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Effect of organic acids on fermentation quality 2
and microbiota of horseshoe residue and corn
protein powder
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Abstract

This experiment aimed to investigate the impact of malic acid (MA) and citric acid (CA) on the nutritional
composition, fermentation quality, rumen degradation rate, and microbial diversity of a mixture of apple pomace
and corn protein powder during ensiling. The experiment used apple pomace and corn protein powder as raw
materials, with four groups: control group (CON), malic acid treatment group (MA, 10 g/kg), citric acid treatment
group (CA, 10 g/kg), and citric acid +malic acid treatment group (MA, 10 g/kg+CA, 10 g/kg). Each group has 3
replicates, with 2 repetitions in parallel, subjected to mixed ensiling for 60 days. The results indicated: (1) Compared
to the CON group, the crude protein content significantly increased in the MA, CA, and MA +CA groups (p<0.05),
with the highest content observed in the MA+CA group. The addition of MA and CA effectively reduced the
water-soluble carbohydrate (WSC) content (p <0.05). Simultaneously, the CA group showed a decreasing trend

in NDFom and hemicellulose content (p=0.08; p=0.09). (2) Compared to the CON group, the pH significantly
decreased in the MA, CA, and MA+CA groups (p<0.01), and the three treatment groups exhibited a significant
increase in lactic acid and acetic acid content (p<0.01). The quantity of lactic acid bacteria increased significantly
(p<0.01), with the MA+CA group showing a more significant increase than the MA and CA groups (p <0.05). (3)
Compared to the CON group, the in situ dry matter disappearance (ISDMD) significantly increased in the MA, CA,
and MA +CA groups (p<0.05). All three treatment groups showed highly significant differences in in situ crude
protein disappearance (ISCPD) compared to the CON group (p<0.01). (4) Good's Coverage for all experimental
groups was greater than 0.99, meeting the conditions for subsequent sequencing. Compared to the CON group,
the Shannon index significantly increased in the CA group (p<0.01), and the Simpson index increased significantly
in the MA group (p<0.05). However, there was no significant difference in the Chao index among the three
treatment groups and the CON group (p>0.05). At the genus level, the abundance of Lentilactobacillus in the MA,
CA, and MA+CA groups was significantly higher than in the control group (p<0.05). PICRUSt prediction results
indicated that the metabolic functional microbial groups in the CA and MA treatment groups were significantly
higher than in the CON group (p<0.05), suggesting that the addition of MA or CA could reduce the loss of
nutritional components such as protein and carbohydrates in mixed ensilage. In conclusion, the addition of malic
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acid and citric acid to a mixture of apple pomace and corn protein powder during ensiling reduces nutritional
losses, improves fermentation quality and rumen degradation rate, enhances the diversity of the microbial
community in ensiled feed, and improves microbial structure. The combined addition of malic acid and citric acid

demonstrates a superior effect.

Keywords Chinese water chestnut, Corn gluten meal, Malic acid, Citric acid, Mixed silage, Microbial community

Introduction

Chinese water chestnut (Eleocharis tuberosa), also
known as “horse’s hoof’; is a vegetable with high nutri-
tional and health care value, with white and sweet flesh,
and is clinically used to treat coughs, sore throats, and
urinary difficulties (Li et al. 2022). In folk medicine,
water chestnut is also used to treat chronic nephritis,
pharyngitis and enteritis (You et al. 2007). Water chest-
nuts are regarded as a nutritious delicacy in catering
(Hodge 1956). However, water chestnut by-products are
produced while consuming water chestnut. About 20%
of the total mass of water chestnut (w/w) is made up of
Chinese water chestnut residue (CWCR),a by-product
of water chestnut consumption that is often discarded
as waste (Xu et al. 2018). This causes great pollution to
the environment. The results of previous studies showed
that CWCR could be used as a biosorbent to remove the
material from wastewater (Khan et al. 2013). Meanwhile,
CWCR contains a large number of healthful bioactive
components, such as phenolic compounds, flavonoids,
sterols, and polysaccharides, whose small-molecule
structures and bioactivities have been widely reported
(El-Naggar et al. 2018). This indicates that CWCR has the
potential to be used as a natural functional feed. There-
fore, CWCR development and utilization has become
one of the hotspots for scientists’ research. But even with
silage, the high moisture content of CWCR makes it dif-
ficult to preserve for a long period of time. Moreover,
the high moisture content of silage creates a lot of unde-
sirable microorganisms that affect feed fermentation
quality. Previous researchers reported that mixing high-
moisture by-products with dry crops is an effective way
to solve the problem of high-moisture silage (Zhao et al.
2021).

A significant by-product of wet processing corn starch
is corn gluten meal (CGM), with a protein content of
about 60%, rich in a variety of amino acids such as leu-
cine, alanine and serine (Loy and Lundy 2019). However,
it has several issues, including acid imbalance (Gimi et
al. 2020), low essential amino acid content (VILA et al.
2020), and low digestibility (Jun et al. 2020). This high
protein feed widely used in livestock production is diffi-
cult to be absorbed and utilized by the gut after intake,
resulting in unsatisfactory utilization (Brown et al. 2022).
Therefore, proper pretreatment is necessary to improve
the effective utilization of CGM. A common way to
improve the utilization of CGM is enzymatic treatment,

which effectively reduces the production of antinutri-
tional factors in CGM and thus improves the hydrolysis
and digestibility of the substrate. However, a bitter taste
and poor heat tolerance due to enzymatic digestion that
impacts the palatability of CGM, which in turn causes
intestinal immune stress and livestock performance.
Therefore, enzymatic digestion faces challenges such as
variable strain performance and low tolerance. Currently,
adding organic acids directly to the silage seems like a
potential way to accelerate substrate fermentation in con-
junction with feedstock microbes and reduce the fermen-
tation cycle (da Silva et al. 2012). As a result, this process
breaks down the substrate into smaller peptides that are
more easily absorbed.

Nowadays, the production of silage makes extensive
use of additives. These can be divided into four categories
based on their purpose and impact: fermentation inhibi-
tors, fermentation enhancers, aerobic bacterial inhibi-
tors and nutritional additives. Organic acids are currently
widely used as silage fermentation inhibitors in silage
production because they may quickly lower the pH value
at the first stage of mixed silage and inhibit enzymes and
microbial activity (Guo et al. 2007). Malic acid (MA) and
Citric acid (CA) are important organic acids produced
in the process of sugar metabolism of living organisms,
which are widely existed in the fruits and vegetables in
nature. They are also important intermediate products
of the tricarboxylic acid cycle of living organism metabo-
lism and a byproduct of the CO, fixation reaction (Ke et
al. 2017). In production, MA and CA are used as a good
new silage additives with strong antioxidant effect, which
can rapidly reduce pH, decrease protein hydrolysis, accel-
erate the growth of lactic acid bacteria, and inhibit the
growth of yeasts and molds. In addition, lactic acid bac-
teria can grow and multiply more quickly when CA and
MA are used as a carbohydrate source to supply energy
for microbial activity. The results of Ke et al. showed
that CA and MA with lactic acid bacteria could improve
the fermentation quality of alfalfa silage (Ke et al. 2018).
However, little is known about how CA and MA affect
the microbial community and fermentation quality of
mixed CWCR and CGM silage.

In order to further improve the feed utilization of
CWCR and CGM, the study was conducted to combine
MA and CA with CWCR and CGM as raw materials.
A two-factor test was used to determine the synergistic
effect of the two. Additionally, the chemical composition,
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fermentation quality, rumen degradation, and microbial
compartments were analyzed to obtain the synergis-
tic fermentation products of organic acids with higher
digestibility. Finally, the study provided technological
support for the fermentation of CWCR and CGM by
organic acids and laid the theoretical foundation for their
production, processing, development, and use.

Materials and methods

Silage preparation

CWCR and CGM were purchased from Guang-
dong Province Wenshi Food Group Co. Ltd (112°14’E,
22°44’N), and MA and CA were provided by the Herbi-
vore Laboratory of South China Agricultural University.
CWCR and CGM were mixed well in a small blender at
a ratio of 76:24 to adjust the moisture to 70%. Adopting a
two factor experimental design. There were four experi-
mental groups: control (CON), Malic acid treatment
(MA), Citric acid treatment (CA) and mixed CA+MA
treatment. CA and MA addition amounts are both 10 g/
kg. Both additives were dissolved in 20 mL of distilled
water and sprayed uniformly in 1 kg of mixed silage using
a small spray bottle, and the CON group was sprayed
with an equal amount of distilled water. Placement of
well-mixed mixed silage in food-grade fermentation
bags (350x450 mm) with one-way venting valves, sealed
using a XH-1200BL vacuum packaging machine (Xuheng
Technology, China) to ensure anaerobic fermentation,
and placed in a silage room (25 °C+3°C) with a ther-
mostatic system to ferment for 60 days. Each test group
was prepared with 3 replicates per group, 2 parallels per
replicate, and the weight of the fermentation bag was
recorded for each replicate. After completion of fermen-
tation 3 samples were removed for testing. One sample
was placed at -80 °C for microbiota and microbial enu-
meration, the second sample was used for chemical com-
position and fermentation quality measurements, and the
third sample was used for in vitro simulated digestion
and rumen degradation measurements.

Fermentation quality analysis

Take out the mixed silage sample after 60 days of fer-
mentation, and place it for 15 min at 105°C. After that,
immediately dry it for 48 h at 65°C. The dried samples
were pulverized and passed through a 40-mesh sieve by
means of a SWLF-600 model grinder (Xulang Technol-
ogy, China). The dry matter (DM) content of each group
was determined and the dry matter recovery (DMR)
was determined according to the method described by
AOAC. Crude protein (CP) content was determined
using a fully automated Kjeldahl analyzer model 6800
(Foss, Sweden) (Hasan 2015). Neutral detergent fiber
(NDEF), acid detergent fiber (ADF) and acid detergent
lignin (ADL) of the samples were determined using a
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fiber analyzer model A200i (ANKOM, USA) (Van Soest
et al. 1991), and subsequently the residues of NDF and
ADF were placed in a muffle furnace model EL-F (CAR-
BOLITE GERO, Germany) at 550 °C for 2 h to obtain
NDFom and ADFom. The cellulose content was calcu-
lated using the difference between ADFom and ADL, and
the hemifiber content was calculated from the difference
between NDFom and ADFom. The content of WSC was
determined by colorimetric method using 3,5-dinitrosali-
cylic acid (Thomas 1977). Hao et al’s method was used to
determine starch content (Jiang and Lu 2018).

Chemical composition analysis

A sample of 15 g of mixed silage was taken, added with
135 mL of distilled water, and incubated in an air shaker
at 4 °C overnight, and then filtered using four layers of
gauze and qualitative filter paper, and the filtrate was
immediately measured using a pH meter (Sartorius
PB-10), and then centrifuged at 12,000 r/min for 15 min
at 4 °C, and then filtered through a 0.22 um membrane.
The resultant filtrate was divided into two portions, one
for the determination of acetic acid (AA), propionic acid
(PA) and butyric acid (BA) in the filtrate using an Intuvo
9000 gas chromatography system (Agilent, USA), and the
other for the determination of NH;-N using the colori-
metric method of phenol-sodium hypochlorite (Broder-
ick and Kang 1980).

Microbiological analysis

The samples were removed from the refrigerator at -80 °C
and the mixed silage was analyzed microbiologically by
plate counting (Olsen and Bakken 1987). To get the 10™*
dilution, first weigh 10 g of the sample, add 90 mL of ster-
ilized distilled water, mix the sample thoroughly in a ster-
ile polyethylene bag, then tap with a sterile homogenizer
for 2 min, the 10~ !-10~° gradient was made by successive
dilution with sterilized distilled water at a ratio of 1:9, and
the 3 optimal gradients, namely, 1072, 10~% and 1075,
were chosen to spread the dilution on the medium, and
the number of microorganisms was determined accord-
ing to the corresponding dilution times. Plate counting
method was used to count the microorganisms, and the
number of microorganisms was determined by conver-
sion according to the corresponding dilution times (Chen
et al. 2012). The results were summarized as follows:
the number of lactobacilli was determined using BLM
medium (De Man Rogosa, Thermo Fisher Scientific).
For coliform counts, BLB medium (Blue light broth agar,
Thermo Fisher Scientific) was used and incubated for
48 h at 30 °C. For yeast and mold counts, PDA medium
(Potato dextrose agar, Thermo Fisher Scientific) was used
and incubated at 30 °C for 24 h (Cai et al. 2011).
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Measurement of rumen degradation characteristics
The mixed silage samples were assayed at Dinghu Farm
of Winsor Foods Ltd. with the approval of the herbi-
vore laboratory of South China Agricultural University
(the composition and major nutrients of the test cow
diets are shown in Table 1). Nylon bags (size 7x12 cm
with 300 mesh pore size) were prepared for the deter-
mination of rumen degradation characteristics of the
samples as described by Hassanat et al. (Hassanat et al.
2013). Accurately weighed (740.000 1 g) of the sample to
be tested and placed in a nylon bag of known weight, 3
parallels were made for each sample at each time point
to be tested, and the nylon bag was sealed with a double
stranded leather band tie, 6 replicates were made for each
group of samples. Each 3 samples were fixed with nylon
ties on the wall of a section of plastic tube, rumen degra-
dation test based on the principle of removing the inputs
separately at one time, set 8 time points were placed in
the rumen at 0, 2, 4, 8, 12, 24, 36 and 48 h, respectively,
of which the sample of the time point of 0 h in a 39 °C
water bath for 1 h, and the other time points of the sam-
ples taken out uniformly placed under the tap water for
rinsing until the liquid was clear and odorless. The nylon
bags were dried in an oven at 65 °C for 48 h and weighed.
The degradation rates of rumen DM, CP and NDF were
determined. The Dhanoa (1988) equation was used to
determine the trophic kinetic parameters: y=a+b(1-e™)

’

Table 1 Composition and nutrient levels of the basal diet

Items Content
Ingredients

Corn, % of DM 13.31
Wheat bran, % of DM 3.67
Molasses, % of DM 0.98
Soybean meal, % of DM 3.17
Distillers dried grains with solubles, % of DM 561
Cottonseed meal, % of DM 2.16
Corn gluten feed, % of DM 7.31
Corn germ meal, % of DM 462
Premix', % of DM 049
Corn silage, % of DM 15.70
Leymus chinensis, % of DM 4298
Total 100.00
Nutrient levels?

Net Energy for Lactating /(MJ/kg) 544
CcpP 14.28
NDF 39.17
ADF 20.12
Ca 0.60
P 040

T, Premix: (% of DM) Ash 99.06%, Ca 14.31%, P5.54%, Mg4.88%, K 0.06%, Na
10.59%, Cl 2.89%, S 0.36%, Co 11 mg/kg DM, Cu 576 mg/kg DM, Fe 4,869 mg/
kg, I 52 mg/kg DM, Mn 1,811 mg/kg DM, Se 12 mg/kg DM, Zn 1,696 mg/kg DM,
vitamin A115,210 IU/ kg DM, vitamin D 46,120 1U/kg DM, vitamin E 578 IU/kg DM

2, The net energy of lactation was calculated value, others were measured value
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where y is the rate of protein degradation at the time of
incubation, a is the rapidly degradable fraction, b is the
potentially degradable fraction, c is the rate of degrada-
tion of the components, and t is the time point of incuba-
tion. Effective degradation rate: ED=a+b[c/(c+Kp)]. a, b,
¢ as above, Kp is the outflow rate, Kp=0.031/h (Dhanoa
2010).

Microbial diversity analysis

An accurately weighed 10 g of the 60d fermented mixed
silage sample was mixed with sterile PBS solution at
120 rpm/min for 2 h. The samples were filtered through
two layers of coarse cotton cloth, then rinsed with PBS,
and the filtrate was centrifuged at 12,000 rpm /min for
15 min to collect the bacterial organisms, total DNA was
extracted using the E.Z.N.A.@ kit (Omega Bio-tek, Nor-
cross, GA, US). NanoDrop2000 was used to detect the
DNA concentration and purity, and 1% agarose gel elec-
trophoresis was used to detect the quality of the DNA,
extracted DNA samples using the extracted DNA as a
template to amplify the 16srrna gene of V3-V4 (primers:
314 F, 5-AACMGGATTAGATACCCKG-3; 805R, 5’-AC
GTCATCCACCTTCC-3’). Amplification was performed
using PCR. The amplification procedure was as follows:
pre-denaturation at 95 °C for 3 min, 27 cycles (denatur-
ation at 95 °C for 30 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 30 s), followed by a stable exten-
sion at 72 °C for 10 min, and finally storage at 4 °C (PCR
instrument: ABIGeneAmp chart model 9700). The PCR
reaction was performed using template DNA of 20 uL,
and sterile double-distilled water was made up to 20 uL
(Hassanat et al. 2013). Three replicates were performed
for each sample. The PCR products from each set of sam-
ples were mixed and recovered using a 2% agarose gel for
on-boarding and sequencing using Illumina’s NovaSeq
PE250 platform. In order to analyze the microbial com-
munity, the relationship of overlap between the PE reads
obtained by sequencing was firstly spliced, and the same
quality control and filtering of the sequences was per-
formed to distinguish the samples for subsequent analy-
sis. The OTUs were clustered from Kingdom to Genus
by UPARSE 7.1 according to the principle of sequence
similarity greater than 97%. Classification was performed
at 6 hierarchical levels from the Kingdom based on Silva
database comparison (White et al. 2009).

Statistical analyses

Before analysis, microbiological data were transformed
by log,, on the basis of FM. Thereafter, all data were sub-
jected to 2-way ANOVA with the fixed effects of CA, MA
and the interaction effect of CA x MA, using the GLM
procedure of SAS (version 9.0, SAS Institute Inc., Cary,
NC). Tukey’s test was used for significance, where p<0.05
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Table 2 The chemical compositions and microbiological analysis
of Chinese water chestnut residue and corn gluten meal prior to

mixed silage

Items Chinese water  cornglu- CWCR+CGM
chestnut ten meal
residue(CWCR) (CGM)

Chemical composition

DM, % FW 19.31 90.79 31.03

CP, %DM 1043 41.30 15.06

pH 6.57 6.49 6.56

EE, %DM 291 241 2.84

Starch 18.21 12.70 17.39

NDF, %DM 47.37 21.30 43.45

ADF, %DM 28.68 10.80 26.00

WSC, %DM 8.80 241 7.84

Microorganism

LAB, log,, cfu/g FW 223 ND <2.00

CB, log,, cfu/g FW <2.00 ND <2.00

Yeast, log, cfu/g FW 212 ND <2.00

Mold, log,, cfu/g FW ND ND ND

NDF, neutral detergent fiber; ADF, acid detergent fiber; CFU, colony forming
units; CP, crude protein; DM, dry matter; FW, fresh weight; LAB, lactic
acid bacteria; CB, coliform bacilli; ND, not detected; WSC, water-soluble
carbohydrates
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indicates a significant difference, and p<0.01 indicates a
highly significant difference.

Results

Chemical characteristics of Chinese water chestnut residue
and corn gluten meal upon mixed silage

The microbial populations and chemical composition
of the two raw materials before silage were analyzed in
Table 2, and the DM contents of CWCR and CGM were
19.31% and 90.79%, respectively. Due to the high water
content of CWCR is difficult to direct silage, the addi-
tion of CGM can effectively reduce the silage moisture,
pH of both CWCR and CGM before mixed silage is
greater than 6.0, NDE, ADF and WSC content in CWCR
are higher than that in CGM, but CP in CGM is much
higher than that in CWCR, and the combination of the
two feed stuffs can provide a rapid propagation envi-
ronment for the lactic acid bacteria. Lactobacilli were
detected in CWCR at 2.23 log;, cfu/g FM and yeast at
2.12 log,, cfu/g FM, while E. coli was below the detection
level (<2.00 log,, cfu/g FM) and molds were not detected
in CWCR. Lactobacilli, Enterobacteriaceae, yeasts, and
molds were not detected in all of the CGM.

Analysis of malic acid and citric acid, chemical composition
and in situ effective degradability of Chinese water
chestnut residue and corn gluten meal upon mixed silage
After 60 days of silage, the chemical composition of the
mixed silage of CWCR and CGM is shown in Table 3, the
addition of MA and CA showed no significant difference

Table 3 The chemical compositions and in situ effective degradability of Chinese water chestnut residue and corn gluten meal upon
mixed silage on the condition of being added to malic acid and citric acid after 60 days

Items Treatment ! SEM p-Value®

CON MA CA MA+CA MA CA MAXCA
Chemical composition
DM, % of FW 3052 3061 30.85 3091 0.13 0.28 0.13 092
CP, % of DM 16.06° 17.50% 17.95° 17.23% 0.28 0.12 0.04 044
NDFom, of DM 36.53 3641 35.87 3592 125 037 0.08 042
ADFom, % of DM 2276 2235 2243 2198 0.74 0.77 0.12 0.28
ADL, % of DM 3.56° 3.18% 3.13% 3.067 0.08 0.09 0.048 031
Cellulose, % of DM 19.20 19.17 1930 1892 017 041 0.28 0.29
Hemicellulose, % of DM 1277 14.06 1359 13.89 034 0.12 0.09 0.25
WSC, % of DM 3.21¢ 2.87° 2.64° 232 0.12 004 0.02 048
In situ effective degradability
ISDMD,%% of DM 3647° 38.66° 38.32° 39.76° 048 0.02 0.04 0.25
ISNDFD,?% of NDF 1646 17.87 1753 1849 044 0.29 0.13 0.15
ISCPD,%% of CP 2565 26.76° 26.84° 27.53° 0.27 001 <001 036

NDFom, ash-free neutral detergent fiber; ADFom, ash-free acid detergent fiber on an om basis; CP, crude protein; DM, dry matter; FW, fresh weight; WSC, water-

soluble carbohydrates; SEM, standard error of the mean

#~“Means within a row with different superscripts differ from each other (p<0.05)
'Control = untreated feed; MA=malic acid (10 g/kg); CA=citric acid (10 g/kg);
MA+CA=malic acid (10 g/kg) +citric acid (10 g/kg)

2ISDMD = in situ effective DM degradability; ISNDFD=in situ effective NDF degradability; ISCPD=in situ effective CP degradability

3Tukey's test was used to detect differences between means at p<0.05
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(p>0.05) on DM and NH;-N in the mixed silage. In com-
parison to the CON group, the CP content of the three
treatment groups was increased by 9%, 9.9%, and 7.3%,
respectively, the CA group which showed a significant
difference (p<0.05). The differences were not significant
in MA and CA+MA groups and there was no interac-
tion of MA x CA interaction (p>0.05). Compared with
CON, the difference in NDFom content between MA
and MA+CA groups was not significant (p>0.05), and
there was a decreasing trend with NDFom content in CA
group (p=0.08) and no interaction of MA x CA. ADL
was not significantly (p>0.05) different between MA
and CA treatment groups except for MA+CA treatment
group which showed a significant difference with CON
formation (p<0.05). There was no significant difference
in the content of ADFom, Cellulose, and Hemicellulose
among treatments compared with CON group (p>0.05).
The WSC of MA-treated group, CA-treated group, and
MA +CA-treated group were all significantly reduced
(p<0.05) compared to CON, with MA+CA being the
lowest. It can be seen that the addition of MA and CA
can effectively reduce the ADL and WSC content and sig-
nificantly increase the CP content in mixed storage.

The addition of MA and CA showed different effects
on the effective in situ degradation rates of DM, CP
and NDF in mixed silage. The results of this experiment
showed that the MA-treated group, CA-treated group
and MA+CA-treated group showed significant dif-
ferences (p<0.05) in ISDMD compared with the CON
group. Among them, the effect of mixed addition of MA
and CA was much higher than that of single addition. In
ISNDED, none of the three treatment groups presented
significant differences compared to CON group (p>0.05).
In ISCPD, the ISCPD of MA, CA, and MA+CA groups
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were significantly increased (p<0.05) compared with
CON group. In addition, there was no significant differ-
ence in the two-way interaction of ISDMD, ISNDFD, and
ISCPD on MA x CA.

The Analysis of malic acid and citric acid, fermentation
characteristics and microbiological analysis of Chinese
water chestnut residue and corn gluten meal upon mixed
silage

The rate of pH decrease during mixed storage is one of
the key indicators of the success of mixed storage fer-
mentation. As can be seen from Table 4, the pH of each
treatment group with MA or CA showed a highly sig-
nificant decrease compared with that of the CON group
(p<0.01). Among them, the MA+CA group had the low-
est pH, but the difference between the three treatment
groups was not significant and there was no interaction
effect (p>0.05). It indicated that the addition of either
MA or CA could reduce the pH in mixed silage rapidly,
and the MA+CA group could better maintain a lower
pH state at the later stage of mixed silage, which in turn
improved the fermentation quality. Compared with the
CON group, the dry matter recovery (DMR) of the MA,
CA and MA +CA groups did not show significant differ-
ences (p>0.05), but they were all higher than that of the
CON group, and also MA x CA did not show an interac-
tion effect. NH;-N was lower in all treatment groups than
in the CON group, but compared with the CON group
the three treatment groups did not show significant dif-
ferences and no MA x CA interaction (p>0.05). This
indicates that the addition of either CA or MA is ben-
eficial to reduce the tendency of proteolysis in the early
stage of mixed storage, reduce NH;-N, and improve the
fermentation quality of mixed storage. In terms of lactic

Table 4 The fermentation characteristics and microbiological analysis of Chinese water chestnut residue and corn gluten meal upon
mixed silage on the condition of being added to malic acid and citric acid after 60 days

Items Treatment ' SEM p-Value

CON MA CA MA +CA MA CA MAXCA
DMR, % of FW 9.77 97.28 97.43 97.55 0.23 0.14 0.06 0.76
pH 4.14° 3.91% 3822 3728 0.08 <001 <001 008
Ammonia-N, % of DM 283 249 254 224 0.12 035 048 092
Lactic acid, % of DM 4722 6.15° 6.02° 6.43¢ 055 <001 <001 042
Acetic acid, % of DM 0.73? 091° 0.89° 0.97° 0.09 0.03 0.01 057
Propionic acid, % of DM 0.11 0.08 0.05 ND - - - -
Butyric acid, % of DM 013 ND ND ND - - - -
Microorganism
LAB, log,, cfu/g FW 5152 6.54°¢ 6.24° 7.89¢ 0.31 0.03 0.04 0.78
CB, log,, cfu/g FW 233 <200 ND ND - - - -
Yeast, log,, cfu/g FW <2.00 ND <2.00 ND - - - -
Mold, log,, cfu/g FW <2.00 ND ND ND - - - -

!Control = untreated feed; MA=malic acid (10 g/kg); CA=citric acid (10 g/kg);
MA+CA=malic acid (10 g/kg) +citric acid (10 g/kg)
a~Means within a row with different superscripts differ from each other (p<0.05)
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acid, the MA 4+ CA group had the highest lactic acid con-
tent among all the experimental groups and was signifi-
cantly higher than the other treatment groups (p<0.05).
The same significant difference was observed in the
acetic acid content of the MA treatment group and the
CA treatment group compared with the CON group
(p<0.05). Propionic acid content decreased in all treat-
ment groups compared to CON group, and propionic
acid was not detected in the MA +CA group. Meanwhile,
butyric acid was not detected in any of the groups except
the CON group.

As shown in Table 5, the LAB colony forming units
(CFU/g) of each experimental group after mixed silage
were 5.15 log,, cfu/g FM, 6.54 log,, cfu/g EM, 6.24 log,,
cfu/g FM and 7.89 log;, cfu/g FM, respectively. The E.
coli colony forming units were detected in the CON
group with a value of 2.33 log,, cfu/g EM, E. coli was
not detected in the CA and MA +CA groups, and E. coli
was detected in the MA group but below the detection
level (<2.00 log,;, cfu/g FM). Yeast was not detected in
both treatment groups with the addition of MA, while
it was below the level of detection in the CON and CA
groups (<2.00 log;, cfu/g FM). Mold production was
not detected in all treatment groups except for the CON
group where mold was below the level of detection
(<2.00 log;, cfu/g FM).

Analysis of malic acid and citric acid in the microbial
communities of Chinese water chestnut residue and corn
gluten meal upon mixed silage

Venn diagram based on OTUs showed that a total of
14,235 OTUs were obtained from 16 S r DNA gene
sequencing, and a total of 6498 OTUs were obtained
among the four groups, and the OTUs specific to the
CON, CA-treated, MA-treated, and MA+CA-treated
groups were 237, 213, 143, and 715, respectively (Fig. 1).
As shown in Table 5, there were differences in Alpha
diversity among the experimental groups according to
the 97% sequence similarity level after 60 d of fermen-
tation, where the Shannon index of mixed silage in the
CA and MA+CA groups increased by 19.6% and 27.7%,

Table 5 Diversity of alpha index values
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respectively, compared to the CON group (p<0.05),
and there was no significant difference between the
MA group and the CON group (p>0.05). Simpson’s
index showed significant difference (p<0.05) in MA and
MA+CA groups compared to CON group, but not in
CA group (p<0.05). The addition of MA and CA had no
significant effect on Chao index (p<0.05), but it can be
seen that Chao index increased after additive treatment,
and the coverage of all samples was above 0.99, indicat-
ing that the results of this sequencing can reflect the real
situation of the samples. Based on the weighted principal
coordinate analysis of Unweighted Uni Frac (Fig. 2), the
contribution rate of principal component 1 (PCol) was
66.8%, and the contribution rate of principal component
2 (PCo2) was 23.8%. There was a difference in the micro-
bial composition of the mixed silage in the MA group
and the MA+CA group, and the mixed silage with the
addition of MA could be better polymerized, the similar-
ity of the microbial community had a differences.

To further investigate the dynamic changes of bacte-
rial community composition at the genus level during the
addition of MA and CA mixed silage, as shown in Fig. 3,
bacteria at the genus level in the mixed silage samples
fermented for 60 d mainly included Lentilactobacillus,
Lacticaseibacillus, Liquorilactobacillus, Lactococcus,
Leuconostoc, Acinetobacter, and Lactiplantibacillus. The
dominant bacteria in all four treatment groups were
mainly Lentilactobacillus and Lacticaseibacillus, where
the abundance of dominant bacteria in the MA+CA
treatment group was significantly higher than that in
the other three treatment groups, with a ratio of 83.21%.
The possible reason is that the addition of organic acids
increases the number of beneficial microorganisms and
reduces the proportion of heterotrophic bacteria, reduc-
ing the number of other microorganisms. Although the
abundance of Lactococcus and Leuconostoc was at rela-
tively high levels in the CON group (23.35%; 21.85%), the
individual strains did not form a fermentation pattern
dominated by a single strain. With the addition of CA
and MA, the abundance of Lactococcus and Leuconostoc
abundance decreased dramatically and in the MA+CA

Sample ID Treatment’ SEM p-Value

CON MA CA MA +CA MA CA MAXCA
Shannon Index 2 2.96% 3.01° 3.54° 3.78° 0.1 044 <001 0.71
Chao1 Index ? 183.30 21903 21828 22057 1651 0.52 048 092
Simpson Index 2 0.82° 0.80° 0.69° 067° 0.07 0.03 0.34 061
Good's Coverage ? 0.99 0.99 0.99 0.99 - - - -

'Control = untreated feed; MA=malic acid (10 g/kg); CA=citric acid (10 g/kg);
MA+CA=malic acid (10 g/kg) +citric acid (10 g/kg)

2Chao was used to estimate the number of OTUs contained in the sample using the Chao algorithm; Simpson was used to estimate one of the microbial diversity
indices in the sample; Shannon was used to estimate one of the microbial diversity indices in the sample

a~Means within a row with different superscripts differ from each other (p<0.05)
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Fig. 1 OTUs analysis of chinese water chestnut residu and corn gluten meal mixed silage bacterial community by malic acid and citric acid. (Control=un-
treated feed; MA=malic acid (10 g/kg); CA=citric acid (10 g/kg); MA+CA=malic acid (10 g/kg) +citric acid (10 g/kg); 1, 2, 3, three replicates for each

treatment.)

group only (1.41%; 1.72%) replaced by Lentilactobacillus
dominated in the mixed silage (70.95%).

PICRUSt2 was utilized as an analytical tool to predict
the function of CWCR and CGM mixed silage flora. The
results are shown in Fig. 4. The main metabolic path-
ways in the first layer were Biosynthesis, Degradation/
Utilization/Assimilation, —Detoxification, Generation
of Precursor Metabolite and Energy, Glycan Pathways,
Macromolecule Modification, and Metabolic Clusters.
The first 10 major metabolic pathways in the second tier
are composed of: Nucleoside and Nucleotide Biosynthe-
sis, Amino Acid Biosynthesis, Fatty Acid and Lipid Bio-
synthesis, Cofactor, Prosthetic Group, Electron Carrier,
and Vitamin Biosynthesis, Cofactor, Prosthetic Group,
Electron Carrier, and Vitamin Biosynthesis. Group, Pros-
thetic Group, Electron Carrier, and Vitamin Biosynthesis,
Fermentation, Carboxylate Degradation, Carbohydrate

Degradation, Carbohydrate Biosynthesis, Carbohydrate
Biosynthesis. The nine up-regulated metabolic pathways
of METACYC obtained by LEfSe analysis of the pre-
dicted pathways were LACTOSECAT-PWY, PWY-5304,
PWY-7013, P125-PWY, RHAMCAT-PWY, PWY-6396,
HEXITOLDEGSUPER-PWY, PWY-5837, PWY-5863.
One down-regulated metabolic pathway of METACYC
was obtained: PWY-6505 (Fig. 5.). The corresponding
metabolic pathway numbers were taken from the META-
CYC database (https://metacyc.org/).

Discussion

Usually, moisture is one of the most important factors
in silage quality. The level of moisture can directly affect
the propagation of microorganisms, thus influencing
the silage quality (Hu et al. 2009). Meanwhile, silage raw
material with less than 30% dry matter is high moisture
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content silage raw material (Colombari et al. 2001). An  results of this study, CWCR had a moisture content of
overly low dry matter content will decrease the amount  80.69%. However, when CWCR and CGM were com-
of free water, reduce the rate and volume of fermenta- bined, the moisture content dropped to 70%, which is
tion, and raise the pH (Muck 1987). According to the consistent with previous studies on the ideal moisture
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level for silage (Liao et al. 2023). The results of Ni et al.
showed that WSC content needs to be greater than 5%
for the preparation of high quality silage (Ni et al. 2017).
Although the microbiological need for WSC was higher
than the WSC content of CGM in this study (2.41%), the
demand of WSC for premium silage ingredients may be
satisfied by mixing CWCR with CGM.

CA and MA, as an important organic acid in the tri-
carboxylic acid cycle, are widely used in medical, food
and other fields due to their low cost. Their application as
silage fermentation additives has the potential to improve
silage safety and feed conversion. Meanwhile, effectively
acidify silage fermentation materials can inhibit the
growth of undesirable bacteria (Hu et al. 2019; Melaku
et al. 2021), promoting butyric acid production leads to
abnormal lactic acid fermentation, which in turn causes
the mixed silage’s proteins to break down into NH;-N
and lose silage nutrients. In this experiment, the addi-
tion of CA and MA didn't significantly affect the CP con-
tent of mixed silage between treatment groups, probably
because the NH;-N content was low in three treatment
groups, and thus didn’t significantly affect the protein
content.

pH is an important indicator for evaluating the quality
of silage fermentation (Muck 2013). Its variation depends
on silage dry matter, chemical composition and silage
cycle. Guo et al. found that the addition of MA and CA
could significantly reduce pH in alfalfa silage, and thus
promote aerobic stability and fermentation quality (Guo
et al. 2020). In this experiment, the pH of the treat-
ment groups with MA and CA was below 4.00, probably
because the addition of organic acids was able to rapidly
reduce the pH at the beginning of silage and inhibit the
growth of harmful bacteria. The linear decrease in pH
also inhibits the activity of spoilage bacteria and protein
hydrolysis. Lactic acid is a key indicator of silage success
and one of the most important factors for good silage
storage in the later stage (Liu et al. 2016). In this experi-
ment, the content of LA increased significantly in the
stage of silage fermentation up to 60 d. The likely reason
for this is that the period is anaerobic fermentation stage,
which favours the growth and multiplication of lactic acid
bacteria (Ke et al. 2017). It has been proved that AA is
also one of the important factors leading to the decrease
of pH of silage, and the lower content of AA in this study
may be caused by the low number of parthenogenetic
lactic acid bacteria or heterogeneous lactic acid bacte-
ria (Ertekin and Kizilsimsek 2020). At the same time, no
butyric acid was found in both CA and MA treatment
groups in this study, indicating that the mixed silage
was of good quality and didn’t produce spoilage. Yeast
and Modls in silage are closely related to silage quality.
Under aerobic exposure environment, dormant aerobic
microorganisms such as Yeast will utilize sugars, organic
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acids, amino acids and other substances produced by
silage fermentation to increase silage pH, NH;-N con-
tent, resulting in a serious loss of DM and exacerbating
silage spoilage (Chen et al. 2017). Organic acid is an aero-
bic microbial inhibitor, which can effectively inhibit the
activity of mold and Yeast (Kleinschmit et al. 2005). The
results of this experiment showed that the addition of
CA and MA effectively reduced the production of unde-
sirable microorganisms in silage. Carvalho et al. showed
that the addition of 1% propionic acid significantly inhib-
ited Yeast activity in sugarcane silage (Carvalho et al.
2012), which was consistent with the results of this study.

For the preservation of high-moisture forage, reduc-
ing the loss of forage nutrients and dry matter is crucial
(Meteer et al. 2018). In this experiment, the DM of mixed
silage with the addition of two organic acids, CA and
MA, didn’t show significant differences, but both of them
were higher than the CON group, and it can be con-
cluded that CA and MA have the potential to reduce the
DM loss of mixed silage. Lv et al. added CA to Amomum
villosum silage and found that it could reduce the loss
of dry matter, NH;-N concentration, pH, and coliform
counts of silage (Lv et al. 2020). Ke et al. added MA and
CA to alfalfa silage and found that both of them could
effectively reduce the loss of DM and improve fermen-
tation quality (Ke et al. 2017). And CA was more effec-
tive, which was similar to the results of this experiment.
WSC is the main energy source of lactic acid bacteria
during silage, and its content directly affects the produc-
tion rate and content of LA, so the reduction of WSC is
a normal phenomenon during silage. The WSC content
was high in the early stage of fermentation, and the lac-
tic acid bacteria multiplied rapidly in this stage, which
led to the rapid decrease of pH and inhibited the growth
and reproduction of undesirable microorganisms (Li et
al. 2020). The WSC content in three treatment groups
showed a significant decrease compared to the CON
group, which is probably due to that the addition of MA
and CA caused a rapid drop in pH in the early stages of
silage, and at the same time promoted the multiplication
of lactic acid bacteria in silage and produced large quan-
tities of organic acids. NH;-N is usually regarded as an
important marker of protein decomposition in silage. The
ammoniacal nitrogen content was significantly reduced
in the test group compared to the control group. The
results showed that the addition of MA and CA either
alone or in combination could significantly improve the
fermentation quality of mulberry leaves. The silicates and
ADL in ADF are difficult to be digested in the rumen of
ruminants. NDF, as a major component of the cell wall, is
commonly found in plants. The content of NDF in silage
directly affects the amount of feed intake of ruminants.
Bedrosian et al. showed that there was no significant dif-
ference in the NDF content of silage with the addition of
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organic acids as the extension of silage time (Nazar et al.
2021). However, we found that the findings of Hristov
et al. were contrary to the above conclusion (Ren et al.
2020). The reason for this may be the differences in raw
materials, additives. In this study, NDF, ADF and ADL
didn’t show significant differences throughout the silage
process.

The in situ effective degradation is an important biolog-
ical validity measure of the degree of nutrient fermenta-
tion in ruminants (Nuez-Ortin and Yu, 2010). The rumen
degradation rate of roughage DM can affect the intake of
DM by ruminants, and it is generally believed that DMI
will increase with the promote of roughage DM degrada-
tion rate. The increase of DMI will promote the nutrient
intake, which will in turn improve the animals’ produc-
tion performance. The higher DM degradation rate in the
rumen, the easier for silage to be digested and absorbed
by animals (Yu et al. 2004). Meanwhile, the dry matter
intake will be higher. In this study, the DM rumen degra-
dation rate of mixed silage with CWCR and CGM mainly
included the degradation rate of CP and NDF. The results
showed that the ISDMD was significantly increased in
the CA group, MA group and MA+CA group compared
with the CON group, which indicated that the mixed
silage of the two additives could be better utilized by the
rumen microorganisms. From this result, it can be con-
cluded that the mixed silage treated with MA and CA
had lower nutrient losses, thus providing more effec-
tive substrates for rumen microbial degradation (Han et
al. 2015). The rumen degradation rate of forage CP is an
important parameter in the composition of new protein
system of dairy cows, which is mainly affected by fac-
tors such as the time duration of rumen microbial action
and the ease of degradation of feed. The longer rumen
fermentation time of the feed, the higher effective deg-
radation rate (Polan et al. 1991). Mixed silage with MA
and CA significantly increased ISCPD compared to CON
group, indicating that mixed silage made with the two
additives can be better fermented by rumen and can be
utilized as a high quality feed source. In the study on
alfalfa grass silage with the addition of MA and CA, Ke et
al. found that they increased rumen degradation of forage
nutrients based on the improvement of silage quality (Ke
et al. 2017). The results of the above studies indicate that
the addition of MA and CA can improve the nutritional
value of CWCR and CGM mixed silage.

During the silage process, microbial communities show
various changes (Ni et al. 2018). Compared with tradi-
tional sequencing methods, high-throughput sequencing
can provide more accurate results, and thus can better
illustrate the changes of microbiota in silage. Chaol index
is usually used to indicate the abundance of species, and
the higher value proves that there are more species in the
community. While Shannon index and Simpson index
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are more indicative of the diversity of species in bacte-
rial communities. Shannon index is positively correlated
with the diversity of community. On the contrary, Simp-
son index is negatively correlated with community diver-
sity. Meanwhile, the Goods_coverage of each sample in
this experiment was about 0.99, indicating that the bac-
teria could be detected. In this study, it was found that
the addition of CA and MA effectively increased the bac-
terial community diversity in mixed silage compared to
the CON group. This may be due to the slow decrease
in pH caused by the high moisture content in the CON
group, and thus didnt immediately inhibit microbial
activity, resulting in the decrease of bacterial diver-
sity. Meanwhile, it suggests that the addition of organic
acids to mixed silage can change the microbial commu-
nity in silage. The results of principal component analy-
sis showed that the crossover and aggregation between
bacterial communities in each treatment group was due
to differences between bacteria. We thus concluded that
the addition of MA and CA changed the bacterial com-
munities in CWCR and CGM mixed silage. Indirectly,
this accounts for the differences in fermentation quality
in silage (Ni et al. 2017). In this experiment, there were
big differences in the dominant microbial communities of
mixed silage between each treatments.

At the genus level, Lentilactobacillus was the main
microorganism in the MA and MA+CA treatment
groups of mixed silage. However, the main genera in the
CON group were composed of Lactococcus, Leuconostoc
and Acinetobacter. Lentilactobacillus is one of the Lac-
tobacillus species, which is mostly found in malolactic
fermentation system. Malolactic fermentation converts
L-MA to L-lactic acid by lactobacilli, which reduces the
pH of silage and improves the fermentation quality (du
Toit et al. 2011). In this experiment, the bacterial com-
position of CON group was more complex, and the rate
of Liquorilactobacillus, Lactococcus, and Leuconostoc
were both more than 15%, which may be due to that the
bacterial communities in the mixed silage came from dif-
ferent environments and had different characteristics, or
the different microbial populations on the raw materials.
After the addition of MA to the mixed silage, Lentilac-
tobacillus immediately dominated, so that the undesir-
able bacteria that existed to compete for nutrients during
fermentation were suppressed. At the same time, the
increase of LA and AA of Lentilactobacillus also proved
a positive correlation between the two. This indicates
that the increase of LA and AA is mainly caused by the
increase in the percentage of Lentilactobacillus. In this
experiment, the genus level bacterial community in the
three treatment groups evolved into 30 genera including
Lentilactobacillus, Lacticaseibacillus and Liquorilactoba-
cillus. Among them, the relative abundance of Lactoba-
cillus was higher, which is basically in agreement with the
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reports of other scholars (Li and Nishino 2011). In this
experiment, the percentage of lactic acid bacteria abun-
dance increased in the MA-treated and MA + CA-treated
groups after adding both MA and CA to the mixed silage,
meanwhile the percentage of undesirable bacteria such
as Enterobacteriaceae, Salmonella and Campylobacter
decreased. The microbial community structure and spe-
cies abundance during silage significantly affected the
nutrient and fermentation quality of the forage. Predic-
tion of bacterial community gene function in CWCR and
CGM mixed silage can also indirectly reflect the fermen-
tation quality of feeds among different treatment groups.
PICRUSt can identify the major metabolic pathways asso-
ciated with the silage process. Liu et al. utilized PICRUSt
to study the metabolic pathways of barley silage micro-
bial communities (Liu et al. 2019). In this experiment, the
metabolic pathways of the microbial community varied
due to different additives, and the relative abundance of
metabolically functional microorganisms such as amino
acids, carbohydrates and vitamins determined the meta-
bolic differences of nutrients such as proteins and fibers,
etc. These metabolically functional microorganisms were
significantly higher in CA and MA treated groups than
CON group, probably because CA and MA inhibited the
decomposition of nutrients in the mixed silage. It can be
concluded that the addition of CA and MA can reduce
the loss of protein, carbohydrate and other nutrients in
mixed silage, and this result is also consistent with the
results of fermentation index and nutrient determination.

In conclusion, the results of this experiment showed
that the combined addition of CA and MA could increase
LA and CP content of SCWCR and CGM mixed silage
and enhance the nutritional value. Meanwhile, the addi-
tion of CA and MA to SCWCR and CGM could effec-
tively improve the rumen degradation characteristics
and reduce the abundance of undesirable microorgan-
isms. Therefore, the combination of CA and MA can
significantly improve the quality of SCWCR and CGM
mixed silage, making it possible to be used in dairy cattle
production.
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