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Abstract

The objective was to determine effects of cellulase, xylanase, and commercial fibrolytic enzymes on fermentation
quality, aerobic stability, bacterial community, and in vitro degradation of mixed silages. Mixtures of alfalfa, wheat
bran, and rice straw [80:15:5 on a fresh matter (FM) basis] were ensiled for 1, 3,5, 7, 15, 30, and 45 d after treatment
with: distilled water (control, C); cellulase (E); xylanase (X); or commercial fibrolytic enzymes (EX), with all enzyme prep-
arations applied at 100 U/g FM. The 45-day silages were subjected to an in vitro degradation test. Each of the three
enzyme-treated groups enriched relative abundance (RA) of Lactobacillus, Weissella, and Stenotrophomonas mait-
ophilia, increased water soluble carbohydrate (WSC) concentrations, and extended aerobic stability over 384 h, but
concurrently inhibited growth of undesirable microbes (i.e., Acinetobacter sp, Lelliottia amnigena, and Sphingomonas
sp), reducing pH and concentrations of ammonia nitrogen (AN), butyric acid (BA) and propionic acid (PA). Com-
pared to C, adding X or EX increased the RA of L. paralimentarius and L. parabrevis, enhanced accumulation of acetic
acid (AA) and crude protein (CP), and reduced hemicellulose content. Furthermore, E group silage had the highest
abundance of W. cibaria. In addition, EX enriched RA of Bacillus velezensis, reduced AN concentration, increased DM
degradability, total VFA production, and gas production during in vitro incubation. In conclusion, addition of X or
EX enhanced ensiling by enhancing concentrations of AA; however, EX was the most promising enzyme, based on
reducing AN concentration and increasing DM content and DM degradability.
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Background

In recent years, combining high-moisture forage and
agricultural by-products to produce a mixed silage has
great potential, as it not only provides optimal dry mat-
ter (DM) for ensiling but also promotes the feed industry
[1, 2]. For example, ensiling high-moisture amaranth with
rice straw improved fermentation quality and reduced
undesirable disposal and environmental impacts of the
straw [1]. Furthermore, paper mulberry was combined
with wheat bran to produce high-quality silage [3]. With
increasing cultivation of alfalfa in southern China, there
has been unprecedented interest in ensiling alfalfa with
crop by-products, which could ensure appropriate pres-
ervation by reducing effluent production, and provide
high-quality animal feed [4]. Ensiling alfalfa with wheat
bran or rice straw have great potential to use low-value
crop residues and provide year-round roughages for
ruminants.

Rice straw is not an optimal animal feed due to its
low digestibility [5]. Fibrolytic enzymes are often used
in silage production to degrade cell wall carbohydrates
to fermentable sugars, enhancing production of lactic
acid (LA) and improving degradability [6]. Cellulase and
xylanase are specific for breaking internal -1,4 linkages
of cellulose and hemicellulose (xylan) to release solu-
ble sugars [7]; applying cellulase inhibited undesirable
bacteria, improved fermentation quality, and increased

digestibility of soybean residue and corn stover mixed
silage [2]. Cellulase increased abundance of Lactobacil-
lus and decreased ammonia production in amaranth
and rice straw mixed silage [1]. The addition of xylanase
to sugarcane silage significantly increased acetic acid
(AA) content and decreased pH [8]. However, few stud-
ies investigated the efficacy of xylanase for use on mixed
silage. Cellulase and xylanase have distinct degradation
products due to their different sites of action on the cell
wall. Therefore, we hypothesized that addition of either
xylanase or cellulase alter bacterial community succes-
sion in mixed silage, and furthermore, that the combina-
tion of cellulase and xylanase have synergistic effects on
mixed silage fermentation.

The objective was to determine effects of cellulase and/
or xylanase on fermentation and nutritive characteristics,
bacteria community succession, in vitro digestibility, and
aerobic stability of mixed silage prepared by combining
alfalfa, wheat bran, and rice straw.

Methods

Silage preparation

Alfalfa was harvested at the 10% bloom stage from 3 ran-
domly selected sites on a commercial farm in Chang De,
China (longitude 112°06’58", latitude 29°06’27", altitude
30 m). Rice straw was post-harvest residue from the same
farm. The alfalfa variety was 55V12 (Beijing Clover Seed
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& Turf Co., Cal, USA), second year alfalfa is planted and
harvested in the second crop. The rice variety is Xiang
early indica No. 45 (Yiyang Agricultural Institute, Hunan,
China). Wheat bran was from Kangda Agricultural Prod-
ucts Co., Ltd. (Anhui, China). The alfalfa and rice straw
were chopped into 1-2 c¢m lengths with a fodder cut-
ter (93ZT-300; Xingrong Co., Ltd, Guangzhou, China).
Alfalfa, wheat bran and rice straw were combined in a
ratio of 80/15/5, based on preliminary experiments. A
total of 126 silage mixtures (4 kg alfalfa, 0.75 kg wheat
bran and 0.25 kg rice straw) were prepared, with 84 ran-
domly selected (4 treatments X7 sampling days x 3 repli-
cates/treatment), as follows: distilled water (control, C);
cellulase (E, 50,000 U/g, Rhawn Chemical Reagnt Co.,
Ltd, Shanghai, China); xylanase (X, 100,000 U/g, Rhawn
Chemical Reagnt Co., Ltd, Shanghai, China); and com-
mercial fibrolytic enzymes (EX, cellulase 20,000 U/g and
xylanase 15,000 U/g, Guangdong VTR Bio-Tech Co., Ltd.
Guangzhou, China). For all 3 enzyme-treated groups, the
amount of enzymes applied was 100 U/g of fresh forage,
based on the manufacturer’s recommendations.
Twenty-one silos were made for each treatment, with
3 silos per treatment opened after 1, 3, 5, 7, 15, 30, and
45 d of ensiling for fermentation quality analyses. Addi-
tives were dissolved in deionized water with constant
mixing and 20 mL/kg was sprayed (Gan Ming Co., Ltd.,
Jingsu, China) as a fine mist on the material to be ensiled.
All samples (600 g of raw material) were packed into vac-
uum-sealing nylon—polyethylene standard barrier bags
and vacuum-sealed (Dafeng Machinery Co., Ltd., Zheji-
ang, China) and stored at room temperature (~30 °C).

Chemical composition and fermentation characteristics

A sample of silage (20 g) was put in a blender with
180 mL distilled water, processed for 1 min, filtered
through 2 layers of cheesecloth and pH measured (SI400
pH meter, Spectrum, Aurora, IL, USA). The filtrate was
centrifuged (10 000X g, 15 min, 4 °C) and the supernatant
assessed for the following: volatile fatty acids (VFAs), lac-
tic acid (LA), and ammonia nitrogen (AN), as described
[9], using a phenol-hypochlorite reaction. Samples were
dried at 65 °C for 48 h in a forced-draft for DM analy-
sis and then ground in a knife mill with a 1-mm screen
for chemical composition analyses. Crude protein (CP)
and water soluble carbohydrate (WSC), neutral and acid
detergent fiber (NDF and ADF, respectively) and hemi-
cellulose (HC) contents were determined as described
[9, 10], A nitrogen analyzer (Kjeltec 8400, FOSS, Sweden)
was used to measure total nitrogen (TN); it was multi-
plied by 6.25 to estimate crude protein. The method of
Van Soest was used to assess neutral and acid detergent
fiber (NDF and ADF, respectively), with ADF subtracted
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from NDF to determined hemi-cellulose (HC) content.
Heat-stable amylase and sodium sulphite were used for
the NDF analytical procedure. The content of WSC was
analyzed by the phenol/sulfuric acid method.

Aerobic stability

To determine aerobic stability, 48 piles were randomly
chosen and ensiled as described for silage. After 45 d,
bales were opened, mixed thoroughly, and loosely packed
into 2-L sterile plastic boxes that were covered with 2 lay-
ers of gauze and held at 30-35 °C). Every 2 h, tempera-
tures of air and silage (middle of bottle) were measured
(Smowo MDL-1048A, Tianhe Automation Instrument
Co., Ltd, Shanghai, China). Aerobic stability was defined
as the interval for silage to become at least 2 °C temper-
ature warmer than air. Twelve silos were made for each
treatment, with 3 silos per treatment subjected to aerobic
exposure and pH assessed after 4, 8, 12 or 16 d.

Sequence analyses of bacterial communities

Unfermented (fresh) silage and silage ensiled for 5, 15,
and 45 days were selected for bacterial community anal-
yses. The DNA was isolated (DNA kit, DP812, Tiangen,
Beijing, China) according to manufacturer’s instructions,
from frozen—thawed samples of silage. The DNA was
quantified with a NanoDrop 2000 and quality determined
with 1% agarose gels. Single molecule real-time (SMRT)
sequencing was done, with primers 27F and 1492R to
detect 16S rRNA genes, and polymerase chain reaction
(PCR) was done as described [9]. All DNA assessments
were done by Biomarker Technologies Corporation (Bei-
jing, China). A PacBio Sequel (Pacific Biosciences, Menlo
Park, CA, USA) was used for analyses, with sequences
determined as described [9]. Alpha diversity used Shan-
non, Simpson’s diversity, Chaol and rarefaction esti-
mators, principle component analysis (PCA), with R
heatmaps prepared as described [1]. Comparisons of
microbial variations during ensiling were done using
the Latent Dirichlet allocation effect size (LEfSe) analy-
sis with a Kruskal-Wallis test (P<0.05) with a linear dis-
criminant analysis (LDA) score>4.0. The BMK Cloud
Platform (http://www.biocloud.net/) was used for data
analyses.

In vitro rumen fermentation trial

For in vitro batch culture, rumen fluid was collected from
3 lactating, ruminally cannulated Holstein cows approxi-
mately 2 to 3 h after the morning feeding. Cows were
fed a TMR (DM basis) consisting of corn silage (38.2%),
alfalfa hay (4.0%), dry rolled corn (27.3%), soybean meal
(14.5%), citrus pulp (9.1%), and a mix of minerals and


http://www.biocloud.net/

Mu et al. Chem. Biol. Technol. Agric. (2023) 10:40

supplements (6.8%). Diets were offered twice daily (06:00
and 14:00 h).

Rumen fluid was manually collected, filtered through
two-layer cheesecloth, and pooled in pre-warmed ther-
mos flasks kept at 39 °C. Thermos flasks containing
pooled rumen fluid were kept airtight until transported
to the laboratory for final filtration with 2 more layers
of cheesecloth (total of 4 layers). Rumen fluid inocu-
lum was then added to a buffered pre-warmed (39 °C)
media Goering and Van Soest [11] in a 1:2 ratio (rumen
fluid:artificial saliva). The media was continuously
infused with CO, to maintain the anaerobic environment
for the rumen fluid inoculum.

In vitro incubations were conducted on 2 separate days
(runs) using silage samples after 45 d of ensiling that were
ground to 4 mm, with 0.05 g placed in Ankom F57 fil-
ter bags (Ankom Technology, Macedon, NY). Bags were
sealed and placed into serum bottles before incubation.
Buffered rumen fluid (52 mL) was added to the 160-mL
serum vials containing throughout Ankom bags, each
160-mL serum vials contains one Ankom bags, and a
continuous stream of CO, was flushed into the vials the
inoculation process. Vials were closed with rubber stop-
pers and crimped with aluminum seals. Vials were imme-
diately placed in an air-forced incubator at 39 °C with a
shaking system for 48 h. Gas pressure was measured
at 0, 4, 8, and 12, 24, and 48 h after incubation using a
pressure transducer and subsequently converted to gas
volumes (after correcting for gas volumes from blank
bottles). Based on our lab conditions, pressure was con-
verted to volume using the following equation:

Gas vol. (mL) = [Gas pressure (psi) x 4.8843] + 3.1296

The DM degradability was calculated after 48 h of incu-
bation duration, with 72 samples (4 treatments X 3 indi-
vidual silage samplesx 3 replicates per sample X2 runs)
analyzed. Incubations were terminated by placing bottles
on ice. Bags were taken out of serum vials, washed with
tap water until effluent was clear, and dried in a forced-
air oven set at 60 °C for 48 h. In vitro degradability of DM

Table 1 Chemical composition of raw materials before ensiling
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and of NDF were calculated as their weight loss after an
in vitro test.

After 48 h incubation, rumen fluid from 160-mL serum
vials was collected for pH, volatile fatty acids, and AN
analysis. The pH of the rumen inoculum post-incuba-
tion was measured using a pH meter (Corning Pinnacle
M530, Corning Inc., Corning, NY). An aliquot (10 mL) of
ruminal fluid was pooled into 15 mL centrifuge tubes and
acidified with 0.1 mL of 20% H,SO,. A water-based solu-
tion using ethyl acetate extraction was used to determine
VFA concentrations in ruminal fluid samples. Samples
were prepared as described [12] and assessed with a gas
chromatograph (Agilent 7820A GC, Agilent Technolo-
gies) using a flame ionization detector and a capillary col-
umn (CP-WAX 58 FFAP 25 m X 0.53 mm, Varian CP7767;
Varian Inc.). Column temperature was maintained at
110 °C, and the injector and detector temperatures were
200 and 220 °C, respectively [13]. Concentrations of
AN in samples were measured as described [14]. Sam-
ples were thawed at room temperature and centrifuged
at 10,000x g for 15 min. The supernatant was analyzed
using the phenol-hypochlorite method in a 96-well flat-
bottom plate. Absorbance was measured with a spectro-
photometer (SpectraMax Plus 384 Microplate Reader,
Molecular Devices, San Jose, CA, USA) at 620 nm.

Statistical analyses

Fermentation quality and chemical composition were
analyzed as a 4 (treatments)Xx7 (ensiling days) facto-
rial arrangement by the GLM procedure (SAS 9.3, SAS
Institute Inc., Cary, NC, USA) with a model containing
factors including the treatment, ensiling day, and their
interaction. The experiment was conducted as a com-
pletely randomized design (4 treatments, with 7 dura-
tions of ensiling to assess fermentation and chemical
compositions). Means among treatments were tested
using the Tukey’s test (P<0.05). The same method as
above was adopted for statistical analysis of pH during
aerobic exposure days. Chemical compositions of raw
materials data were subjected to one-way analysis of vari-
ance, bacterial diversity were subjected to one-way analy-
sis of variance and polynomial contrast examine effects

Item Alfalfa Rice straw Wheat bran Mixture SEM P value
Dry matter (g/kg FW) 163 924 913 364 126.02 <0.001
Crude protein (g/kg DM) 219.83 30.16 167.01 17237 28.26 <0.001
Neutral detergent fiber (g/kg DM) 52292 680.16 45943 489.05 32.82 <0.001
Acid detergent fiber (g/kg DM) 389.26 538.14 224.90 321.65 4527 <0.001
Hemicellulose (g/kg DM) 133.66 142.02 234.53 167.41 16.57 <0.001
Water soluble carbohydrate (g/kg DM) 78.03 34.51 86.28 79.85 7.80 <0.001

FW, fresh weight; DM, dry matter; Mixture =80% alfalfa + 15% wheat bran + 5% rice straw on a fresh matter basis
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Table 2 Effects of additives on fermentative characteristics of silages
Item’ Treatment?>  Day of ensiling SEM3 Pvalue*
1 3 5 7 15 30 45 T D TxD

pH C 4930 4528 4238 4208 420" 416" 4177 003 001 <0001  <0.001

E 490" 467" 425" 415¢ 4178 4138 4058

X 491" 46178 428 4200 413 409 4058

EX 4920 466" 426" 4208 412¢ 409° 4058
Lactic acid C 8298 1920% 3034  3546" 41510 4186" 40160 133 <0001 <0001 <0001
(g/kg DM) E 923" 16748 22378 3628" 4249% 4204, 4043"

X 1046%  1542C  2722% 30908 41774 4030"  37.93°

EX 930" 14120 2789 3193 4189%  4084* 4023
Acetic acid C 4398 6.19¢ 9.38¢ 9810 11.74¢ 12358 11728 0.04 <0001 <0001 <0001
(g/kg DM) E 3.07¢ 5.280 897° 1077 12678 13368 12307

X 6.37" 7108 1232% 1249%  1556° 16130 14401

EX 4578 857" 11758 1309 11865  1679"  1396"
Propionicacid ~ C 0.15% 0.178 0324 052" o71* 0.76% 086" 003 <0001 <0001 <0001
(g/kg DM) E 0.14% 0.15¢ 0.198 0.56" 071 0.76" 0.718

X 0154 017%¢ 030" 0.26¢ 0.36° 075%  052¢

EX 0.14% 0.19% 0.30% 0498 0328 062" 0.51¢
Butyric acid C 006" 006" 006" oA ot 0117 012% 000 <0001 <0001 <0001
(g/kg DM) E 0.06° 006" 006" 0117 011" 011" 0108

X 0.062 0.068 0.06" 0.068 0.068 0.118 0.108

EX 0.05¢ 0.068 0.08" 0.06° 0.06° 0124 0.10°
Ammonia C 2258 35354 3814%  4921%  7025% 7459 9513 280 <0001 <0001 <0001
nitrogen E 12098 25418 3125%%  4138% 6239  7830" 86518
(g/kg TN) X 14938 22358 29818 31465 6049® 75060 8234%

EX 14498 2082% 2227 3076° 5044® 74720 7783

A-D Within a day of ensiling, groups without a common superscript differed (P<0.05)

' DM, dry matter; FW, fresh weight; TN, total nitrogen
2 ¢, control; E, cellulase; X, xylanase; EX, commercial fibrolytic enzymes
3 SEM, standard error of mean

4T, treatments; D, ensilage days; Tx D, interaction between treatments and ensilage days

of the different silage times; differences were located with
Tukey’s; and P<0.05 was considered significant.

For the in vitro rumen fermentation trial, data were
analyzed for individual silage using the GLM procedure
of SAS as a completely randomized block design using
run as a blocking factor, treatment was used as a fixed
effect and run as a random effect in the model. For gas
production data, treatment, sampling hours, and inter-
actions were tested in the model as fixed effects. For all
analyses, P<0.05 was considered significant and differ-
ences were located with Tukey’s.

Results

Chemical compositions of fresh material

Prior to ensiling, mixture characteristics were: DM =364
g/kg fresh weight (FW); WSC=79.85 g/kg dry weight
(DW); CP=172.37 g/kg DW; NDF =489.05 g/kg DW; ADF
=321.65 g/kg DW; and HC=167.41 g/kg DW (Table 1).

Fermentation characteristics of mixed silages

There was an interaction between treatment and ensil-
ing days for pH, LA, AA, propionic acid (PA), butyric
acid (BA), and AN (Table 2). Both E and EX had higher
pH than C on d 3, whereas X had higher pH than C on
d 5. After 15 d of ensiling, the pH of E, X, and EX silages
was lower (P<0.05) than that of the C silage. The high-
est (P<0.05) LA concentration was observed in C silage
during the first 5 d of ensiling; thereafter, LA concentra-
tions in cellulase-treated silages increased to the same
level as in C. The AA concentration was higher (P<0.05)
in X silage than C silages throughout the entire ensiling
period. At 3, 5, 7 and 30 d of ensiling, the concentra-
tion of AA was higher in EX silage than in C silage, with
higher (P<0.05) AA concentration in E vs. C silage after 7
d of ensiling. After 45 d of ensiling, enzymes lowered BA
and PA concentrations as compared to C silage (P<0.05),
with X and EX silages having lower PA concentrations
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Table 3 Effects of additives on the chemical compositions of silages
Item’ Treatmens®> Day of ensiling SEM3 Pvalue*
1 3 5 7 15 30 45 T D TxD

DM C 3578 352¢ 3458 346° 3478 346" 3448 100 <0001 <0001 <0001
(g/kg FM) E 364" 362"8 365" 34718 3547 3517 3534

X 36118 3608 360" 3524 350"8 3454 3448

EX 3578 370% 3614 3514 3524 3514 3534
WSC C 6035°  60.24° 60.168 56.89¢ 5746 56.37° 52.88¢ 131 <0001 <0001 <0001
(g/kg DM) E 67.88° 81838 67.958 61518 61.108 60.104 58678

X 77.088 76448 67.318 6533%  6526%  6123% 6149

EX 88.48" 10509 8860 6392"%  63.95 6185%  60.16"
Crude protein ~ C 17709"  17880" 175108 17578 175958 17507 172328 020 <0001 <0001  <0.001
(g/kg DM) E 176358 17834% 174408 177045 178324  17617"%  17288°

X 17845%  17659%  17640"  17924" 17818  17705" 17669

EX 178840 17691%  17677% 17855 17844 175538 17498
NDF C 48886"%  49192%  48054%  47490"  48306% 44055 43809 230 <0001 <0001 <0001
(g/kg DM) £ 49650 469.06°  47737"% 46138  46736" 440210 43802"

X 47652%C  458925¢ 457488 44478%  45644° 42640  42684"

EX 46695  44411C  45033%  45014"%  46438"8  437.04%  43174%
ADF C 317358 34106"  33847"% 31528°  32503% 31601  32203" 142 <0001 <0001 <0001
(g/kg DM) E 31580%  31892%  32433%  32173% 335050 321.90%  32329"

X 320108 33034%  31763% 336224 333734 32569  32288"

EX 33992%  33029%  34638% 34593  34483% 33109"  296.85°
Hemicellulose  C 17151%%  15086" 14207  15962" 16303 12454" 11607"® 250 <0001 <0001 <0001
(g/kg DM) E 180.70"  150.15%  153.04"  13964"% 13222 11831 114.74"8

X 156428 12857%%  13985% 10857 12272 10071%  103.96°

EX 12703¢  11382% 112958 113225¢ 119558 106858 134.89"

A-D Within a day of ensiling, groups without a common superscript differed (P<0.05)

' DM, dry matter; FW, fresh weight; WSC, water-soluble carbohydrates; NDF, neutral detergent fiber; ADF, acid detergent fiber

2 ¢, control; E, cellulase; X, xylanase; EX, commercial fibrolytic enzymes

3 SEM, standard error of mean

4T, treatments; D, ensilage days; Tx D, interaction between treatments and ensilage days

than other treatments. Compared to untreated silage,
AN concentration was lower (P<0.05) in enzyme-treated
silages than in C silages at 1, 3, 7 and 45 d of ensiling,
with the lowest (P<0.05) AN concentration in EX silage
after 3 d of ensiling.

Chemical composition of mixed silages

There was an interaction between treatment and ensil-
ing days (P<0.01) for DM, WSC, CP, NDF, ADF and
HC (Table 3). The DM content in C silage was the low-
est (P<0.05) between d 3 and 15 of ensiling, and both E
and EX silages had higher (P<0.05) DM content than C
silage after 45 d of ensiling. Adding enzymes increased
WSC contents as compared to C silage over the entire
ensiling periods, and the WSC contents in EX silage was
highest from d 1 to 5. After 15 d of ensiling, the WSC
contents in X and EX silages was higher than that of

other treatments. The lowest CP content was in C silage
after 7 d of ensiling, whereas X and EX silage had greater
CP content than all other groups after 45 d of ensiling.
Enzyme-treated silages had lower NDF contents than
C silage during the initial 15 d of ensiling. There was a
lower ADF content in EX silage vs. control after 45 d of
ensiling. Compared to C silage, X and EX-treated silages
had lower HC content than C during 30 d of the ensiling,
and the lowest and highest HC content were observed in
X and EX silages, respectively, after 45 d of ensiling.

Aerobic stability

Applying E, X or EX extended the aerobic stability as
compared to C silage (384 vs. 361 h). There was an inter-
action for pH during aerobic exposure (P<0.01) (Fig. 1a,
b); for C silage, there was a sharp rise in pH after 12 d
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Aerobic exposure days

Fig. 1 Aerobic stability (A) and dynamics of pH (B) during aerobic exposure days. C, control; E, cellulase; X, xylanase; EX, commercial fibrolytic
enzymes. D, ensilage days; T, treatments; T X D, interaction between treatment and ensiling days

Table 4 General information of sequence and bacterial diversity

Day Treatment Item
Sequences Shannon Simpson Chao 1 Good’s coverage
M 27,594 582 0.96* 207.13% 0.998
5d C 29,046 4018 0.85"6¢ 190.93"® 0.996
E 29,056 3.370¢ 0.75BCPEF 177.50"8 0.996
X 31814 3.528CP 0.80%P 200.20* 0.995
EX 27,221 3408P 0.79B<LE 167.83"8 0.996
15d C 30,608 4308 0.89"8 186,638 0.996
E 32216 3.25CPFF 0.72¢PFF 174.18"8 0.997
X 26,429 24656 0.576 150.378 0.997
EX 28,981 24476 0.57° 174.13"® 0.996
45d C 30,663 2.85PFFG 0.69PEF6 98.04¢ 0.999
E 25312 2.275 0,656 60.56° 1.000
X 29,259 1.985 0627 57.12¢ 1.000
EX 31415 2.116 0.645F6 65.05¢ 1.000
SEM - 0.13 0.02 9.20 -
Pvalue
Linear - <0001 <0001 <0001 -
Quadratic - <0.001 <0.001 <0.001 -

A=GWithin a column, means without a common superscript differed (P <0.05)

M, mixture =80% alfalfa + 15% wheat bran + 5% rice straw on a fresh matter basis, C, control E, cellulase; X, xylanase; EX, commercial fibrolytic enzymes
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Fig. 2 Principal coordinate analysis of the bacterial community in mixed silage. M, mixture; C, control; E, cellulase; X, xylanase; EX, commercial

fibrolytic enzymes

of aerobic exposure, whereas E, X and EX silages still
remained stable after 16 d.

Microbial community

Enzymes-treated silages had lower Shannon, Simp-
son index and Chaol values as compared to C silage
after 5, 15, and 45 d of ensiling (Table 4). According
to the principal component (PCA; Fig. 2) analysis, the
abscissa variation coefficient is 43.84%, and the ordi-
nate variation coefficient is 19.90%, and there were dif-
ferences in the bacterial community during ensiling,
with 45-day silage separated from fresh, 5-, and 15-day
silages. The relative abundances (RA) of bacteria on
genus and species levels during the ensiling of mixed
silages are shown in Figs. 3 and 4. Weissella, Acineto-
bacter, Pseudomonas, Stenotrophomonas, Sphingobac-
terium, and Chryseobacterium were the main epiphytic
bacteria at the genus level in a mixture before ensiling.
The main epiphytic bacteria at the species level were
W. cibaria, Acinetobacter sp, Sphingobacterium sp,
Pseudomonas fragi, Pseudomonas putida, and uncul-
tured Stenotrophomonas. Dominant species changed
from L. parabrevis, L. nodensis, L. paralimentarius, L.

plantarum, and W. cibaria on d 5 and 15 of ensiling
to Pseudomonas putida and Stenotrophomonas malt-
ophilia on d 45 of ensiling. Enzyme-treated silages had
higher RA of Lactobacillus and Weissella than C silage
on d 5 and 15 of ensiling. The X and EX silages had
higher RA of L. paralimentarius, whereas E silage had
the highest RA of Weissella and W. cibaria on d 5 and
15 of ensiling. The RA of Lactobacillus and L. para-
brevis in X and EX silages were higher than that of the
other 2 treatments on d 15 of ensiling. Compared to C
silage, enzyme-treated silages had a higher RA of Sten-
otrophomonas maltophilia on d 45 ensiling.

Based on linear discriminant analysis (LEfSe) (Fig. 5),
at 5 d of ensiling, L. paralimentarius was enriched in
X-treated silage, whereas L. nodensis and L. plantarum
were enriched in E-treated silage. After 15 d of ensil-
ing, L. parabrevis was enriched in EX silage, and W.
cibaria was enriched in E silage, whereas Acinetobacter
sp and L. nodensis were enriched in C silage. At 45 d of
ensiling, Stenotrophomonas maltophilia was enriched
in X silage; Bacillaceae, Bacillus, and Bacillus velezen-
sis were enriched in EX silage; and L. parabrevis and
Pediococcus pentosaceus were enriched in C silage.
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Heatmaps (species level) of main bacterial communi-
ties in mixed silage are shown (Fig. 6). Acinetobacter
sp, Lelliottia amnigena, and Sphingomonas sp, were
positively correlated with C silage, whereas there were
negative correlations between enzyme-treated silages
and these bacteria. However, E silage was positively
correlated with W. cibaria, L. brevis, Pantoea agglo-
merans, and EX silage was positively correlated with
Chryseobacterium indoltheticum.

In vitro degradability, rumen fermentation parameters,
and gas production

In vitro DM degradability in E, X, and EX silages was
higher than that of C (P=0.07), whereas there was a
tendency of increase in NDF degradability for E and EX
silages compared to C. Total VFA production tended to
increase by 4.57, 5.06, and 13.03% with E, X, and EX-
treated silage, respectively, resulting in lower pH in
EX silage compared to C silage. There were no signifi-
cant differences among treatments for concentrations
of acetate, propionate, butyrate, iso-butyrate, valerate,
iso-valerate, and AN (P>0.05) (Table 5). Furthermore,

gas production was higher (P<0.01) in enzyme-treated
silages than C silage from 4 to 24 h of incubation
(Fig. 7).

Discussion

After mixing alfalfa with rice straw and wheat bran, the
DM and WSC content was adjusted to 364 g/kg FW and
79.85 g/kg DW, which met the requirements for ideal
DM (300-400 g/kg FW) and WSC (>50 g/kg DM) con-
tent [15].

Effects of additives on fermentation and aerobic stability
of alfalfa mixed silage

Enzyme-treated silages had higher pH and lower LA
concentrations than the control during the initial 5 d of
ensiling. Perhaps fibrolytic enzymes indirectly provided
fermentable sugars, which were degraded from cell wall
polysaccharides after a short lag [16]. In the previous
study, applying cellulase in mixed silage of high-moisture
amaranth and rice straw silage did not markedly accel-
erate LA fermentation during the initial 5 d of ensiling
[1]. In mixed silage (corn and hulless—barley straw), LA
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accumulation was less efficient in cellulase- or xylanase-
treated silages than in silages with added molasses [6].
However, after 15 d of ensiling, there was lower pH and
higher LA concentrations in the E, X, and EX silages
than C silage. Similarly, in a previous study, adding cellu-
lase promoted production of LA, reducing pH in hybrid
Pennisetum silage compared to the control after 60 d of
ensiling [17]. A similar reduction in pH was obtained in
xylanase-treated sugarcane silage after 60 d of ensiling
[8]. Cellulase and xylanase hydrolyzed f-1,4-glycosidic
linkages in major plant polysaccharides, cellulose, and
xylan, making WSC available for silage fermentation by
LAB [18, 19]. In the present study, X silage had higher

AA concentrations than C silages throughout ensil-
ing. Furthermore, adding xylanase to sugarcane silage
increased AA concentration as compared to the control
[8]. We speculate that more xylose production is benefi-
cial to heterofermentative LAB production. Both homo-
and heterofermentative LAB can ferment various pentose
sugars; the xylose is taken up by specific permeases and
converted to D-xylose-5-phosphate which is then fer-
mented to a mixture of LA and AA [20].

All 3 enzyme-treated silages had a significantly lower
AN content than C silage on d 45 of ensiling, attributed
to lower pH and higher AA concentration in enzyme-
treated silages than in C silage. Furthermore, AN is
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Table 5 In-vitro dry matter and NDF degradability, rumen pH, ammonia, gas productions and volatile fatty acid of rumen incubated

alfalfa mixed silage prepared with enzyme after 48 h of incubation

Item Treatment! SEM? Pvalue
C E X EX
In vitro dry matter degradability (%) 68.60 7247 69.86 74.26 0.95 0.07
In vitro NDF degradability (%) 61.60 6591 62.50 64.18 0.73 0.12
pH 6.08 6.05 6.12 575 0.09 0.53
Ammonia nitrogen (mg/dL) 25.85 24.06 2545 2543 0.58 0.56
Total VFA (mM) 96.75 101.32 101.81 109.78 291 0.56
Acetate (mol/100 mol) 5247 50.59 52.29 51.50 0.73 042
Propionate (mol/100 mol) 23.21 23.10 2298 2293 0.53 0.79
Acetate to propionate 2.27 2.20 2.29 2.26 0.08 0.05
Butyrate (mol/100 mol) 14.34 14.62 14.46 14.74 0.10 0.66
iso-Butyrate (mol/100 mol) 2.36 2.66 244 2.57 0.08 0.12
Valerate (mol/100 mol) 3.29 408 3.60 3.67 017 039
iso-Valerate (mol/100 mol) 433 494 423 460 017 039
Gas production (mL) 126.22 12543 121.92 121.67 5.07 0.01

' C, control; E, cellulase; X, xylanase; EX, commercial fibrolytic enzymes

2 SEM, standard error of mean

usually an indicator of clostridia and enterobacteria,
which are inhibited by low pH [21]. As AA reduces pH
and inhibits growth of organisms that promote spoil-
age [8], it may have improved silage quality in this study.
The EX silage had the lowest AN concentration after 3
d of ensiling. The superior effect of EX treatment in this
study was attributed in part to synergistic effects of cel-
lulase and xylanase on mixed silage. In this study, X and
EX silages had lower PA concentrations than other treat-
ments after 45 d of ensiling. Similarly, application of
Pediococcus acidilactici and cellulases decreased PA in
Caragana korshinskii Kom. silage after 60 d of ensiling. In

T:P=0.80
140 -

H:P<0.01

120 - TxH:P=1.00

N ,,—»—«- __—: _______
80 -
60 -
40 |

20 -

in vitro gas production (mL)

Incubation time (H)
Fig. 7 Effects of enzyme on in-vitro gas production collected at
several timepoints during 48 h incubation using alfalfa mixed silage.
C, control; E, cellulase; X, xylanase; EX, commercial fibrolytic enzymes.
T, treatments; H, hour; Tx H, interaction between treatments and
hour

general, clostridial secondary fermentation can metabo-
lize LA to propionic acid [22]. Reduced PA concentra-
tions from application of cellulases may contribute to
inhibited secondary fermentation, with better nutrient
preservation [23], consistent with higher WSC and CP
contents in X and EX silages after 45 d of ensiling.

In the study, greater WSC in EX silages than C silage
was attributed to direct hydrolyzation of lignocellulose
by cellulase and xylanase, releasing additional ferment-
able substrate. Cellulase accelerated LA fermentation
and the decrease in pH, which were attributed to indi-
rect supplementation of WSC by degradation of ligno-
cellulose [24]. That C silage had the lowest DM content
in this study may have been due to heterogeneous fer-
mentation [25], consistent with Zhang et al. [26] who
reported that adding cellulase markedly increased DM
recovery in Caragana korshinskii Kom. silage. In this
study, the CP content in C was lower than in X and EX
silages, indicating more intensive proteolysis.

The lower NDF content in E, X, and EX treated
silages than C silage during the initial 15 d of ensiling
were attributed to: first, cellulase and xylanase effec-
tively degrading cell wall carbohydrates in forage, thus
reducing NDF and HC content in silage [27]; and sec-
ond, the low pH promoting hydrolysis of the cell wall
fraction, thereby reducing NDF and HC [28]. In that
regard, cellulase lowered NDF and HC content as com-
pared to control in hulless—barley straw mixed silage
[29]. Xylan is the main component of hemicellulose,
and the most important enzymes involved in hemicel-
lulose degradation are xylanases and B-1-4 xylanases,
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which contributed to the lower HC contents in X silage
than C silage.

Enzymes improved aerobic stability of silage. Per-
haps the high AA concentration inhibited the growth of
yeasts and molds to improve aerobic stability [30]. Sim-
ilarly, cellulase and xylanase improved aerobic stability
in bermudagrass silage [31].

Effects of additives on microbial community dynamics
during ensiling

The lower alpha diversity in enzyme-treated silages
than C silage after 5, 15, and 45 d of ensiling was attrib-
uted to the dominance of LAB and lower pH in enzyme-
treated groups. In that regard, there was low alpha
diversity when the dominant LAB became relatively
simple during ensiling [32]. The dominance of LAB
accompanied by a decreased pH inhibited proliferation
of undesirable microbes, reducing microbial diversity
in alfalfa silage [33]. In the study, 45-day silages were
separated from fresh, 5-, and 15-day silages, indicating
clear differences in bacterial communities.

Before ensiling, Weissella, Acinetobacter, Pseu-
domonas, Stenotrophomonas, Sphingobacterium, and
Chryseobacterium were the main epiphytic bacteria. All
of those epiphytic bacteria were also detected (at the
genus level) in fresh Italian ryegrass, corn stover, and
paper mulberry [34-36]. In this study, the most domi-
nant genus changed from Lactobacillus after 5 and 15 d
of ensiling, and to Pseudomonas and Stenotrophomonas
after 45 d of ensiling. It is well-known that Lactobacil-
lus is a rod-shaped LAB, with crucial roles in producing
LA production and decreasing pH and it became the
dominant bacteria in the natural fermentation of corn
silage at the early stage of ensiling [37]. However, roles
of Pseudomonas and Stenotrophomonas is silage are not
well-known.

Pseudomonas can inhibit pathogenic microorganisms
during plant growth and continue to survive in an anaer-
obic environment [38, 39], whereas Stenotrophomonas
maltophilia is a non-LAB related to lignocellulosic bio-
mass degradation [40]. However, as Pseudomonas and
Stenotrophomonas can degrade protein, they are consid-
ered undesirable bacteria in silage [41, 42]. In contrast,
Ogunade et al. [43] and Ren et al. [44] reported nega-
tive correlations between AN concentration and rela-
tive abundance of Pseudomonas and Stenotrophomonas.
Therefore, the roles of these 2 bacteria in silage need
further study. Desirable bacteria Lactobacillus and Weis-
sella were promoted soon after ensiling began, increas-
ing LA production and lowering pH [45]. The RA of
LA-producing bacteria (Lactobacillus and Weissella) was
higher in enzyme-treated silages than C silage at d 5 and
15 of ensiling. The availability of WSCs provides ready
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fermentation substrates to enhance proliferation of Lac-
tobacillus and Weissella [46]. In addition, molasses also
enriched abundance of Lactobacillus and Weissella in
soybean and amaranth silage, respectively [47, 48]. Cel-
lulase addition expectedly increased the LAB counts as
more WSC was available for microbial fermentation due
to cell wall degradation [49]. Zhao et al. [2] reported that
LAB was the dominant microorganism in mixed silage of
soybean residue and corn stover with cellulase after 56
d of ensiling, and furthermore, that Lactobacillus domi-
nated the bacterial community.

L. paralimentarius and L. parabrevis were higher in X
and EX silages than in the other 2 treatments after 15 d
of ensiling. L. paralimentarius are Gram-positive, cata-
lase-negative, facultative heterofermenters, whereas L.
paralimentarius was the main species observed in corn
silage after 90 d of ensiling [32, 50]. L. parabrevis was
also observed in whole-plant corn silage during 14 d of
ensiling [51], and was positively related to AA concentra-
tion [52]. In the current study, the addition of xylanase
increased AA concentration after 15 d of ensiling, and we
speculate that L. paralimentarius and L. parabrevis used
xylose to produce AA by heterofermentation. Weissella
is obligative heterofermentative LAB that converts WSC
into LA and AA during the early stage of ensiling [15].
In the current study, Weissella and W. cibaria had the
highest abundance in E silage after 5 and 15 d of ensiling,
which may have contributed to higher AA concentra-
tion in E silage than that in C silage after 15 d of ensil-
ing. Bacilli, Bacillaceae, Bacillus, and Bacillus velezensis
were higher in EX silage than in other 3 groups (based
on LEfSe analysis) for 5- and 45-day silages. Bacillus
improved fermentation quality and aerobic stability in
alfalfa silage [53], can improve animal performance, and
was defined as a fourth-generation silage inoculant [54].
Wang et al. [55] reported that adding pectinase increased
the abundance of Bacillus in alfalfa silage. Bacillus
velezensis had antagonistic properties towards toxigenic
molds in silage conditions [56], indicating bioactive roles
of EX in promoting growth of Bacillus velezensis to exert
antifungal properties. Furthermore, C silage had high RA
of spoilage-producing organisms (Acinetobacter sp, Lel-
liottia amnigena, and Sphingomonas sp). Lelliottia was
reclassified as a novel genus from Enterobacter, an unde-
sirable bacteria in silage [57]. Adding Moringa oleifera
leaf to alfalfa silage could decrease the RA of Lelliottia
[58]. Sphingomonas was considered to hydrolyze soluble
protein in silage comprised of agricultural by-products
[59].

Effects of additives on in vitro parameters
Cellulase and/or xylanase increased DM degradabil-
ity, total VFA production, and gas production during
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in vitro fermentation of mixed silage. Cellulase reduced
plant cell wall fractions and protein loss during ensil-
ing, providing more digestible substrates for fermen-
tation by rumen microbes and facilitating ruminal
digestion [60]. According to Del Valle et al. [8], xylanase
acts on the most digestible content of the NDF in sug-
arcane silage, increasing DM degradability. The in vitro
DM degradability in cellulase-treated mixed silage
of soybean residue and corn stover was significantly
higher than control [2]. Volatile fatty acids produced by
microbial fermentation in the rumen could be a main
energy source for ruminants [61]. Furthermore, there
was a strong positive relationship between in vitro
DM degradability and total VFA production [62]. In
this study, E, X, and EX-treated silage increased molar
proportions of VFAs and resulted in high gas produc-
tion, thereby decreasing pH, attributed to increased
DM degradability. The lower value of ADF, the higher
the digestibility of the feed and the higher the feeding
value [63]. In the current study, EX silage had the high-
est DM degradability, total VFA production, and lowest
pH, attributed to the lowest ADF content in EX silage
after 45 d of ensiling. The type of fermented substrate,
microbial population, and rumen environment influ-
ence the type of VFA produced in the rumen. Acetate,
propionate and butyrate are key VFAs formed in the
rumen, with small quantities of iso-butyrate, valerate,
and iso-valerate [61]. In the study, the dominant VFA
of ruminal fermentation was acetate, with no signifi-
cant differences among treatments for concentrations
of AA, PA, BA, iso-butyrate, valerate, or iso-valerate.
However, this contradicts a report of high concentra-
tions of AA, PA and BA in agricultural waste-based
complete feed silage given a cellulase enzyme treatment
[64]. This response may be attributable to the consist-
ency of the composition of the experimental diets [61].
The AN concentration in the study ranged from 24.06
to 25.85 mg/dL, within the target range (8.5-30 mg/dL)
to maximize microbial protein synthesis [65]. Further-
more, enzyme treatments did not have any significant
effect on AN concentration in the rumen. Similarly,
there was no significant effect on rumen AN concentra-
tion in complete feed silage treated with cellulase [64].

Conclusion

In this study, the addition of 3 enzymes released WSC,
decreased pH, AN, BA, PA contents, and extended the
aerobic stability over 384 h. Adding X and EX enhanced
accumulation of AA and CP, and reduced HC; however,
EX was the most promising enzyme for reducing AN
concentration. Enzymes increased the RA of Lactobacil-
lus, Weissella, and Stenotrophomonas maltophilia, and
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concurrently inhibited growth of undesirable microbes
(Acinetobacter sp, Lelliottia amnigena, and Sphingo-
monas sp). EX-treated increased DM degradability, total
VFA production, and gas production during in vitro
fermentation.
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