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A B S T R A C T

The current paper presents the 𝜆𝜆𝜆𝜆-Bernstein operators through the use of newly developed variant of Stancu-
type shifted knots polynomials associated by Bézier basis functions. Initially, we design the proposed Stancu
generated 𝜆𝜆𝜆𝜆-Bernstein operators by means of Bézier basis functions then investigate the local and global
approximation results by using the Ditzian–Totik uniform modulus of smoothness of step weight function.
Finally we establish convergence theorem for Lipschitz generated maximal continuous functions and obtain
some direct theorems of Peetre’s 𝐾𝐾𝐾𝐾-functional. In addition, we establish a quantitative Voronovskaja-type
approximation theorem.

1. Introduction and preliminaries

One of the most well-known mathematicians in the world, S. N. Bernstein, provided the quickest and most elegant demonstration of one of
the most well-known Weierstrass approximation theorems. Bernstein also devised the series of positive linear operators implied by {𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠}𝑠𝑠𝑠𝑠≥1. The
famous Bernstein polynomial, defined in Bernstein (2012), was found to be a function that uniformly approximates on [0, 1] for all 𝑓𝑓𝑓𝑓 ∈ 𝐶𝐶𝐶𝐶[0, 1] (the
class of all continuous functions). This finding was made in Bernstein’s study. Thus, for any 𝑦𝑦𝑦𝑦 ∈ [0, 1], the well-known Bernstein polynomial has
the following results.

𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠(𝑔𝑔𝑔𝑔; 𝑦𝑦𝑦𝑦) =
𝑠𝑠𝑠𝑠
∑

𝑖𝑖𝑖𝑖=0
𝑔𝑔𝑔𝑔
( 𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠

)

𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦),

where 𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) are the Bernstein polynomials with a maximum degree of 𝑠𝑠𝑠𝑠 and 𝑠𝑠𝑠𝑠 ∈ N (the positive integers), which defined by

𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) =

⎧

⎪

⎨

⎪

⎩

(𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖

)

𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖(1 − 𝑦𝑦𝑦𝑦)𝑠𝑠𝑠𝑠−𝑖𝑖𝑖𝑖 for 𝑠𝑠𝑠𝑠, 𝑦𝑦𝑦𝑦 ∈ [0, 1] and 𝑖𝑖𝑖𝑖 = 0, 1,…

0 for any 𝑖𝑖𝑖𝑖 𝑖𝑖 𝑠𝑠𝑠𝑠 or 𝑖𝑖𝑖𝑖 𝑖𝑖 0.
(1.1)

Testing the Bernstein-polynomials’ recursive relation is not too difficult. The recursive relationship for Bernstein-polynomials 𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) is quite
simple to test.

𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) = (1 − 𝑦𝑦𝑦𝑦)𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−1,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) + 𝑦𝑦𝑦𝑦𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−1,𝑖𝑖𝑖𝑖−1(𝑦𝑦𝑦𝑦).

In 2010, Cai and colleagues introduced 𝜆𝜆𝜆𝜆 ∈ [−1, 1] is the shape parameter for the new Bézier bases, which they called 𝜆𝜆𝜆𝜆-Bernstein operators.
This definition of the Bernstein-polynomials is defined as follows:

𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠,𝜆𝜆𝜆𝜆(𝑔𝑔𝑔𝑔; 𝑦𝑦𝑦𝑦) =
𝑠𝑠𝑠𝑠
∑

𝑖𝑖𝑖𝑖=0
𝑔𝑔𝑔𝑔
( 𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠

)

𝑏̃𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝜆𝜆𝜆𝜆; 𝑦𝑦𝑦𝑦), (1.2)
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The preconditioned iterative integration-exponential method is a novel iterative regularization method de-
signed to solve symmetric positive definite linear ill-conditioned problems. It is based on first-order dynamical 
systems, where the number of iterations serves as the regularization parameter. However, this method does not 
adaptively determine the optimal number of iterations. To address this limitation, this paper demonstrates that 
the preconditioned iterative integration-exponential method is also applicable to solving nonsymmetric positive 
definite linear systems and introduces an improved version of the preconditioned iterative integration-expo-
nential method. Inspired by iterative refinement, the new approach uses the residual to correct the numerical 
solution's errors, thereby eliminating the need to determine the optimal number of iterations. When the residual 
of the numerical solution from the initial preconditioned iterative integration-exponential method meets the ac-
curacy threshold, the improved method reverts to the original preconditioned iterative integration-exponential 
method. Numerical results show that the new method is more robust than the original preconditioned iterative 
integration-exponential method and eliminates the need for selecting regularization parameters compared to 
the Tikhonov regularization method, especially for highly ill-conditioned problems.
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1. Introduction

In recent years, ill-conditioned problems have attracted more and more attention and been widely used in engineering and mathematics fields, such 
as geodesy [1], geophysical exploration [2], signal and image processing [3, 4]. The solution methods of ill-conditioned equation have important 
research significance.

The ill-conditioned system can be expressed as the following form:

Ax b= (1)

where A� �
R
n n is an ill-conditioned matrix, x is solution b is observation. For an ill-conditioned system, a small disturbance in b or A can result in a 

significantly larger change in the solution x. This brings quite large difficulty when one solves the system (1) numerically. Thus, it is useless to use 
the conventional numerical methods to solve systems (1). To address this issue, iterative regularization methods such as Tikhonov regularization[5, 
6] (TR), the Landweber iteration [7], and direct regularization methods like truncated singular value decomposition [2, 8] (TSVD), modified truncat-
ed singular value decomposition [9], and modified truncated randomized singular value decomposition[10] have been developed and widely used. 
A common feature of these regularization methods is that their performance depends on various regularization parameters, such as the truncation 
order in TSVD, the Tikhonov regularization parameter, and the iteration number in iterative regularization methods. In recent years, iterative regu-
larization methods for ill-conditioned equations based on the numerical solution of dynamic systems have garnered attention [11–14]. 

The study on connections between iterative numerical methods and continuous dynamical systems often offers better understanding about iter-
ative numerical methods, and leads to better iterative numerical methods by using numerical methods for ordinary differential equations (ODEs) 
and devising ODEs from the viewpoint of continuous dynamical systems [15, 16]. For solving ill-conditioned linear systems, Ramm developed the 
dynamical systems method [11, 17]. Wu analyzed the relationship between Wilkinson iteration method and Euler method and proposed a new iter-
ative improved solution method to solve the problem of ill-conditioned linear equations [12, 18] . Enlightened by Wu’s work, Salkuyeh and Fahim 
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A B S T R A C T

There has been a lot of attention paid to lactic acid bacteria (LAB) in forage fermentation due to rapid 
acidification through the production of lactic acid (LA). Triticale is considered one of the best crops to develop 
high-quality silage due to its high crude protein (CP) content. The objectives of the present study is to develop 
high quality triticale silage with Pediococcus pentosaceus (2), Lactobacillus plantarum (1), and Lactobacillus 
rhamnosus (1) as single or cocktail forms and stored for 6 and 12 months. Triticale was wilted under field 
conditions and then manually cut into 1.5-2.5 cm lengths. Samples of 250g per bag were placed in 28 x 36 
cm polythene bags. Different types of LAB were used to ferment the triticale at different moisture conditions 
by ensiling process. Vacuum sealed bags were stored in laboratory conditions for 6 and 12 months. After the 
storage period, microbial profiles, fermentative acids, and nutritional content were determined. A correlation 
triangle matrix was used to determine interactions among fermentative metabolites, nutritive values, and 
microbes using Python software. A significant reduction in pH was observed for both high moisture (HM) and 
low moisture (LM) silages produced with LAB in either individual or cocktail form compared to non-inoculum 
silage. On 6-month fermentation, the pH range of control and inoculum-treated HM silage was 6.11 ± 0.03 
to 4.02 ± 0.08, and LM silage was 6.05 ± 0.09 to 3.98 ± 0.52. The pH was reduced in a similar manner on 
month 12. In addition, LAB significantly increased LA content from 0.48 ± 0.19 to 6.58 ± 0.28 DM% in HM 
and 0.00 ± 0.00 to 4.34 ± 0.19 DM% in LM on month 6. Silage fermented for 12 months also retained its LA 
content. Despite this, inoculated silage had higher levels of LA than control silage. Butyric acid (BA) content was 
significantly lower in inoculum-treated silage than in non-treated silage. In both experimental silages, marginal 
levels of AA were produced. High LAB and lower yeast and mold counts were found in inoculum-treated silage 
compared to non-inoculum silage. A cocktail of LAB treatments significantly increased LA content in silages 
over non-inoculum or single LAB treatments. The correlation study revealed that LA positively correlated with 
LAB and negatively interacted with yeast and mold. In this study, either single or cocktail LAB treatments 
significantly improved silage fermentation quality through increased LA content and reduced undesirable 
microbial populations. Cocktail LAB has a greater potential than single LAB. This evidence suggests that silage 
developed by combining multiple strains as a cocktail is more suitable for long-term storage of livestock.

1. Introduction

It has become increasingly important to develop high quality silage 
from grasses and legumes with enriched fermentative metabolites 
because animal farming has increased dramatically. Triticale is 
a hybrid variety of wheat and rye that produces more biomass and 
CP than wheat alone, making it useful in livestock animal feed 
production. The chemical composition of triticale is closer to wheat 
than rye; so, it could be used as a food source for humans and animals. 
In recent years, triticale has been considered good forage for making 

high-quality silage for livestock due to its high CP content (Harper 
et al., 2017; Soundharrajan et al., 2019; Lin et al., 2021; Jung et al., 
2022; Negi et al., 2022). It is well known that microbial additives 
have gained considerable attention for the purpose of achieving a 
controlled fermentation of plant-based silages and increasing their 
digestibility, as evidenced by the fact that inoculants have been 
developed as silage additives for over four decades (Okoye et al., 
2023). LA bacteria have been extensively studied for their potential to 
improve human and animal health (Amaral et al., 2020). Furthermore, 
LAB is widely regarded as an efficient and reliable method of storing 
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forage in animal production (Guo et al., 2023). Researchers have 
found that understanding biological transitions in the ensiling process 
has helped them focus on unique strains that are becoming more 
efficient during silage ensiling (Xu et al., 2019). Due to their high 
safety and feasibility, non-corrosiveness, eco-friendliness, improved 
dry matter (DM) recovery, fermentation characteristics, and animal 
performance, LAB is considered to be a more suitable inoculum for 
silage production than the other additives (Okoye et al., 2023). LAB 
produces LA, AA, BA, succinic acid, and other organic acids during 
ensiling. Silage acidification inhibits microbial growth and prevents 
aerobic degradation (Muck 2010; Muck et al., 2018). Animal health 
and food quality can also be affected by spoilage microorganisms. 
LAB has been used for many years to improve the silage quality at LM 
and HM conditions and to increase milk production, body weight, and 
feed efficiency (Muck et al., 2018). Addition of LAB additives to crop 
biomass during ensiling to increase the positive fermentation, reduce 
DM loss, reduction of aerobic deterioration during feed out, improve 
the hygienic quality of the silage and aerobic stability restrict or limit 
the secondary fermentation via inhibition of undesirable microbes, 
increase the nutritive values of the silage, and mitigate the methane 
emission (Kaewpila et al., 2021; Ridwan et al., 2023).

Lactobacillus sp, pediococcus sp, and enterococcus sp are the major 
genera involved in fermenting silage anaerobically. Inoculants 
used intensively for silage production are Lactobacillus plantarum, 
Lactobacillus brevis, Pentosaceus pentosaceus, Lactobacillus rhamnosus, 
and Lentilactobacillus bucbneri, as well as Enterococcus faecium 
(Ogunade et al., 2019; Puntillo et al., 2020; Jung et al., 2022). 
Ensiled forage material deteriorates in the presence of oxygen when 
the silo is opened, particularly lactate-assimilating yeast. When silage 
temperature and pH rise, undesirable microbial growth occurs. In 
order to address this issue, LA bacteria have been inoculated into 
silage for many decades (Filya 2003; Kung et al., 2018). Direct 
ensiling is difficult due to the limited number of LAB in native 
plants. In recent years, new LABs have been isolated to produce 
silage, yet this activity remains important worldwide (Paradhipta et 
al., 2020; Dos Santos Leandro et al., 2021), since more strains are 
being sought not only as silage inoculants, but also for other plant-
based foods for humans and animals (Wuyts et al., 2020). LAB strains 
promote silage fermentation as a single culture in most studies. It is 
interesting to note that silage produced with LAB in mixed cultures 
(more than one strain) accelerated its acidification, enhanced its LA 
production, and reduced BA by its synergistic effects, compared with 
silage produced with single LAB (Filya 2003; Zhang et al., 2023). 
Considering these factors, we examined different types of LA bacteria 
such as Pediococcus pentosaceus (2), Lactobacillus plantarum (1), and 
Lactobacillus rhamnosus (1) effects on acidification, fermentative 
metabolites, microbial population, and nutrient levels in triticale 
silage at the different moisture conditions after 6 and 12 months. 
In addition, a triangle map with a correlation matrix was used to 
determine the interactions among microorganisms, organic acids, and 
nutrient contents of the experimental silages.

2. Materials and methods

2.1 Preparation of inoculants for silage production

The LA bacteria such as L. plantarum- KCC - 34 (GeneBank No: 
KP091750.1); L. plantarum- KCC - 48 (GeneBank No: MT318652.1), P. 
pentosaceus - KCC-45 (GeneBank No: MN049504), P. pentosaceus - KCC-
53 (GenBank No: MZ505239), and L. rhamnosus – KCC-54 (GenBank No: 
MZ505240) were isolated from various sources (Alfalfa, and Triticale), 
and published previously (Soundharrajan et al., 2023). The LAB isolates 
were cultured in MRS broth (CONDA, Madrid, Spain) and incubated 
at 37°C for 30 h with mild shaking at 150  rpm in an orbital shaker 
under a micro aerobic environment. After incubation, colonies were 
collected by centrifugation at 4000 g for 45 minutes at 4°C. The total 
bacterial colonies were calculated by a Quantom Tx Microbial cell 
counter (Logos Bio-system, Gyeonggi-do, South Korea). The collected 
pellets were washed twice with PBS, pH 7.4. After that, the bacterial 
pellets were diluted with sterile distilled water.

2.2 Production of triticale silage at heading stage with LAB

Triticale (Joseong cultivar) at heading stage from Jangsoo, Chunbuk 
(latitude: 35.6185318, longitude: 127.5107881), Korea, was collected 
and allowed wilted for 8–10 hours or 24–36 hours for HM and LM silage, 
respectively (Jung et al., 2022). After reaching the expected moisture 
level (HM: 62 ± 1.8%; LM: 43 ± 0.2%), the grass was manually cut into 
1.5-2.5 cm size. Samples of 250g/bag were placed in 28 x 36 cm silage 
bags (Aostar Co., Ltd., Seoul). There were eight groups of five replicas 
each (n=5). Experimental groups included the non-inoculant group, L. 
plantarum- KCC - 34 group, P. pentosaceus- KCC - 45 group, L. plantarum 
- KCC - 48 group, P. pentosaceus- KCC - 53 group, L. rhamnosus- KCC - 54 
group, cocktail-I group (KCC - 45+48+53), and cocktail-II group (KCC 
- 34+45+54). Density of LAB/ gram of forage was 105/CFU. Bags were 
vacuum sealed (MK Corporation, Seoul, Korea, Food Saver V48802). 
The bags were stored for 6 and 12 months in the laboratory.

2.3 Sampling and analysis of fermentative acids

For organic acids analysis, 10gms of each sample were mixed with 
90 mL of water and kept in an orbital shaker for an hour. After passing 
through multiple layers of cheesecloth and filter membrane (0. 2 μm), 
the pH of the filtrate was measured with a pH meter (Thomas Scientific, 
NJ, USA). For organic acid analysis, samples were reduced to a pH 
of 2 with 50% sulfuric acid and frozen at -20°C for high-performance 
liquid chromatography system (HPLC) analysis. In order to determine 
the LA content, a HPLC (HP1100, Agilent Co., USA) was used. To 
elute the sample, 0.1 M H2SO4 was used on a Hi-Plex Ligand exchange 
column from Agilent (300 x 7.7 mm). The wavelength was fixed at 220 
nm, and the flow rate was 0.6 mL/min. To determine the AA and BA 
content of silage, a CP7485 column fused with silica gel (length–25 
cm, diameter–0.32, and film thickness–0.30) was used at temperatures 
ranging from 20°C to 270°C. Flow rates of 10 microliters per minute 
were used (Arasu et al., 2014; Jung et al., 2022).

2.4 Analysis of nutrient contents

The samples were weighed before being dried at 60°C in an oven. 
The DM of each sample was calculated immediately, and the samples 
were then pulverized and stored for further analysis. The Kjeldahl 
method is used to calculate the CP content in samples (AOAC 1990). 
The contents of acid detergent fiber (ADF) and neutral detergent fiber 
(NDF) were also determined (Van Soest et al., 1991).

2.5 Microbial population enumeration in experimental samples

The samples were filtered with sterilized cheesecloth, serially 
diluted 10 times in sterile distilled water, and 0.1 mL of each sample 
was poured onto a MRS agar plate (MRS agar, CONDA, Madrid, Spain) 
and incubated for 48 hours at 37°C under aerobic conditions. In 
addition, one mL of the diluted sample was spread on Petrifilm (3M 
microbiology products, St. Paul, USA) and incubated at 37°C for 70 to 
120 hours. A specific incubation period was used to count yeast and 
mold (Jung et al., 2022).

2.6 Statistical analysis

A randomized strategy was followed with eight treatments and 
five replicates per treatment. The least significant difference test was 
used to investigate significant differences using SPSS16 software (one-
way ANOVA, multivariate analysis, post-hoc, Duncan, and descriptive 
analysis parameters). P-values less than 0.05 were used to determine 
statistical significance. Python software (version 3.12.6, 2024) was used 
to perform a triangle heatmap correlation among organic acids, microbial 
population, and nutrient contents of silage.

3. Results

3.1 Acidification of silages in response to LAB treatments

Tables 1 and 2 show the acidification of experimental silages in 
response to LAB treatments, storage periods, and HM and LM levels. 
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Silage produced without inoculants exhibited higher pH values after 6 
months (HM: pH 6.11 ± 0.03 LM: 6.05 ± 0.09) and 12 months (HM: pH 
5.15 ± 0.34 and LM: 5.65 ± 0.08). However, LABs produced as a single 
culture significantly reduced triticale silage pH values. The pH of HM 
triticale silage varied between 3.96 ± 0.12 and 4.25 ± 0.11 in month 
12. For LM triticale silage, pH values ranged from 4.01 ± 0.08 to 4.35 ± 
0.12 on month 6, 4.23 ± 0.12 and 4.49 ± 0.06 on month 12. Likewise, 
triticale silage produced with cocktail-I and cocktail-II significantly 
reduced pH values under HM conditions ranging between pH 4.02 ± 
0.08 and 4.31 ± 0.13 on month 6; 3.96 ± 0.12 and 3.99 ± 0.02 on month 
12. For LM, acidification levels varied between pH 3.98 ± 0.52 and 4.09 
± 0.12 on month 6; 3.94 ± 0.08 and 4.07 ± 0.08 on month 12 at heading 
stage compared to control.

3.2 Organic acids production in experimental silages after 6 and 12 months

Tables 1 and 2 show the determination of fermentative metabolites 
such as LA, AA, and BA in experimental silages at 6 and 12 months. The 
LA content of control silage were 0.48 ± 0.19 and 1.28 ±0.66 % DM 

in HM conditions after 6 months and 12 months, respectively. But in 
LM condition, LA content in non-inoculated silages was not detected at 
both experimental periods. LAB treatments in single form significantly 
increased the LA content of both HM and LM silages compared to non-
inoculated silages (p<0.01). Among the strains, KCC-48 significantly 
increased LA content in both HM (6.08 ± 0.07 DM%) and LM silages 
(4.10 ± 0.20 DM%) compared to other strains as non-inoculum treated 
silage (p<0.05). At the same time, a higher content of LA was found 
in HM silage produced with cocktail-I or cocktail-II treatments than 
in the single LAB treatment (p<0.05). But, LM silage produced with 
cocktail-I and cocktail-II showed almost similar ranges of LA production 
compared to single strain treatments except KCC-45 after 6 months. 
Triticale forage treated with single LAB, cocktail-I or cocktail-II 
remained higher in LA content after 12 months of fermentation than 
non-inoculated silages (p<0.01). LA content in HM silage treated with 
single LAB revealed a wide range of concentrations from 3.74 ± 0.14 to 
3.74 ± 0.14 DM% between the strains. 

Table 1.  
Profile of organic acids in heading triticale silages treated with single or cocktail LAB at 6 months.

Treatments High-moisture (%)

pH LA(DM%) AA(DM%) BA(DM%)

Control 6.11 ± 0.03 0.48 ± 0.19 0.05 ± 0.07 0.56 ± 0.26
KCC34 4.27 ± 0.04** 4.62 ± 0.68** 0.26 ± 0.06 0.20 ± 0.14
KCC45 4.23 ± 0.05** 4.11 ± 0.20** 0.93 ± 0.09* 0.00 ± 0.00*

KCC-48 4.25 ± 0.05** 6.08 ± 0.07** 0.43 ± 0.10 0.10 ± 0.04
KCC-53 4.47 ± 0.10** 4.52 ± 0.25** 0.16 ± 0.01 0.18 ± 0.10
KCC-54 4.42 ± 0.05** 4.44 ± 0.02** 0.00 ± 0.00 0.01 ± 0.01*

Cocktail-I 4.31 ± 0.13** 6.58 ± 0.28**# 0.41 ± 0.12# 0.03 ± 0.01
Cocktail -II 4.02 ± 0.08**# 5.69 ± 0.41**# 0.38 ± 0.04# 0.00 ± 0.00*

Low-moisture (%)
Control 6.05 ± 0.09** 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
KCC34 4.21 ± 0.03** 3.17 ± 0.20** 0.50 ± 0.02** 0.03 ± 0.01
KCC45 4.23 ± 0.07** 2.04 ± 0.05** 0.42 ± 0.06** 0.00 ± 0.00
KCC-48 4.01 ± 0.08** 4.10 ± 0.20** 0.55 ± 0.15** 0.03 ± 0.01
KCC-53 4.31 ± 0.09** 3.06 ± 0.15** 0.19 ± 0.16 0.03 ± 0.02
KCC-54 4.35 ± 0.12** 3.00 ± 0.51** 0.44 ± 0.06** 0.02 ± 0.01
Cocktail-I 3.98 ± 0.52** 4.34 ± 0.19** 0.38 ± 0.09** 0.04 ± 0.01
Cocktail -II 4.09 ± 0.12** 3.11 ± 0.26** 0.54 ± 0.27** 0.01 ± 0.02

KCC-34: L. plantarum; KCC-45: P. pentosaceus; KCC-48: L. plantarum; P. pentosaceus; KCC-53-L. KCC-54: L. rhamnosus; Co-Cultures-I: Cocktail-I: KCC-45+48+53; Cocktail -II: KCC-
34+45+54; LA: Lactic acid; AA: Acetic acid; BA: Butyric acid; DM: Dry matter content; LAB:  Lactic acid bacteria. High-Moisture: 62 ± 1.8%; Low-Moisture: 43 ± 0.2%. The data are 
expressed as the mean ± STD of three replicates. **P< 0.01 compared to non-inoculum treatment; *P< 0.05 compared to non-inoculum treatment; #P< 0.05 compared to some single 
LAB treatment.

Table 2.  
Organic acid profiles of heading stage silages treated with single or cocktail LAB at 12 months.

Groups High-moisture (%)

pH LA AA BA

Control 5.15 ± 0.34 1.28 ± 0.66 0.46 ± 0.04 0.48 ± 0.05
KCC34 4.08 ± 0.12** 4.48 ± 0.25** 0.48 ± 0.10 0.06 ± 0.00**

KCC45 4.25 ± 0.11** 3.74 ± 0.14** 1.65 ± 0.17** 0.00 ± 0.00**

KCC-48 4.11 ± 0.10** 3.96 ± 0.24** 0.67 ± 0.08* 0.07 ± 0.01**

KCC-53 3.98 ± 0.09** 4.84 ± 0.42** 0.45 ± 0.06 0.04 ± 0.02**

KCC-54 4.02 ± 0.07** 4.78 ± 0.53** 0.36 ± 0.28 0.10 ± 0.02**

Cocktail-I 3.99 ± 0.02** 6.22 ± 0.63**# 0.57 ± 0.06 0.05 ± 0.05**#

Cocktail -II 3.96 ± 0.12** 5.62 ± 0.63**# 0.63 ± 0.04 0.25 ± 0.02*

Low-moisture (%)
Control 5.65 ± 0.08 0.00 ± 0.00 0.29 ± 0.10 0.07 ± 0.00
KCC34 4.23 ± 0.12** 2.43 ± 0.25** 0.29 ± 0.07 0.01 ± 0.01**

KCC45 4.35 ± 0.05** 2.07 ± 0.13** 0.32 ± 0.07 0.00 ± 0.00**

KCC-48 4.28 ± 0.05** 3.21 ± 0.44** 0.28 ± 0.05 0.03 ± 0.01**

KCC-53 4.34 ± 0.13** 2.64 ± 0.30** 0.23 ± 0.03 0.03 ± 0.00**

KCC-54 4.49 ± 0.06** 2.82 ± 0.22** 0.41 ± 0.06* 0.02 ± 0.02**

Cocktail-I 4.07 ± 0.08** 3.54 ± 0.24**# 0.23 ± 0.03# 0.01 ± 0.01**#

Cocktail -II 3.94 ± 0.08** 3.47 ± 0.23**# 0.32 ± 0.03 0.01 ± 0.01**#

KCC-34: L. plantarum; KCC-45: P. pentosaceus; KCC-48: L. plantarum; P. pentosaceus; KCC-53-L. KCC-54: L. rhamnosus; Cocktail-I: KCC-45+48+53; Cocktail -II: KCC-34+45+54; LA: 
Lactic acid; AA: Acetic acid; BA: Butyric acid; LAB: Lactic acid bacteria. High-Moisture: 62 ± 1.8%; Low-Moisture: 43 ± 0.2%. The data are expressed as the mean ± STD of three 
replicates. **P< 0.01 compared to non-inoculum treatment; *P< 0.05 compared to non-inoculum treatment; #P< 0.05 compared to some single LAB treatment.
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The content of LA in cocktail-I (6.22 ± 0.63 DM%) or cocktail-II 
(5.62 ± 0.63 DM%) treated silages exhibited higher concentrations than 
single strain treatments (p<0.05). Same trend was noted for LM silage 
produced with single LAB treatments (ranging from 2.07 ± 0.13 to 3.21 
± 0.44 DM%) or cocktail-I (3.54 ± 0.24 DM%) or cocktail-II (3.47 ± 0.23 
DM%) treatments compared to silage produced with non-inoculants 
(p<0.01). AA content of experimental silages at different moisture 
levels at 6 and 12 months is given in Table 1. AA level was significantly 
increased in silage treated with KCC-34, KCC-45, and KCC-48 as single 
form treatments compared to non-inoculated silages similarly cocktail-I 
or cocktail-II treatments also moderately increased AA levels compared 
to KCC-53, KCC-54, and KCC-34 as well as non-inoculated HM silages 
(p<0.05). AA level was significantly higher in silage treated with 
all LAB treatments either single or cocktail form compared to non-
inoculated silages (p<0.01) after 6 months (Table 1). After 12 months’ 
fermentation, the AA content of silage was almost similar between 
non-inoculum and LAB treatments except KCC-45 (p<0.01) and KCC-48 
(p<0.05) in HM silage and KCC-54 and cocktail-I in LM silage (Table 
2). LAB treatments reduced the BA content of triticale silage at HM 
condition where as there are no significant changes in BA level in 
LM-treated silage between treatments (Table 1). In addition, after 12 
months, the BA content of triticale silage produced with single strain 
or cocktail treatment was significantly decreased compared to non-
inoculum treated silage at both moistures condition (p<0.01). Cocktail-I 
or cocktail-II treatments more strongly reduced the production of BA 
level of silage than single strain treatments (p<0.05) after 12 months 
(Table 2). 

3.3 Microbial fluctuations in silage fermentation on different storage 
periods and LAB treatments

LAB, yeast, and mold populations were counted in triticale silages 
after 6 months with different LAB treatments (Table 3). The number of 
LAB count was higher in silage treated with different inoculum as single 
or cocktail form compare to non-inoculum treated silage (p<0.01). The 

LAB numbers in LM silage varied with inoculant treatments, ranging 
from 0.11 ± 0.08 to 8.72 ± 1.11 x 107 CFU/g. KCC-48 treatment 
significantly increased LAB count in triticale silage at both HM (2.4 
± 0.3 CFU/g) and LM (8.72 ± 1.11 CFU/g) conditions after 6 months 
compared to other strains' treatment (Table 3). Cocktail-II treatment 
had higher LAB counts in HM triticale silage (7.6 ± 0.6 CFU/g) than 
other strains (p<0.05). The LAB counts in HM and LM silage varied 
with inoculant treatments after 12 months of storage. HM silage had a 
higher LAB population after 12 months of storage than HM silage after 
6 months (Table 4). Both yeast and mold counts were sharply reduced 
but increased LAB counts after 6 and 12 months when silage treated 
with different LAB was compared with non-inoculum treated silage 
(Table 3 and Table 4).

3.4 Nutrient content of experimental silages

The nutritional contents such as ADF, NDF, and CP of experimental 
silages were determined after 6 and 12 month storage periods. The 
content of ADF, NDF, and CP was not changed at significant levels in 
both non-inoculum and LAB treated silage after 6 and 12 month storage 
periods (Supplementary Table 1 and Supplementary Table 2).

3.5 Triangle heatmap correlation between fermentative parameters, 
nutrient contents, and microbial population

An interaction among pH, organic acids, nutrient content, and 
microbes was investigated using Python software. The pH of the 
silages was negatively correlated with LA, AA, and LAB populations. 
In contrast, yeast and mold were positively correlated with pH and 
negatively interacting with AA in the silages after 6 months in both 
HM (Fig. 1a) and LM (Fig. 1b) silages. Lactate content of the silages 
was positively correlated with LAB, and negatively correlated with BA. 
After 12 months’ storage period, similar patterns of interactions were 
noted among pH, LAB, LA, AA, yeast, and mold in both HM (Fig. 1c) 
and LM (Fig. 1d) silages.

Table 3.  
Microbiological profiles (CFU/g) in heading stage triticale silages treated with single or cocktail LAB after 6 months at different moisture levels.

Groups High-moisture (%) Low-moisture (%)

LAB (×107) Yeast (×106) Mold (×106) LAB (×107) Yeast (×106) Mold(×106)

Control 0.3 ± 0.1 7.3 ± 1.4 0.3 ± 0.1** 0.11 ± 0.08 11.5 ± 2.83** 0.00 ± 0.0
KCC-34 1.7 ± 0.2** 0.5 ± 0.0** 0.1 ± 0.1** 0.40 ± 0.40 0.22 ± 0.09** 0.00 ± 0.0
KCC-45 1.2 ± 0.3** 0.6 ± 0.1** 0.0 ± 0.0** 1.04 ± 0.08** 0.31 ± 0.08** 0.00 ± 0.0
KCC-48 2.4 ± 0.3** 1.2 ± 0.2** 0.0 ± 0.0** 8.72 ± 1.11** 2.09 ± 0.52** 0.00 ± 0.0
KCC-53 1.6 ± 0. 3** 1.5 ± 0.5** 0.1 ± 0.0** 2.12 ± 0.29** 5.97 ± 1.06** 0.00 ± 0.0
KCC-54 1.5 ± 0.1** 1.2 ± 0.0** 0.1 ± 0.0** 3.23 ± 0.52** 1.74 ± 0.23** 0.00 ± 0.0
Cocktail-I 2.7 ± 0.2**# 1.2 ± 0.0**# 0.0 ± 0.0**# 1.71 ± 0.17** 2.63 ± 0.54**# 0.00 ± 0.0
Cocktail -II 7.6 ± 0.6**# 1.3 ± 0.0**# 0.0 ± 0.0**# 4.05 ± 0.28**# 7.06 ± 0.28**# 0.00 ± 0.0

KCC-34: L. plantarum; KCC-45: P. pentosaceus; KCC-48: L. plantarum; P. pentosaceus; KCC-53-L. KCC-54: L. rhamnosus; Cocktail-I: KCC-45+48+53; Cocktail -II: KCC-34+45+54, 
Microbial population (CFU: colony forming unit/gram), LAB: Lactic acid bacteria. High-moisture: 62 ± 1.8%; low-moisture: 43 ± 0.2%. The data are expressed as the mean ± STD. 
**P< 0.01 compared to non-inoculum treatment; *P< 0.05 compared to non-inoculum treatment; #P< 0.05 compared to some single LAB treatment.

Table 4. 
Microbial profile of Heading triticale silages treated with single or co-culture LABs at different moistures on 12 months.

Groups High-moisture (%) Low-moisture (%)

LAB (×107CFU/g) Yeast (×104 CFU/g) Mold (×104 CFU/g) LAB (×107 CFU/g) Yeast (×104 CFU/g) Mold (×104 CFU/g)

Control 0.52 ± 8.5 759 ± 60 17 ± 0.74 0.38 ± 0.1 13.5 ± 0.44 17.3 ± 3.8
KCC-34 23.9 ± 2.0** 371 ± 33** 3.3 ± 0.62** 17.4 ± 4.2** 3.30 ± 0.33** 2.33 ± 1.25**

KCC-45 26.3 ± 1.7** 121 ± 18** 5.3 ± 0.09** 13.8 ± 0.7** 1.23 ± 0.08** 1.67 ± 0.94**

KCC-48 16.7 ± 1.4** 1.51 ± 0.2** 0.3 ± 0.47** 16.7 ± 1.4** 1.51 ± 0.24** 0.33 ± 0.47**

KCC-53 19.6 ± 1.4** 35.7 ± 6.6** 0.3 ± 0.05.** 18.3 ± 4.6** 4.93 ± 1.28** 1.00 ± 0.08**

KCC-54 14.9 ± 1.8** 23.0 ± 6.4** - 18.1 ± 4.4** 1.60 ± 0.22** -
Cocktail-I 25.4 ± 3.2**# 14.6 ± 2.0**# 0.33 ± 0.47**# 15.6 ± 2.6** 4.43 ± 0.11**# -
Cocktail -II 27.8 ± 1.8**# 10.3 ± 1.2**# 0.72 ± 0.90**# 15.6 ± 2.2** 0.70 ± 0.25**# 0.67 ± 0.17**

KCC-34-L. plantarum; KCC-45-P. pentosaceus; KCC-48-L. plantarum; KCC-53-P. pentosaceus; KCC-54-L.rhamnosus; Co-Cultures-I: KCC-45+48+53; Cocktail-I: KCC-45+48+53; Cocktail-II: 
KCC-34+45+54; Microbial population (CFU: colony forming unit/gram), LAB: Lactic acid bacteria. High-moisture: 62 ± 1.8%; low-moisture: 43 ± 0.2%. The data are expressed as 
the mean ± STD. **P < 0.01 compared to non-inoculum treatment; *P < 0.05 compared to non-inoculum treatment; #P < 0.05 compared to some single LAB treatment.

https://dx.doi.org/10.25259/JKSUS_47_2024
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4. Discussion

Forage conservation by ensiling has gained considerable attention 
for providing reliable and predictable feed for ruminants. A number 
of factors, such as plant oxidation, pathogens in plants, proteolytic 
activity, Clostridia fermentation, and microbial deamination and 
decarboxylation of amino acids, can be detrimental forage productivity, 
which increases the accumulation of anti-nutritional complexes in 
forage samples (Oliveira et al., 2017). Several decades, LA bacteria 
have been used to promote the fermentation process in plant samples 
for livestock due to its efficiency to improve the quality of the silages 
via acidification by production of LA at higher levels and reduced BA 
content and inhibition of undesirable microbial growth which favor 
the long-term storage of fermented silages (Feng et al., 2023; Guo 
et al., 2023). In spite of LAB's benefits, maintaining quality of silage 
during long-term storage has several challenges which includes aerobic 

stability, temperature fluctuations, and moisture content, which 
may lead to spoilage. Furthermore, improper sealing and handling 
can intensify these issues, resulting in lower feed quality and higher 
economic losses.

In addition, epiphytic LAB in the plants has been varied from 101 
to107 CFU/g based on several environmental factors (Pahlow et  al., 
2003) such as DM content of samples, temperature, and storage 
period. Epiphytic LAB in plants is not sufficient to induce rapid 
fermentation in ensiled silages. To produce excellent quality silage 
with high digestibility, different flavors, and additional inoculum must 
be incorporated into the ensiling method. LAB is used as an inoculant 
to increase the proportion of LA to AA in silage making to inhibit 
proteolysis and increase DM recovery (Muck 2013; Kim et al., 2017).

Numerous studies reported that adding LAB during the ensiling 
of different forages can accelerate positive fermentation (Kim et al., 
2017; Guo et al., 2023). In addition, the production of high-quality 

(a)

(c)

(b)

(d)

Fig. 1. Triangle heatmap-interactions among fermentative acids, nutrient contents, and microbial population by Python software. (a) Six month fermented silage at HM condition, 
(b) six month fermented silage at LM condition, (c) twelve-month fermented silage at HM condition, and (d) twelve-month fermented silage at LM condition. LA: Lactic acid,  

AA: Acetic acid, BA: Butyric acid, ADF: Acid detergent fiber, NDF: Neutral detergent fiber, CP: Crude protein, LAB: Lactic acid bacteria.
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silage with mixed forms of LAB (more than one strain) could accelerate 
the fermentation process due to its synergistic functions to enhance 
LA production and reduce BA levels compared to silage produced with 
single LAB treatments. Furthermore, mixed LAB could extend storage 
periods with preserved nutrients (Filya 2003; Kleinschmit and Kung 
2006; Muthusamy et al., 2021; Zhang et al., 2023). In the present study, 
high-quality silage was made from heading stages triticale forage at 
different moistures with various LA bacteria such as L. plantarum, 
P.pediococcus, and L. rhamnosus in either single or cocktail form and 
stored for 6 / 12 months. After storage periods,  the fermentative 
parameters such as nutrient and microbial profiles were evaluated. High-
quality silage has always been enriched with nutrients that preserve 
fermentation potential. ADF and NDF are key indicators of silage 
quality (He et al., 2018; Li et al., 2018; Xian et al., 2022). Fermented 
samples with increased ADF and NDF content indicate poor quality 
silage and reduced animal digestion. Silage with high fiber contains 
lower protein and energy than lower fiber silage. Hence, reducing the 
fiber content of silages is a better strategy to improve feed value (Li et 
al., 2008). Our study found that silage produced with different types 
of LAB did not change nutrient contents such as ADF, NDF, and CP. 
But, in our previous study, silage produced with L. plantarum KCC - 48 
and mixed LAB such as L. plantarum, P. pentosaceus, and L. rhamnosus 
combination significantly decreased ADF of HM early heading triticale 
silages after 180 and 360 days’ fermentation (Soundharrajan et al., 
2023). The same strains were used in the present study to ferment 
heading stage of triticale. However, there is no response to degradation 
of fiber material in fermented silage after 6 and 12 months. It may be 
richer and stronger fibers in the heading stage of triticale than in the 
early heading stage, which is the reason for being unable to degrade by 
the currently used LAB.

Acidification is a key indicator for production of high quality 
silages which reduces proteolytic activities in silages, decomposition 
of nutrients, and inhibits undesirable microbial growth (Muck 2010). 
An ideal pH for the good fermentation of silages ranges between 3.8 
and 4.2 pH (Ahmadi et al., 2019). In general, pH 4.2 is considered a 
benchmark for well-fermented silages (He et al., 2018). In the present 
study pH of the non-inoculated silages had higher pH values greater 
than five in both HM and LM condition after 6- and 12-month storage 
periods. It is due to lower LAB population and higher yeast and mold 
counts in non-inoculated silages, as evidenced by yeast and mold were 
positively correlated with pH of the silages determined by heatmap 
correlation. Silage produced with different LAB either single or cocktail 
form strongly reduced the pH of silage at both moisture and storage 
conditions due to higher LAB and lower yeast and mold populations. 
The previous supportive evidence for LAB strains actively suppressed 
fungal growth by pH 4.0 and the presence of LA (Broberg et al., 2007). 
The pH of the LAB mediated silages ranged from 3.98 to 4.47 and 3.94 
to 4.49 in both HM and LM silage after 6 and 12 months’ fermentation, 
respectively. At both moisture levels and storage periods, the pH almost 
reached desirable levels in response to different LAB treatments. In 
particular, cocktail-I and cocktail-II treatments more strongly reduced 
the pH of the silage than single strain treatments. Even after 12 months, 
the pH of the silage made with cocktail maintained the pH below 4.2 
benchmark level, it was consistent with heatmap correlation study, 
suggesting that the higher LAB in treatment was negatively correlated 
with pH and negatively correlated with yeast and mold after 6 and 12 
months at both moistures.

A high-LAB population and a low yeast and mold count were 
achieved by adding LA bacteria in different forms to the silages. In 
order to confirm the fermentation quality of forage samples, it is 
important to measure the LA content, which is an essential acid and 
an indicator of a successful fermentation process. LA is a predominant 
acids present in the fermented silages than the other acids (Wang et al., 
2021). It is more than 10-12 times higher than other organic acids that 
contribute to reducing the pH of silage (Kung et al., 2018). In both HM 
and LM conditions, non-inoculum treated silage had lower levels of LA 
after 6 and 12 months. This may be due to a low concentration of LAB 
was in non-inoculum treated silages, confirming that the native LAB 
present in the plants cannot induce LA fermentation. When silage is 
made with different LAB strains, either in single or cocktail forms, the 
amount of LA produced is more than 7 fold higher than non-inoculum 

treated silage. The production of LA after 6 months in HM silage made 
with cocktail-I or cocktail-II was more than 10 times compared to non-
inoculum treated silage. In LM silage at 6 months, LA was not detected 
in non-inoculum treated silages. But, silage treated with LAB at the 
different forms produced LA ranging from 2.04 ± 0.05 to 4.34 ± 0.19 
DM%, it confirmed that addition of LAB produced several folds more 
LA than non-inoculum treated silage. Similar trends were observed 
in silage treated with LAB after 12 months of storage periods. Higher 
production of LA in silages due to higher population of LAB and lower 
counts of yeast and mold. The correlation study confirmed that LA 
was positively correlated with LAB and negatively correlated with 
pH, yeast and mold counts, suggesting that LAB plays a main role in 
pH reduction and higher LA production. Subsequently, AA is another 
most leading acid in fermented silage (Hafner et al., 2013; Kung et al., 
2018). Marginal level of AA has been accepted for good quality silage 
which inhibits yeast and mold growth and increases aerobic stability 
(Wilkinson and Davies 2013). The acceptable range of AA is from 10g/
kgDM to 30g/KgDM (Muck et al., 2018; Gerlach et al., 2021). Triticale 
silage produced at heading stage with LAB in single or cocktail form 
significantly increased the content of AA compared to non-inoculum 
silages. The production of AA in LAB-treated silages varies among 
the strains used. KCC-45, KCC-48, cocktail-I, and cocktail-II produced 
higher AA acid than other strains (p<0.05) at HM conditions whereas 
all of the used LAB in any forms increased AA content after 6 months 
in LM. After 12 month of storage, KCC-45 and KCC-48 at HM and KCC-
54 and cocktail-I in LM conditions significantly increased AA levels 
compared to non-inoculum silages. The production of AA at marginal 
levels could be beneficial for silage due to inhibition of yeast and mold, 
as evidence that the triangle heatmap correlation revealed that AA was 
negative correlation with yeast and mold growth at all moisture and 
storage periods.

BA indicates poor quality silage due to clostridia-mediated 
fermentation (Pahlow et al., 2003; Zhang et al., 2023). Reduction or 
inhibition in total is a great strategy for producing high-quality silage 
with preserved nutrients for long-term storage. Since soluble nutrients 
have been degraded by clostridia fermentation, higher levels of BA 
reduce of silage DM and nutritional content (Kung et al., 2018). The 
study found that HM silage at 6 months had higher concentrations of 
BA in control silage which were reduced by LAB treatments in different 
forms, such as KCC-45, KCC-48, KCC-54, and both cocktail forms (p 
<0.05). Despite this, no significant amount of BA is produced in all 
experimental silages at LM levels. After 12 months of storage, LAB 
treatments significantly reduced BA levels in both high and low silages. 
Variations in BA reduction were observed among strains. Cocktail-I and 
cocktail-II treatments significantly reduced BA production compared 
to LAB alone. It is believed that the reduction in BA levels in LAB-
treated silage is due to the inhibition of yeast and mold, and to LAB 
dominance. In addition, BA showed a positive correlation with yeast 
and mold, while LAB showed a negative correlation with BA. There are 
specific challenges in producing triticale silage at heading stages due 
to a lack of water soluble carbohydrates (WSCs). The heading stage 
triticale contains less WSC and more fiber (ADF and NDF) than the 
early heading stage (milky stage). WSC is essential to LAB fermentation 
since it increases LA levels which reduce pH. Generally, fiber content 
is not favorable for LAB-mediated fermentation. Thus, the use of LAB 
that produces cellulase during the ensiling of fiber-rich forages could 
enhance fermentation and increase essential organic acids content.  

5. Conclusions

The production of high-quality silage from plant sources is essential 
for livestock farms. However, storing silage for a long period of time 
can lead to mold and yeast growth, as well as LA degradation. Thus, 
biological additives, such as LA bacteria, improve fermentation quality, 
and preserve nutrients for long-term storage. Therefore, high-quality 
silage was made from heading triticale with different types of LA, such 
as Pediococcus pentosaceus, Lactobacillus plantarum, and Lactobacillus 
rhamnosus, by the ensiling method to speed up fermentation by reducing 
pH of silages and periods after six and twelve months. LAB treatments 
also retained more LA and reduced BA levels by increasing LAB and 
reducing yeast and mold counts even after 12 months of storage. 
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Cocktail-I (two P. pentosaceus and one L. plantarum) and cocktail-II (L. 
plantarum, P. pentosaceus and L. rhamnosus) treatments were significantly 
more effective at preserving nutrient values of fermented silages for 
livestock for long periods of time than single strain treatments. This 
suggests that silage developed using multiple strains as a cocktail is 
more appropriate for livestock for long-time storage. Despite this, 
further studies are required to confirm the efficiency of the different 
LAB used in this study in either single or cocktail form on fermentation 
of different forages, including grasses and leguminous plants.
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