the most abundant genus in all treatments
was Lactobacillus (>90%), and the order of proportion
was as follows: SR3LP (97.3%)>SR3 (94.4%)>SR6LP
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(92.1%) > SR6 (90.9%) (Fig. 1B), and the heat map analy-
sis could prove the occurrence of the core bacterial com-
munity (Fig. 2), which suggested that the addition of SR
combined with or without LP effectively increased the
abundance of Lactobacillus of Napier grass TMR silage.
Therefore, the addition of SR effectively promoted the
growth and reproduction of LAB to further promote lac-
tic acid fermentation and improved fermentation qual-
ity. At the species level, Lactobacillus mainly consisted
of L. plantarum and L. fermentum. The abundance of L.
plantarum in the different treatments was 23.7% (CK),
67.3% (CKLP), 89.7% (SR6LP), 89.8% (SR3), 90.4% (SR6)
and 90.4% (SR3LP). The abundance of L. fermentum was
8.3% (CK), 4.43% (SR3), 3.82% (SR3LP), 1.33% (SR6LP),
0.24% (SR6) and 0.05% (CKLP). Staphylococcus, Massilia,
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Fig. 2 Heatmap analysis of top 30 genera according to relative abundance. The X-axis represents sample identifier and the Y-axis represents
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hierarchical clustering tree appears on the upside of the block while the phylogenetic tree appears on the left side of the block. LP Lactobacillus
plantarum CCZZ1; DM dry matter, SR dried soybean curd residue, SR3 and SR6 were SR levels at 3% and 6% of total mixed ration DM, respectively
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Escherichia and Streptococcus in CK were mainly com-
posed of S. epidermidis (9.46%) M. eurypsychrophila
(8.52%) E. coli (9.68%) and S. pneumoniae (8.53%),
respectively. Enterobacter in CKLP was mainly composed
of E. cloacae (10.46%), and Pediococcus was mainly com-
posed of P. pentosaceus (9.78%) (Fig. 1C).

The 16S rRNA gene-predicted function analyses are
shown in Fig. 3A. In the SR and SRLP-treated silages,
the abundances of phospho-transferase-system (PTS),
fructose-and-mannose-metabolism, glycolysis/gluconeo-
genesis, alanine-aspartate-and-glutamate-metabolism,
pentose-phosphate-pathway, lysine-biosynthesis, and
starch-and-sucrose-metabolism were higher than those
in CK silage (Fig. 3A), and these metabolisms pathways
were obvious negatively correlated with glycine-serine-
and-threonine metabolism and oxidative-phosphoryla-
tion (Fig. 3B).

Discussion

TMR characteristics, fermentation quality and microbial
counts of TMR silages

It is well known that the silage with suitable contents
of DM (>300 g kg™ FM) and WSC (>60 g kg™! DM),
as well as LAB count (>5 log;, cfu g~ FM) can be well
fermented [24]. In the present study, the DM and WSC
contents of all TMR satisfied the prerequisite for success-
ful fermentation, and the chemical composition of all the
treatments did not exhibit significant changes, irrespec-
tive of SR replacement levels (Table 1, P> 0.05). However,

)
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the LAB counts of all TMR were less than 4 log;,cfu g~
FM, which was undesirable (Table 1). Oliveira et al. [25]
found that LAB counts beyond 5 log,, cfu g™ FM could
effectively improve silage fermentation quality while LAB
counts <4 log;, cfu g~! FM might increase DM loss and
NH;-N content. The addition of L. plantarum at ensil-
ing could promote homofermentation of TMR silage
[26], which resulted in more lactic acid in all LP silages
than that in the CK. Similarly, Chen et al. [27] found that
inoculation with L. plantarum led to an efficient homo-
fermentation of TMR silage based on oat and common
vetch. Notably, lactic acid fermentation in the present
study was promoted by either SR (even at 3%) or LP, and
SRLP TMR silages were of significant higher lactic acid
content and V-scores, and lower pH value and NH;-N
content (far less than 100 g kg™! TN) than CK (P<0.05).
The SR treatments significantly increased the lactic acid
content (P<0.05), and there were no significant differ-
ences among the SR replacement levels (Table 2, P> 0.05).
These results suggested that SR had the same effect on
promoting lactic acid fermentation as LP. All the above
results indicate that SR might be a promising silage addi-
tive for improving the fermentation quality of Napier
grass TMR silage.

In this study, the fermentation quality of all the SR
treatments was better than that of CK (Table 2), and the
microbial counts of all the SR treatments were significant
less than those of CK, especially aerobic microorganisms
as well as yeasts (Table 3, P<0.01). The counts of aerobic
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bacteria and yeasts (P<0.05) were not significant differ-
ent among the SR replacement levels (Table 3, P>0.05).
This might be due to a low pH environment for the SR
treatments, which inhibited undesirable fermentation of
harmful microorganisms [24, 28]. It suggested that the
addition of SR (even at 3%) combined with or without LP
could effectively improve the fermentation quality and
reduce the counts of aerobic bacteria and yeast in Napier
grass TMR silage.

At present, there are few researches on SR as a silage
additive. Li et al. [29] found that most of the soybean
isoflavones were retained in soybean curd residue dur-
ing the process of tofu making. Santos et al. [30] also
found that soybean curd residue was a rich source of
isoflavones. It is well known that isoflavones have strong
antioxidant and antibacterial capacity, and microbial fer-
mentation promotes the transformation of isoflavones
from glucosides to aglycones in soy products or by-
products, resulting in the improvement of physiological
activities of isoflavones [30, 31]. This might be one of rea-
sons for the significant decrease in the count of aerobic
bacteria in all SR treatments, compared to CK (Table 3).
Some experiments found that many aerobic bacteria
have certain protein degradation ability during ensiling,
resulting in protein degradation and NH;-N production
[24]. Aerobic bacteria count in all SR treatments was sig-
nificantly lower than that of CK, which might reduce the
NH;-N production (Tables 2 and 3). The fresh grasses
have high moisture content and aerobic bacteria count
after harvest, in which the preparation of silage is rela-
tively difficult [24, 32]. Moreover, the LAB counts of all
TMR materials in the present study were less than 4.00
log,, cfu g~* FM (Table 1). These reasons might result in
the poor fermentation of CK (Table 3).

Bacterial community of TMR silages

The coverage of all samples was approximately 1.00, indi-
cating that the sequencing data were large enough to
reflect the microbial diversity information in all samples
[33]. According to the reduction in the observed spe-
cies, Shannon, Simpson indices and Chao 1, the bacterial
diversity of all LP, SR and SRLP silage samples decreased
greatly (Table 4). This is similar to the study in Wang
et al. [34], who reported that the addition of LAB signifi-
cantly reduced the observed species, Shannon, Simpson
and Chao during ensiling.

In present study, the relative abundance of Proteo-
bacteria was significantly reduced in all SR and SRLP
silages during ensiling compared to CK and CKLP,
which should be noted that the relative abundance of
Firmicutes in SR3 silage was much higher than CKLP,
and Proteobacteria in SR3 was much lower than in
CKLP (Fig. 1A). It is well known that the bacteria
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involved in lactic acid fermentation belonging to Firmi-
cutes rather than Proteobacteria [35]. Proteobacteria is
the dominant phylum in Napier grass [36]. Therefore,
the higher relative abundance of Firmicutes in SR and
SRLP silage might also contribute to the higher lactic
content and lower pH value of the TMR silage (Fig. 1A).

L. plantarum and L. fermentum are widely used as
silage inoculants [37, 38]. L. plantarum can potentially
promote the production of lactic acid, and it grows vig-
orously, rapidly reducing pH, and grows well on low-
moisture substrates [39], thereby inhibiting the growth
and reproduction of harmful microorganisms to ensure
the fermentation quality of Napier grass TMR silage.
This might be the main reason that the lactic acid con-
tent in SR and SRLP silages was higher and the ammo-
nia-N content was lower than that of CK (Table 2). M.
eurypsychrophila and S. pneumoniae are Gram-positive
species, which can survive in an anaerobic environ-
ment and utilize glucose [40, 41], and might compete
with LAB for nutrients, but the roles of these species
in silage production have rarely been reported. Moreo-
ver, E. coli and S. pneumoniae are common pathogenic
bacteria that are prone to negatively affect the health
of humans and animals [41, 42]. E. coli may be trans-
mitted to forage crops and their preserved products
through shedding and fertilization of cow manure [43],
but it cannot survive in well-preserved silage [44]. S.
epidermidis is usually a Gram-positive species that is
harmless in its natural environment [45]. However, it
can cause virulent infections once it invades the human
body. Furthermore, it is necessary to be concerned
about the presence of pathogenic microorganisms dur-
ing silage production due to certain potential risks to
human and animal health [46]. Interestingly, although
the relative abundance of these species was high in CK
silage, they were almost non-existent in CKLP, SR and
SRLP silages. Therefore, this could provide an addi-
tional potential control point for the prevention of
the negative effects caused by S. pneumoniae, E. coli
and S. epidermidis, thereby reducing the impact on
the environment and animal health. Enterobacter may
also compete with the LAB for nutrients and produce
ammonia-N [39]. The species of P pentosaceus could
promote the fermentation process in the early ensiling
stage [47], and significantly increased the lactic acid
content [48]. The relative abundance of E. cloacae and
P. pentosaceus was high in CKLP silage, but they were
almost non-existent in SR and SRLP silages. It is well
known that the abundance of dominant bacteria can
decrease the diversity of the microbial community [49].
These might be due to fact that the high abundance of
Lactobacillus (>90%) in SR and SRLP silages inhibited
the growth of Enterobacter. Consequently, the SR could
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improve TMR anaerobic fermentation quality by stim-
ulating desirable Lactobacillus species and inhibiting
undesirable microbes.

In addition, the results at the level of microbial metabo-
lism can also prove the above statement. The abundances
of the phospho-transferase-system (PTS), fructose-
and-mannose-metabolism,  glycolysis/gluconeogenesis,
alanine-aspartate-and-glutamate-metabolism, pentose-
phosphate-pathway, lysine-biosynthesis, and starch-
and-sucrose-metabolism in SR and SRLP-treated silages
were higher than those in CK silage (Fig. 3A). Similarly,
Liu et al. [22] found that LAB inoculation could increase
the abundances of these metabolism pathways in barley
silage. In addition, these metabolisms were obviously
negatively correlated with glycine-serine-and-threonine
metabolism and oxidative-phosphorylation (Fig. 3B).
Moreover, the abundances of glycine-serine-and-thre-
onine-metabolism and oxidative-phosphorylation were
reduced in SR and SRLP-treated silages (Fig. 3A). The
reduced metabolisms of nitrogen, glycine, serine, and
threonine could decrease the production of ammonia-
N [50] since the decarboxylation of amino acid could
also result in the accumulation of biogenic amines [27].
Therefore, these changes in the metabolism pathways of
carbohydrate and amino acid might be the reason why
LAB inoculation and SR addition significantly increased
lactic acid content and decreased NH;-N content in
Napier grass TMR silage (Table 2, P<0.05).

Conclusions

Replacing a part of corn meal with dried soybean curd
residue (even at 3%) can effectively improve the fermen-
tation quality and microbial community of Napier grass-
based TMR silage, indicated by reduced butyric acid
and NH;-N content, increased lactic acid content and
the relative abundance of Lactobacillus, decreased the
relative abundances of pathogenic microorganisms like
Escherichia coli, Staphylococcus epidermidis, and Strepto-
coccus pneumoniae during ensiling. When dried soybean
curd residue was used together with LP inoculation, they
were further improved. The findings of this study would
provide a new technical approach for the effective use
of waste dried soybean curd residue and preparation of
fresh grass-based TMR silage in tropical and subtropical
regions.
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