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hormones levels and prevents
Salmonella enterica serovar
Pullorum infection in chickens
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Since the use of antibiotics as growth promoters in animal feed has been
restricted or banned in several countries, finding suitable alternatives is crucial for
maintaining animal health. In this study, a novel formate acidifier named sodium
diformate (NaDF) was synthesized, and the effects on growth performance and
the prevention effects against Salmonella enterica serovar Pullorum infections
in chickens were assessed. In broilers, NaDF supplementation improved growth
performance, as evidenced by increased body weights and reduced feed
conversion ratios. At 38 days of age, NaDF supplementation increased the levels
of growth-hormone and ghrelin in the serum, lowered pH values in the gut,
improved duodenal morphology, as shown by increased villus length/crypt
depth ratios. NaDF also modulated the abundance of beneficial and harmful
bacteria without changing the general microbiota diversity and short-chain
fatty acids levels, which would be beneficial for maintaining gut homeostasis
during its use. NaDF exhibited a broad spectrum of antibacterial activity in vitro.
Supplementation with NaDF effectively decreased S. Pullorum colonization in
the cecum, liver and spleen in chickens, and mitigated pathological changes in
the tissues. Therefore, as a novel acidifier, NaDF can improve chicken growth
performance by increasing growth-related hormones levels while maintaining
the diversity of gut microbiota, and also resist intestinal bacterial infection.
These results provided evidences for the application of NaDF as an effective and
safe animal feed in poultry farming.
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1 Introduction

In recent decades, sub-therapeutic antibiotics have been used in
animal feed to improve growth performance, prevent infections and
reduce production costs (1). However, this practice may lead to the
bacteria evolution and an increase in drug-resistant pathogens,
thereby directly or indirectly contributing to the increase in human
infections caused by antibiotic-resistant bacteria (2, 3). Several
countries have limited or banned the use of antibiotics as feed
additives in food animals (4). Sweden was the first country to ban the
use of antibiotics as growth promoters in 1986, and European Union
banned their use in 2006 (4). China banned the use of antibiotics as
growth promoters in animal feed since 2020 (5). This could lead to an
increased risk of animals contracting diseases for a period of time, as
well as the re-emergence of diseases in the eradication phase. Hence,
the development and application of antibiotic substitute is essential to
promote animal growth and resist bacterial infections.

Over the past five decades, organic acids have received considerable
attention as feed additives in animal production (6). Among these
products, formic acid (FA) has been widely used to improve poultry
growth performance and limit the colonization of foodborne pathogens
in both poultry feed and the gastrointestinal tract (GIT) (7, 8). FA
promotes nutrient utilization in poultry by enhancing digestive enzyme
activities, facilitating mineral absorption and improving GIT
morphology (9-11). FA also promotes the immune responses of broilers
impaired by rapid growth (12, 13). Concurrently, FA exerts a direct
bactericidal effect by decreasing environmental pH values, thereby
creating an unfavorable environment for pH-sensitive pathogens (14,
15). Furthermore, FA has been found to modulate the composition of
the intestinal microbiota and to promote the colonization of beneficial
bacteria (16). However, FA is corrosive with undesirable odors, and is
easily absorbed by stomach, making it hard to reach the intestine. Thus,
formate acidifiers have been selected as substitutes for FA (7).

Potassium diformate (KDE HCOOH/HCOOK; molecular weight,
130.14 g/mol) is a white crystalline compound consisting of FA and
potassium formate linked via hydrogen and covalent bonds. It is highly
hygroscopic and easily soluble in water, with low volatility,
noncorrosive and no undesirable odor. It is dissociated into formic
acid and potassium ions in the stomach after being ingested by animals
and effectively addresses the problem of the inability of FA to reach the
intestine (17). KDF is the first substitute approved as a non-antibiotic
growth promoter by the European Union [Commission Reg (EC)
number 1334/2001]. Dietary KDF effectively improves animal growth
performance and nutrient utilization. In broiler, KDF supplementation
improves growth performance, as well as immune and intestinal health
(18). In weaning piglets, dietary KDF can increase average daily gain
(ADG) and decrease feed conversion ratio (FCR) (19, 20). KDF has
also been found to improve growth performance and carcass quality
in growing-finishing pigs (21). In different species of fish, dietary KDF
improves growth performance, by enhancing the activity of digestive
enzymes and promoting nutrient absorption (22-24). On the other
hand, KDF demonstrates anti-infection effects against various enteric
pathogens in animals. In our previous study, it has been demonstrated
that addition of KDF in feed or drinking water reduced the bacterial
colonization and the degree of pathological changes after S. Pullorum
infection in laying hens (25). In weaning piglets, KDF significantly
reduced GIT bacterial loads after Salmonella Derby or Escherichia coli
infection, alleviating intestinal damage and maintaining the intestinal
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barrier (26, 27). Similarly, in aquatic species, the mortality of
Oreochromis niloticus fed with KDF was lower than that of the basal
diet when infected with Aeromonas hydrophila or Francisella
noatunensis subsp. Orientalis (28, 29). Based on these findings, the
effectiveness and cost of FA deserves to be further optimized.

In this study, we synthesized a new type of formate acidifier
named Sodium diformate (NaDF, HCOONa HCOOH; molecular
weight, 114 g/mol), which is formed by the combination of FA and a
modified fiber hydrogen bond carrier. Compared with KDF, NaDF
showed more excellent acidification capacity, resulting in the release
of greater number of hydrogen ions per kilogram. In addition, NaDF
exhibited high buffering capacity and ceased to release at pH values
below 3.5, thereby being expected to protect the acid-secreting ability
of the stomach. Importantly, NaDF has a lower production cost.
Experiments were conducted to investigate the effect of NaDF on
growth performance, levels of growth-related hormones, intestinal
morphologies, microbiota compositions and short-chain fatty acid
(SCFA) levels of chickens. Its ability to prevent S. Pullorum infection
of chickens in term of bacterial loads and pathological changes was
also determined. The results provided evidences for the dual function
of NaDF in growth promotion and anti-infection in chickens.

2 Materials and methods

Two studies were conducted to assess the impact of NaDF on
growth performance and resistance to intestinal diseases in chickens.
The first study aimed to evaluate the effect of dietary NaDF on the
growth performance, intestinal health and microbiota compositions of
broilers, while study 2 aimed to assess the bacteriostatic activity of
NaDF in vitro and its preventive effect on Salmonella infection in chicks.

2.1Study 1

2.1.1 Detection of NaDF acidification and
buffering capacity

NaDF (synthesized in this study) and KDF (a positive control)
were provided by Alliance Biotech Co., Ltd. (Sanming, Fujian, China),
and were all greater than 98% pure. Water used in the experiments
complied with the water for analytical laboratory use and specification
and test methods (GB/T 6682-2008, China), and the experiments were
conducted at 25°C. Initial solutions of NaDF or KDF were obtained by
dissolving 2 g of sample in 70 mL of water. To detect the acidification
capacity, different volumes of 0.5057 mol/L NaOH were added to initial
solutions. The pH values were determined until it suddenly changed.
To detect the buffering capacity, different masses of NaDF or KDF were
added to 200 mL of water and the pH values were determined.

2.1.2 Experimental design and diets

A total of 672 one-day-old Arbor Acres broiler chickens with an
initial average body weight (BW) of 40.48£0.01 g were used and
randomly divided into two groups: (i) Con group (basal diet) and (ii)
NaDF group (basal diet +1g/kg NaDF). Each group consisted of 8
replicates with 42 broilers per replicate. The male to female ratio was
maintained at 1:1. All broilers were housed in pens 60 cm above the
ground and covered with a plastic net. Each replicate was housed
individually at a density of 14 broilers per square meter.
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All broilers were kept and managed in an environmentally controlled
house, ensuring appropriate temperature, humidity, light and hygiene, in
accordance with the hygienic requirements for broilers. The broilers had
free access to feed and water throughout the entire experimental period.
The basal diets were formulated following Chinese chicken feeding
standards (NY/T 33-2004) (30) (Table 1). The diets were in crumbled
form for days 1-15, small pellets (2mm diameter) for days 16-21, and
large pellets (3 mm diameter) from day 22 until the end of the experiment.

2.1.3 Growth performance measurements and
sample collections

BW and feed intake were recorded weekly for each replicate of
broilers to calculate ADG, average daily feed intake (ADFI) and FCR
on a per cage basis.

On day 38, one broiler from each replicate was randomly selected
for euthanasia (n=38). Blood samples were collected and centrifuged
at 3,000x g for 15min at 4°C and the serum stored at —80°C for
subsequent analysis of hormone levels. Duodenal and cecum tissues
were collected and fixed in 4% paraformaldehyde for observations and
measurements of intestinal histomorphology. The contents of the
duodenum and cecum were collected under aseptic conditions,
immediately snap-frozen in liquid nitrogen and then stored at —80°C
for the analysis of intestinal microbiota and SCFAs levels. Additionally,
the contents of the proventriculus, gizzard, duodenum, jejunum,

TABLE 1 Composition of broiler basal diets.

Items di-21 d22-38
Ingredient, %

Corn 49.14 42.79
Soybean meal (46% CP) 32.14 31.99
Cottonseed meal (46% CP) 2.00 2.00
Corn gluten meal (60% CP) 2.00 4.00
Wheat powder (CP 15%) 10.00 10.00
Limestone 1.20 1.22
Dicalcium phosphate 1.10 0.98
Duck oil 0.92 5.71
Sodium chloride 0.20 0.20
Premix' 1.30 1.11
Total 100.00 100.00
Nutrient levels?, %

Dry matter 88.40 89.10
Crude protein 23.00 23.50
Calcium 0.80 0.78
Total phosphorus 0.64 0.64
Available phosphorus 0.30 0.28
Lysine 1.40 1.44
Methionine 0.60 0.58
Metabolizable energy, kcal/kg 2,850 3,100

'Provided per kg of diet: vitamin A acetate, 8,000 IU; vitamin D3, 2000 IU; vitamin E acetate,
10 IU; vitamin K3, 1 mg; vitamin B2, 9 mg; vitamin B6, 4 mg; vitamin B12, 0.015 mg;
thiamine nitrate, 2 mg; niacin, 20 mg; D- biotin, 0.09 mg; D- calcium pantothenate, 9 mg;
folic acid, 0.95 mg; Cu, 8 mg; Fe, 80 mg; Mn, 60 mg; Zn, 60 mg; I, 0.5 mg; Se, 0.3 mg.
*Calculated values based on the analyzed data of experimental diets.
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ileum, cecum and rectum were collected, and the pH values of each
section were determined using a digital pH meter.

2.1.4 Detection of growth hormone and ghrelin
levels

Serum GH and ghrelin levels were assayed using commercial
ELISA kits (Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China).
Microtiter plate wells were coated with purified chicken GH and
ghrelin antibodies. Standards and samples were added to coated wells,
and the samples were diluted fivefold. Antibodies are combined with
HRP labels to form antibody-antigen-enzyme-antibody complexes,
and TMB substrate solution was added to develop the color.
Absorbance at 450nm was measured after colorization using a
microplate reader. The serum hormone levels were determined from
the standard curve by converting the corresponding absorbance.

2.1.5 Intestinal histomorphology observations

Duodenal and cecum samples were fixed with paraformaldehyde
and dehydrated in alcohol, then embedded in paraffin and sectioned
into 4 pm sections. Sections were then stained with hematoxylin and
eosin, and morphological changes were observed under a light
microscope (Nikon Eclipse CI). Six sections of each group and six villi
of each section were randomly selected. The villus length (VL) and
crypt depth (CD) were measured using Image-pro plus 6.0 (Media
Cybernetics, Inc., Rockville, MD, United States), and the villus length
to crypt depth ratio (VL/CD) was also calculated.

2.1.6 DNA extraction, 16S rRNA gene sequencing
and bioinformatics analysis

Total genomic DNA from duodenal and cecal contents of broilers
was extracted using a TIANamp stool DNA kit (TTAN GEN). The
quality and concentration of DNA were detected by 1.0% agarose gel
electrophoresis and a NanoDrop® ND-2000 spectrophotometer
(Thermo Scientific Inc., United States). The hypervariable region
V3-V4 of the bacterial 16S rRNA gene was amplified with primer pairs
338F  (5-ACTCCTACGGGAGGCAGCAG-3') and  806R
(5-GGACTACHVGGGTWTCTAAT-3") with an ABI GeneAmp®
9,700 PCR thermocycler (ABI, CA, United States). The PCR product
was purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, United States) and quantified using a
Quantus™ Fluorometer (Promega, USA). Purified amplicons were
pooled in equimolar amounts and paired-end sequenced on an
Ilumina NovaSeq PE300 platform (Illumina, San Diego, United States)
according to standard protocols by Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China).

The sequences were quality-filtered by fastp version 0.19.6 and
merged by FLASH version 1.2.7. The optimized sequences were then
clustered into operational taxonomic units (OTUs) using UPARSE 7.1
with a 97% sequence similarity level. The taxonomy of each OTU
representative sequence was analyzed by RDP Classifier version 2.11
against the 16S rRNA gene database' using confidence threshold of 0.7.
Bioinformatic analysis of the intestinal microbiota was carried out
using the Majorbio Cloud platform.”> Alpha diversity (Chao and

1 Silva v138, http://www.arb-silva.de
2 https://cloud.majorbio.com
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Shannon index) was calculated with Mothur v1.30.2 to analyze the
microbial diversity and richness, and the Wilcoxon rank sum test was
used to test for differences between the two groups. Beta diversity was
determined to analyze the similarity among the microbial communities
using principal coordinate analysis (PCoA) and nonmetric
multidimensional scaling analysis (NMDS) based on Bray-Curtis
distance (Vegan v2.5-3 package). Analysis of similarities (ANOSIM)
and Adonis analysis were used to assess statistical significance (Vegan
v2.5-3 package). Linear discriminant analysis (LDA) (LDA score> 2.0,
p<0.05) and the Wilcoxon rank sum test were used to analyze the
differences in bacterial abundances among groups.?

2.1.7 Determination of SCFAs levels in the
duodenum and cecum contents

Intestinal content samples (25 mg) were accurately weighed into
2mL grinding tubes, and 800 pL of 0.5% phosphoric acid water
containing the internal standard 2-ethylbutyric acid (10 pg/mL) was
added. Samples were frozen and ground at 50 Hz for 3 min, which was
repeated twice, followed by ultrasonication for 10min and
centrifugation at 4°C and 13,000 x g for 15min. Then, 200 puL of the
supernatant aqueous solution was transferred into a 1.5 mL centrifuge
tube, and 0.2 mL of N-butanol solvent was added for extraction. Lastly,
samples were vortexed for 10s and ultrasonicated on ice for 10 min,
followed by centrifugation at 4°C and 13,000xg for 5min.
Supernatants were then carefully transferred to sample vials for
analysis. The analysis was performed using an Agilent 8890B gas
chromatograph coupled to an Agilent 7000D mass selective detector
at Majorbio Bio-Pharm Technology Co. Ltd.

2.2 Study 2

2.2.1 Minimum inhibitory concentration assays

The MIC of NaDF against common pathogenic bacteria in the
farm was detected in vitro. The bacterial strains were stored in our
laboratory. The microbroth dilution method was employed to
determine the MIC (14).

2.2.2 Experimental design

Chickens were hatched from SPF White Leghorn chicken eggs
(Boehringer Ingelheim Vital Biotechnology Co, Ltd. Beijing, China)
at 37°C in an incubator for this study. NaDF was provided by Alliance
Biotech Co., Ltd. (Sanming, Fujian, China) and was greater than 98%
pure. All chickens were raised in SPF chicken isolators and provided
feed and water ad libitum. A total of 72 1-day-old SPF Leghorn
chickens were randomly assigned into four groups (n= 18): (i) NC
group (basal diet and water without infection), (ii) SP group (basal
diet and water with S. Pullorum infection), (iii) NaDF-diet (SP) group
(basal diet +5 g/kg NaDF with S. Pullorum infection) and (iv) NaDF-
water (SP) group (1g/L NaDF in water with S. Pullorum infection).

2.2.3 Salmonella infection assay
S. Pullorum C79-13 was obtained from the China Institute of
Veterinary Drug Control. The strain was cultured aerobically in

3 http://huttenhower.sph.harvard.edu/galaxy
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tryptic soy broth or tryptic soy agar at 37°C. Two days after NaDF
pretreatment, chickens in the infected groups were orally inoculated
with 0.5mL of S. Pullorum C79-13 at a dose of 1.2x 10 * CFU per
chicken, while the NC group received the same amount of phosphate-
buffered saline. The chickens were fasted for 4 h before infection. Their
BW, tissue bacterial loads and pathological changes were recorded on
different days’ post-infection (dpi).

2.2.4 Weight measurements and sample
collections

The BW of chickens in all groups was measured and recorded
daily until the end of the experiment. At 1.5, 3 and 6 dpi, six chickens
were randomly selected and euthanized from all groups. The liver,
spleen and one of the ceca were collected under aseptic conditions to
determine the bacterial loads in the tissues using plate counts. In
addition, the liver and another cecum were collected and fixed in 4%
paraformaldehyde at 6 dpi for histopathological analysis. The methods
were the same as described above in study 1.

2.3 Statistical analysis

Two-way ANOVA was used to do the statistical analysis of growth
performance in study 1 and body weight ratio (BWR, body weight
compared to the day before infection) in study 2. Two-tailed Student’s
t tests were used to do statistical analysis between two groups unless
otherwise indicated (GraphPad Prism 9.5.0, GraphPad Software, La
Jolla, CA, United States). The results expressed as the means +
standard deviations (SD). * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001.

3 Results
3.1 Study 1

3.1.1 NaDF provides strong acidification and
buffering capacity

The pH value of NaDF solution was significantly lower than that
of KDF solution with the addition of 30mL of 0.5057 mol/L
NaOH. The pH value of the NaDF solution was suddenly increased to
8.47 by adding 35.82mL of 0.5057 mol/L NaOH. The same change
happened in KDF solution with the addition of 31.67mL of
0.5057 mol/L NaOH. The results indicate that NaDF has a significantly
higher capacity to hydrogen than KDF
(Supplementary Table S1). The pH value of NaDF solution stabilized
at 3.50 and for KDF solution at 3.85 with increasing masses of NaDF
or KDF (Supplementary Table 52).

release ions

3.1.2 NaDF improves the growth performance
and increases levels of growth-related hormones
of broilers

The effects of NaDF on the growth performance of broilers are
shown in Table 2. At 38days of age, broilers in the NaDF group
exhibited a significant increase in BW compared to the Con group
(p<0.05). Throughout the 1-38-day period, FCR decreased
significantly in the NaDF group (p <0.01). In addition, ADG tended
to increase at the whole growing period (1-38 d), and FCR tended to
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decrease at the finishing stage (22-38 d) in the NaDF group
(0.05<p<0.1). Weekly growth performance data are shown in
Supplementary Table S3. On days 22-28, ADFI of broilers in the
NaDF group was significantly higher than that in the Con group
(Supplementary Table S3; p=0.05), and ADFI in the NaDF group
tended to increase at each stage of broilers growth.

Levels of growth-related hormones were also analyzed. At 38 days
of age, serum GH and ghrelin levels of broilers in the NaDF group
were significantly higher than those in the Con group (p<0.001,
Figure 1).

3.1.3 NaDF reduces gastrointestinal pH values

At 38days of age, broilers were euthanized and the pH values of
different sections of the GIT were measured. Compared to the Con
group, the NaDF group displayed significantly lower pH values in the
GIT, with significant differences observed in the duodenum and ileum
(Tables 3, p<0.05).

3.1.4 NaDF influences intestinal histomorphology

Supplementation with NaDF did not induce pathological changes
in the duodenum and cecum, as observed through histomorphology
analysis (Figures 2A,B). In the duodenum, there was a tendency for
lower duodenal CD in the NaDF group (0.05<p<0.1). A significant
increase in the ratio of VL/CD was observed in the NaDF group
(p<0.05, Figures 2C-E).

3.1.5 The microbial diversity, abundance and
levels of SCFAs in the duodenal and cecal
influenced by NaDF

The a-diversity analysis, Chaol and Shannon indices, showed no
significant differences in microbial diversity between the NaDF and
Con groups in both the duodenum and cecum (Figures 3A,B). Then,
the similarities and differences in microbial community structure in

TABLE 2 Growth performance of broilers fed with 1 g/kg NaDF.

Items Con NaDF ‘ p value
BW, g

d21 798.55 + 25.23 813.14 + 23.45 0.2509
dss 2293.80 + 45.69* 2342.98 + 45.42° #0.0487
ADG, g/d per bird

d1-21 35.98 + 1.26 36.60 + 1.26 03430
d22-38 101.16 +2.86 10322 +2.87 0.1731
d1-38 58.12 + 1.89 59.67 + 1.59 0.0976
ADF]I, g/d per bird

d1-21 48.18+1.39 48.92+1.29 0.2938
d22-38 140.37 + 4.01 141.60 + 2.50 0.1069
d1-38 88.91+2.78 89.94 +2.04 0.4121
F/G (g/g)

d1-21 1.34+0.02 1.34 +0.02 0.7884
d22-38 1.39+0.01 1.37 +0.02 0.0792
d1-38 1.53+0.01° 1.51+0.01° 50,0011

Different superscripts in the same row showed significant difference. Con group (basal diets);
NaDF group (NaDF in diet). BW, Body Weight; ADG, average daily gain; ADFI, average
daily feed intake; F/G, feed conversion ratio. *p <0.05, **p<0.01.
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different samples were investigated. PCoA and NMDS analysis based
on Bray-Curtis distance showed no changes in duodenal and cecal
microbial community structure with the addition of NaDF
(Figures 3C,D). The ANOSIM and Adonis based on Bray-Curtis
distance at the OTU level confirms the same result. Therefore, the
relationship in gut microbiota between different groups showed no
significant difference in B-diversity in either the duodenum or cecum.

The top 10 microbes at the phylum and genus levels in the
duodenum and cecum are shown in Figures 3E-H. The most abundant
phyla observed in the duodenum were Firmicutes (72.90%),
Proteobacteria (14.59%) and Cyanobacteria (10.99%), while
Bacteroidota (56.52%), Firmicutes (41.41%) and Proteobacteria (1.24%)
were the dominant phyla in the cecum. At the genus level, Lactobacillus
(64.04%) and norank_f norank_o_Chloroplast (10.98%) were the most
abundant in the duodenum, whereas Barnesiella (24.94%), Bacteroides
(12.58%), Alistipes (11.19%), norank_f norank_o_Clostridia_
UCG-014 (6.92%), Parabacteroides (5.61%), UCG-005 (3.63%),
(3.19%) and
Faecalibacterium (2.88%) were the predominant genera in the cecum.

norank_f norank_o_Clostridia_vadinBB60_group

Although NaDF did not significantly change the microbiota
diversity in the duodenal and cecal, the relative abundance of some
communities was influenced by NaDF supplementation at the genus
level. Linear discriminant analysis Effect Size (LEfSe) analysis
identified significant bacterial taxa associated with NaDF (LDA
score>2, Figures 4A,B). Further analysis at the genus level showed
that the relative abundances of Rheinheimera, Massilia, Streptococcus,
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium,
Brevibacillus, Micrococcus, Clostridium_sensu_stricto_5, Isoptericola
and Aerococcus were significantly lower in the duodenum of the
NaDF group compared to the Con group, whereas Peptostreptococcus,
Jeotgalicoccus and Tetragenococcus were significantly higher (p <0.05,
Figure 4C). In the cecum, the relative abundances of norank_f
norank_o_Clostridia_vadinBB60_group, unclassified_o_

Oscillospirales, unclassified_o_Bacteroidales, Ruminococcus_
gauvreauii_group, Holdemania and Massilia were significantly
decreased in the NaDF group, whereas Rikenella and Lactococcus
were significantly increased in the NaDF group (p <0.05, Figure 4D).
The raw sequencing reads were deposited into the NCBI Sequence
Read Archive (SRA) database (accession number: SRP472608).

The correlations between differential microbiota at genus level
with serum growth-related hormone levels were analyzed using
Spearman’s correlation analysis (Supplementary Figure S1). The level
of GH was negatively correlated with the relative abundance of
Micrococcus and Holdemania (p<0.05). The level of ghrelin was
positively correlated with the relative abundance of Tetragenococcus
and Jeotgalicoccus and negatively correlated with Aerococcus and
Micrococcus (p <0.05).

Additionally, supplementation of NaDF in the diet caused no
significant changes in the levels of major SCFAs in the broiler intestine
(Supplementary Table S4).

3.2 Study 2

3.2.1 Mics of NaDF against different pathogenic
bacteria in vitro

The MIC values of NaDF against fifteen different pathogenic
bacteria ranged from 6.2500-1.5625 mg/mL (Supplementary Table S5).
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The lowest MIC values were observed in P. multocida HB03 and S. suis
SC19, with 1.5625mg/mL. The highest MIC value was observed in
S. aureus ATCC212193 with 6.2500 mg/mL. The MIC values of NaDF
against Salmonella, E. coli, A. pleuropneumoniae, C. perfringens,
P. multocida 9261 and S. aureus 1213M4A were 3.1250 mg/mL.

3.2.2 Body weight losses in chickens infected
with Salmonella were alleviated by NaDF

No death occurred after infection of S. Pullorum. During days 4
to 9, the BWR of chickens in the SP group was significantly lower than
that in the NC group (p <0.05; Table 4). While compared to the SP
group, on days 3, 4, 6, 7, 8 and 9, the NaDF-treated group had a
significant higher BWR (p <0.05; Table 4).

3.2.3 Colonization of bacteria and pathological
damages in the cecum and liver of chickens
infected with Salmonella were reduced by NaDF

The bacterial loads in tissues of chickens infected with S. Pullorum
were analyzed on 1.5, 3 and 6dpi. Throughout these periods, the
NaDF-treated group exhibited reduced S. Pullorum loads in the
cecum, liver and spleen (Figure 5A). At the same time, the inhibition
effect of supplementation of NaDF in the diet was more effective than
that in drinking water (Figure 5A).

The cecum and liver tissues of chickens in the NC group appeared
normal, while those in the SP group displayed evident pathological
changes, including disrupted normal structure, marked inflammatory
cell infiltration, cell necrosis and submucosal edema in the cecum
(Figures 5C,D). However, the addition of NaDF to the feed and
drinking water alleviated tissue lesions (Figures 5C,D). Following
NaDF treatment, the cecum of chickens exhibited nearly normal
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FIGURE 1
The addition of NaDF to the diet increased growth-related hormone
levels of chickens in Con group (basal diets) and NaDF group (NaDF
in diet). (A) Growth hormone levels. (B) Ghrelin levels. *** p <0.001.

TABLE 3 The pH values in different GIT segments of broilers.

10.3389/fvets.2024.1433514

structural integrity with minimal inflammatory cell infiltration and
reduced goblet cells. Moreover, inflammatory cell infiltration in the
liver was reduced.

4 Discussion

With the policies of removal of antibiotic growth promoters from
food animal production in several countries, sustainable alternatives
are urgently needed to promote growth and prevent disease in food
animal production. In this study, we investigated the effects of NaDF,
a novel organic acid feed additive, on growth promotion in broilers
and on Salmonella resistance in chicks (Figure 6). Our findings
revealed that NaDF significantly increased the BW and decreased the
FCR in broilers, which aligns with previous research on the growth-
promoting effects of organic acids in poultry and swine (9, 17, 31, 32).
In particular, the most significant effect of NaDF in reducing FCR
was observed during two specific stages of broiler development,
including 1-7 days and 22-28 days of age. In the first week, this effect
may be due to the immaturity of the GIT of chicken, with insufficient
gastric acid secretion and an unstable gut microbial community,
making exogenous acid supplementation more effective (33). At
22 days of age, the diet of broilers was changed from small pellets to
large pellets. The physical form of the feed influences the secretion of
gastric acid and pepsin to further affect nutrient digestion (34). NaDF
supplementation during this period may facilitate the digestive
enzyme activity.

The primarily function of organic acids is to create lower pH
environments. The lower pH in the GIT maintains the activity of
pepsin and trypsin, which enhances protein utilization and
nutrient digestibility (35). This may be one reason for the higher
BW of broilers in the NaDF group compared to the Con group at
38 days of age. In addition, organic acids are known to maintain
the integrity of the intestinal barrier through their diffusion into
bacterial cells, where they dissociate and release H* ions, and
limiting the growth of bacteria that are less tolerant to acidic pH
while promoting the growth of acid-tolerant probiotics (36).
We observed that NaDF significantly reduced the pH values of
the duodenum and ileum in broilers in study 1. In study 2, NaDF
exhibited antimicrobial activity in vitro and effectively prevented
Salmonella infections in chicks by reducing colonization and
alleviating pathological changes of chicken tissues. These findings
are consistent with our previous research that KDF can
successfully prevent Salmonella infections in chickens by
acidifying the GIT environment (25). Therefore, we suggest that
the main reasons for the effectiveness of NaDF in preventing
infections is that acidification of the GIT environment, thereby
providing a direct bactericidal effect. Meanwhile, the acidification

GIT Proventriculus Gizzard Duodenum Jejunum Rectum
segment

Con 429 +0.30 4324026 6.18 + 0.28* 5.84 031 6.89 +0.67* 629 0.41 6.16 + 0.47
NaDF 4284057 426+0.48 5.85+ 031 5.67 +0.61 6.19+0.62° 6284025 5.88 +0.43
Pvalue 0.9527 0.7888 #0.0444 0.4936 #0.0469 0.9653 02297

Different superscripts in the same column showed significant difference, the same as below. Con group (basal diets); NaDF group (NaDF in diet). *p <0.05.
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The addition of NaDF to the diet improved gut morphology. (A) Histomorphology and measurement analysis of the duodenum. The dark lines in the
pictures on the right indicate villus length (VL) and crypt depth (CD) for measurements. (B) Histomorphology of the cecum. Blue arrows: goblet cells.
(C) The villus length, (D) crypt depth and (E) VL/CD ratio of the duodenum. Con group (basal diets), NaDF group (NaDF in diet). * p < 0.05.

effect of organic acids is commonly thought to be more effective
in the upper GIT (37), which also could be observed with NaDF
supplementation in the diet. NaDF had no significant effect on
the pH values of the broiler proventriculus and gizzard. This is
probably attributed to the high buffering capacity of NaDF, which
protects the acid-secreting ability of the stomach at low pH
values. NaDF significantly reduced the pH values in the
duodenum and ileum because the original pH values of these two
sections are relatively higher than that in stomach. Then, with

Frontiers in Veterinary Science

dissociation and reduced concentrations of NaDF in the lower
intestine, it was not sufficient to cause a significant difference in
the pH values of the cecum and rectum, compared to the
Con group.

Our results demonstrated the beneficial effect of NaDF on
intestinal morphology in terms of increased duodenal VL and VL/
CD ratio and decreased CD. Intestinal morphology serves as an
essential indicator for evaluating the digestive and absorptive
function of the intestine (38). Longer small intestinal villi facilitate
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FIGURE 3
Microbial diversities of the duodenum and cecum. (A) Chaol index. (B) Shannon index. (C) Principal coordinate analysis. (D) Nonmetric
multidimensional scaling analysis. (E-H) Relative abundance distributions of the top 10 intestinal microbiota at the phylum and genus levels in the
duodenum and cecum. DC (duodenal contents of Con group); DN (duodenal contents of NaDF group); CC (cecal contents of Con group); CD (cecal
contents of NaDF group).

the absorption of nutrients such as monosaccharides, amino acids
and fatty acids, and shallower crypts indicates that the intestinal
epithelial cells have a higher degree of maturity and better nutrient
absorption (39). Previous studies have also demonstrated that
dietary supplementation with organic acids increases VL in the
duodenum, jejunum and ileum and improves BW in broilers (40-
42). GH can regulate the structure of intestinal villi (43). A
previous study has confirmed that the villous volumes and surface
areas were reduced in GH-deficient rats, which could be restored
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to the levels of the control rats after intraperitoneal GH
administration (44). Therefore, GH promotions found in the NaDF
group can account for the growth-promoting effects of NaDF
in broilers.

According to the results, dietary NaDF significantly elevated the
serum levels of GH and ghrelin in broilers, which has not been
reported as an effect of FA supplementation previously. Central
nervous system is crucial in regulating appetite, energy balance and
BW (45). GH, mainly produced from the pituitary gland, plays a
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FIGURE 4
Species differences in the intestinal microbiota of the duodenum and cecum. (A,B) LEfSe analysis. (C,D) Changes at the genus level. * p <0.05, **
p<0.0L

crucial role in regulating avian growth rate by influencing different
physiological processes such as protein synthesis, cell proliferation and
metabolism in muscle and adipose tissue (46, 47). Ghrelin, a peptide
hormone produced by chicken proventriculus, acts as a potent
stimulator of GH release and serves a hunger signal role that enhances
food intake and weight gain to regulate energy balance (48-51). It has
been shown that broilers with higher ghrelin levels exhibit higher
plasma GH levels and BW (52). Therefore, we inferred that NaDF
promotes the secretion of endogenous ghrelin, which in turn
stimulates appetite and triggers the release of GH from the pituitary,
thus improving the growth performance of broilers (Figure 5), which
may serve as another mechanism by which NaDF promote animal
growth performance.

The commensal intestinal microbiota plays important roles in the
maintenance of the normal physiology of animals. Diet can affect host
health by modulating GIT microbial communities (53). Our study
revealed that supplementation with 1g/kg NaDF in the diet had no
significant effect on microbial alpha and beta diversity. Subsequently,
we analyzed the changes in relative abundance of bacteria at the genus
level. In the duodenum, the relative abundances of Jeotgalicoccus,
Peptostreptococcus and Tetragenococcus were significantly higher in
the NaDF group than that in the Con group. However, the relative
Allorhizobium-

abundances of Clostridium_sensu_stricto_5,

Neorhizobium-Pararhizobium-Rhizobium, Aerococcus and
Rheinheimera were significantly lower. In the genera with increased
abundance, Peptostreptococcus has been shown to possess probiotic
characteristics. P. russellii has been reported to inhibit BW decline and
inflammation caused by dextran sodium sulfate (54). This bacterium
can enhance the mucus barrier and utilize mucin for colonization, and

produces tryptophan metabolite indole acrylic acid to maintain
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intestinal epithelial barrier and mitigate inflammatory responses (54).
Jeotgalicoccus has been found to be positively correlated with immune
function in broilers, and its relative abundance increases in the ileum
of litter floor broilers with stronger immunity (55, 56).
Tetragenococcus is a lactic acid- and bacteriocin-producing bacterium
(57). As a probiotic, T. halophilus can alleviate intestinal inflammation
in mice by altering gut microbiota and regulating dendritic cell
activation via CD83 (58). Long-term administration of T. halophilus
over generations has been found to promote immune activation and
tolerance and enhance immunological robustness (59). In genera with
decreased abundance, Clostridium_sensu_stricto_5 potentially
associated with necrotic enteritis (NE), an enterotoxemic disease in
poultry caused by Clostridium perfringens. The ban on the addition of
antibiotics to feed in locations such as the European Union and China
has led to an increase in NE incidence (60). Acute cases of NE have a
mortality rate of up to 50% (61). Chronic NE significantly reduces the
growth performance of chickens, causing intestinal ulceration and
erosion, leading to serious economic losses in poultry farming (61).
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium are
considered to be harmful bacteria in chickens, causing intestinal
inflammation (62). Aerococcus are strongly associated with infections
in humans and animals. Their members cause urinary tract infections,
infective endocarditis and arthritis in humans (63, 64). A. viridans
causes pneumonia, meningitis, arthritis and urinary tract infection in
pigs (65, 66) and subclinical intramammary infections in dairy cows
(67, 68). But the impact of Aerococcus on poultry has not been
reported. Rheinheimera texasensis is known to be a human pathogen
bacterium that carries multiple antibiotic resistance genes (69).

The absorption and metabolism of organic acids primarily take
place in the upper GIT segments of poultry and weakly affect the distal
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FIGURE 5
The addition of NaDF enhanced the resistance of chickens to S. Pullorum infection. (A) S. Pullorum loads in the cecum, spleen and liver.
(B) Histopathological analysis of cecum and liver tissues of chickens in different groups at 6 dpi. Black arrows: inflammatory cell infiltration. Red arrows:
mucosal epithelial cell necrosis and nuclear pyknosis, dissolution and disappearance. Yellow arrows: mucosal edema. Blue arrows: goblet cells. Green
arrows: mild fatty degeneration with some lipid droplets in the cytoplasm. NC (basic diets); SP (basic diets, infected with S. Pullorum); NaDF- diet (SP)
(NaDF in diet, infected with S. Pullorum); NaDF- water (SP) (NaDF in water, infected with S. Pullorum). *p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001.
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TABLE 4 Changes in BWR of chickens after S. pullorum infection.

10.3389/fvets.2024.1433514

Group/Days 1 2 3 4
(Infected)
NC 1.00 £ 0.04 1.06 = 0.05 1.07 £ 0.09* 1.27 £0.11% 1.40 £0.10* 1.57 £0.10* 1.63 £0.10* 1.75 £ 0.06* 1.96 £ 0.07*
NaDF- diet (SP) 1.00 £ 0.03 1.10 £ 0.04 1.18 +0.04° 1.27 £ 0.06° 1.34 £ 0.05* 1.42 +0.07° 1.60 + 0.04* 1.78 £ 0.04* 1.95+0.03°
NaDF- water (SP) 1.00 £ 0.03 1.10 £ 0.02 1.18 +£0.03" 1.19 +0.08° 1.28 +0.11% 1.35+0.19° 1.58 £ 0.10* 1.72 £ 0.15* 1.85+0.11*
SP 1.00 £ 0.04 1.04 £ 0.04 1.10 £ 0.05* 1.09 +0.09* 1.20 + 0.08" 1.26 £0.11¢ 1.37 £ 0.06 1.59 +0.15" 1.70 + 0.07°
NC (basic diets); SP (basic diets, infected with S. Pullorum); NaDF- diet (SP) (NaDF in diet, infected with S. Pullorum); NaDF- water (SP) (NaDF in water, infected with S. Pullorum).
*P<0.05.
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FIGURE 6
Schematic diagram of the effects of NaDF supplementation to improve growth performance and prevent Salmonella infection in chickens. BW (body
weight); FCR (feed conversion ratio); GHSR (growth hormone secretagogue receptor); GH (growth hormone); GIT (gastrointestinal tract); VL (villus
length); CD (crypt depth); SCFA (short-chain fatty acid).

intestine, as demonstrated in the present study and our previous studies
(25, 70). Hence, it is reasonable that in the cecum, the changes in the
abundances of bacterial genera were less pronounced than those seen
in the duodenum. We observed an increase in the relative abundance
of Lactococcus and Rikenella and a decrease in Holdemania,
Ruminococcus_gauvreauii_group and Massilia in the NaDF group.
Lactococcus are lactic acid-producing bacteria (LAB) that produce
bacteriocins. Lactococcus has the “generally recognized as safe” (GRAS)
status by the Food and Drug Administration (FDA), and has been
widely used in livestock and poultry farming (71, 72). Rikenella is
thought to be an anaerobic bacterium that capable of producing SCFAs,
but its beneficial potential has not been reported in the literature (73).
The increased relative abundance of beneficial bacteria caused by NaDF
probably contributes to resistance to Salmonella in chicks.

The levels of the five major SCFAs in the duodenum and cecum
did not significantly change with 1g/kg NaDF supplementation in
broilers’ diet. SCFAs are major end-products of complex carbohydrates
fermented by anaerobic gut bacteria (74). Although the abundances
of certain genera of bacteria in the intestine were altered, NaDF did
not significantly affect the diversity of intestinal microbes, which may
explain the unchanged levels of SCFAs. Therefore, we suggest that the
acidification of the GIT and increased growth-related hormones are
the main reasons for the growth-promoting effects of 1g/kg NaDF
supplemented to the chicken diet.

A stable environment in the intestine is crucial for a healthy host.
Pathogenic microorganisms can be present in the gut for lasting periods
at low concentrations, but without any negative effect on the host.
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However, some of the microbiota, despite their beneficial effects, can
turn detrimental by producing toxic metabolites when the in vivo
environment is unfavorable for their survival (75). Therefore, safe and
sustainable feed additives need to have minimal impacts on the overall
GIT microbiota composition (7). Inappropriate amounts of acid
additives can impact the abundance of beneficial bacteria, with one
significant challenge being their potential detrimental effect on LAB
(17). For example, supplementation of 6 g/kg FA in the diet of piglets
reduced the abundance of Lactobacilli in the intestine (76). Our
previous study found a decrease in the relative abundance of
Lactobacillus and Lactococcus in the duodenum of chicken upon the
addition of 5 g/kg KDF to the feed (25). In the pre-experiment, we found
that supplementation with 5g/kg NaDF in broilers diet decreased the
ADG and ADFI at the whole experimental period (1-42d) (data not
shown). Based on these results and considering the common effective
and safe dose of acidifiers already used in poultry farming,
supplementation with 1g/kg NaDF was chosen as the experimental
dose in this study. We found that the addition of 1 g/kg NaDF to the feed
did not affect the relative abundance of LAB, which is probably due to
a reduction in supplementation amount. The acid tolerance evolution
of pathogenic microorganisms is also a challenge of the application of
acidifiers. Many intestinal pathogens have developed tolerance to acidic
environments as a survival strategy. For example, the pathogenic E. coli
and Salmonella show enhanced resistance to extreme acidic conditions
after exposure to SCFAs (77, 78). Salmonella is capable of producing
formate which serves as a diffusible signal to induce bacterial invasion
of Hep-2 epithelial cells (79). Campylobacter can utilize FA as a substrate
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for respiratory energy metabolism (80, 81). We found that
supplementation with 1g/kg NaDF in broiler feed increased the relative
abundance of some beneficial bacteria and decreased the abundance of
certain potential pathogenic bacteria, while generally maintaining the
stability of the diversity of intestinal commensal microbiota. Thus, the
amount of NaDF used in this study can be considered both safe and
effective in promoting the health of chickens.

5 Conclusion

In conclusion, as a novel formate acidifier, NaDF supplemented at
1 g/kg in diet for broilers lowered the pH values in the GIT, improved
growth performance characterized by increased BW, decreased FCR
and improved intestinal morphology. These effects are likely to result
from increased ghrelin and GH secretions caused by NaDFE. NaDF also
modulated the abundances of certain intestinal bacteria without
significantly changing the microbiota diversity and SCFAs levels,
which would be beneficial for maintaining gut homeostasis during the
sustainable use of NaDFE. Additionally, NaDF effectively protected
chickens from Salmonella infections evidenced by reduced bacterial
loads in tissues and mitigated pathological changes after bacterial
infection. This study provided evidence for the clinical application of
NaDF in poultry production.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found at: https://www.ncbinlm.nih.gov/, SRP472608.

Ethics statement

The animal study was approved by Animal Experiment Ethics
Committee of Huazhong Agricultural University (No: HZAUCH-
2023-0018 and HZAUCH-2023-0019). The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

Data Formal

Investigation, Methodology, Software, Writing — original draft. XZ:

YS: Conceptualization, curation, analysis,

Formal analysis, Investigation, Methodology, Writing - original draft.
WH: Formal analysis, Investigation, Methodology, Writing - original

References

1. Brown K, Uwiera RRE, Kalmokoff ML, Brooks SPJ, Inglis GD. Antimicrobial growth
promoter use in livestock: a requirement to understand their modes of action to develop
effective alternatives. Int ] Antimicrob Agents. (2017) 49:12-24. doi: 10.1016/j.
ijantimicag 2016.08.006

2. Van Boeckel TP, Pires J, Silvester R, Zhao C, Song ], Criscuolo NG, et al. Global
trends in antimicrobial resistance in animals in low- and middle-income countries.
Science. (2019) 365:eaaw1944. doi: 10.1126/science.aaw1944

3. Chang Q, Wang W, Regev-Yochay G, Lipsitch M, Hanage WP. Antibiotics in
agriculture and the risk to human health: how worried should we be? Evol Appl. (2015)
8:240-7. doi: 10.1111/eva.12185

Frontiers in Veterinary Science

10.3389/fvets.2024.1433514

draft. WL: Formal analysis, Writing - original draft. JH: Formal analysis,
Writing - original draft. YC: Formal analysis, Writing — original draft.
HL: Formal analysis, Funding acquisition, Writing - review & editing.
XC: Formal analysis, Funding acquisition, Writing - review & editing.
QH: Formal analysis, Writing — review & editing. RZ: Formal analysis,
Writing - review & editing. LL: Formal analysis, Funding acquisition,
Supervision, Writing — original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by the National Key Research and Development
Program of China (No. 2021YFD1800404) and the Wuhan Science
and Technology Commissioner Industry University Research Special
Project (2023110201030691).

Acknowledgments

We gratefully acknowledge Tengfei Zhang from Hubei Academy
of Agricultural Sciences for providing the strain of S. Pullorum C79-13.

Conflict of interest

YC and HL were employed by Alliance Biotech Co., Ltd.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fvets.2024.1433514/

full#supplementary-material

4. Rahman MRT, Fliss [, Biron E. Insights in the development and uses of alternatives
to antibiotic growth promoters in poultry and swine production. Antibiotics (Basel).
(2022) 11:766. doi: 10.3390/antibiotics11060766

5. Ministry of Agriculture and Rural Affairs. Announcement No. 194 of the Ministry of
Agriculture and Rural Affairs of the People’s Republic of China. (2019). Available at: http://
www.fgs.moa.gov.cn/flfg/202002/t20200217_6337167.htm (Accessed July 9, 2019).

6. Burnett GS, Hanna J. Effect of dietary calcium lactate and lactic acid on Feacal
Escherichia coli counts in pigs. Nature. (1963) 197:815. doi: 10.1038/197815a0

7. Ricke SC, Dittoe DK, Richardson KE. Formic acid as an antimicrobial for poultry
production: a review. Front Vet Sci. (2020) 7:563. doi: 10.3389/fvets.2020.00563

frontiersin.org


https://doi.org/10.3389/fvets.2024.1433514
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fvets.2024.1433514/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2024.1433514/full#supplementary-material
https://doi.org/10.1016/j.ijantimicag.2016.08.006
https://doi.org/10.1016/j.ijantimicag.2016.08.006
https://doi.org/10.1126/science.aaw1944
https://doi.org/10.1111/eva.12185
https://doi.org/10.3390/antibiotics11060766
http://www.fgs.moa.gov.cn/flfg/202002/t20200217_6337167.htm
http://www.fgs.moa.gov.cn/flfg/202002/t20200217_6337167.htm
https://doi.org/10.1038/197815a0
https://doi.org/10.3389/fvets.2020.00563

Sun et al.

8. Luise D, Correa E, Bosi P, Trevisi P. A review of the effect of formic acid and its salts
on the gastrointestinal microbiota and performance of pigs. Animals (Basel). (2020)
10:887. doi: 10.3390/ani10050887

9. Khan RU, Naz S, Raziq E, Qudratullah Q, Khan NA, Laudadio V, et al. Prospects of
organic acids as safe alternative to antibiotics in broiler chickens diet. Environ Sci Pollut
Res Int. (2022) 29:32594-604. doi: 10.1007/s11356-022-19241-8

10. Rodjan P, Soisuwan K, Thongprajukaew K, Theapparat Y, Khongthong S,
Jeenkeawpieam J, et al. Effect of organic acids or probiotics alone or in combination on
growth performance, nutrient digestibility, enzyme activities, intestinal morphology and
gut microflora in broiler chickens. ] Anim Physiol Anim Nutr. (2018) 102:€931-40. doi:
10.1111/jpn.12858

11. Garcia V, Catala-Gregori P, Hernandez F, Megias MD, Madrid J. Effect of formic
acid and plant extracts on growth, nutrient digestibility, intestine mucosa morphology,
and meat yield of broilers. J Appl Poult Res. (2007) 16:555-62. doi: 10.3382/
japr.2006-00116

12. Ghazalah AA, Atta AM, Elkloub K, Moustafa ME, Shata RFH. Effect of dietary
supplementation of organic acids on performance, nutrients digestibility and health of
broiler chicks. Int J Poult Sci. (2011) 10:176-84. doi: 10.3923/ijps.2011.176.184

13. Ma J, Mahfuz S, Wang J, Piao X. Effect of dietary supplementation with mixed
organic acids on immune function, Antioxidative characteristics, digestive enzymes
activity, and intestinal health in broiler chickens. Front Nutr. (2021) 8:673316. doi:
10.3389/fnut.2021.673316

14. Mantzios T, Tsiouris V, Kiskinis K, Economou V, Petridou E, Tsitsos A, et al. In
vitro investigation of the antibacterial activity of nine commercial water disinfectants,
acidifiers, and glyceride blends against the Most important poultry zoonotic Bacteria.
Pathogens. (2023) 12:381. doi: 10.3390/pathogens12030381

15. Byrd JA, Hargis BM, Caldwell DJ, Bailey RH, Herron KL, McReynolds JL, et al.
Effect of lactic acid administration in the drinking water during preslaughter feed
withdrawal on Salmonella and Campylobacter contamination of broilers. Poult Sci.
(2001) 80:278-83. doi: 10.1093/ps/80.3.278

16. Nava GM, Attene-Ramos MS, Gaskins HR, Richards JD. Molecular analysis of
microbial community structure in the chicken ileum following organic acid
supplementation. Vet Microbiol. (2009) 137:345-53. doi: 10.1016/j.vetmic.2009.01.037

17. Dittoe DK, Ricke SC, Kiess AS. Organic acids and potential for modifying the
avian gastrointestinal tract and reducing pathogens and disease. Front Vet Sci. (2018)
5:216. doi: 10.3389/fvets.2018.00216

18. Ragaa NM, Korany RMS. Studying the effect of formic acid and potassium
diformate on performance, immunity and gut health of broiler chickens. Anim Nutr.
(2016) 2:296-302. doi: 10.1016/j.aninu.2016.08.003

19. Htoo JK, Molares J. Effects of dietary supplementation with two potassium formate
sources on performance of 8- to 22-kg pigs. J Anim Sci. (2012) 90:346-9. doi: 10.2527/
j2s.53776

20. Windisch WM, Gotterbarm GG, Roth FX. Effect of potassium diformate in
combination with different amounts and sources of excessive dietary copper on
production performance in weaning piglets. Arch Tierernaehr. (2001) 54:87-100. doi:
10.1080/17450390109381969

21. Overland M, Granli T, Kjos NP, Fjetland O, Steien SH, Stokstad M. Effect of dietary
formates on growth performance, carcass traits, sensory quality, intestinal microflora,
and stomach alterations in growing-finishing pigs. J Anim Sci. (2000) 78:1875-84. doi:
10.2527/2000.7871875x

22.Naderi Farsani M, Bahrami Gorji S, Hoseinifar SH, Rashidian G, Van Doan H.
Combined and singular effects of dietary PrimaLac® and potassium Diformate (KDF)
on growth performance and some physiological parameters of rainbow trout
(Oncorhynchus mykiss). Probiotics Antimicrob Proteins. (2020) 12:236-45. doi: 10.1007/
$12602-019-9523-2

23. Castillo S, Rosales M, Pohlenz C, Gatlin DM. Effects of organic acids on growth
performance and digestive enzyme activities of juvenile red drum Sciaenops ocellatus.
Aquaculture. (2014) 433:6-12. doi: 10.1016/j.aquaculture.2014.05.038

24. Morken T, Kraugerud OF, SORensen M, Storebakken T, Hillestad M, Christiansen
R, et al. Effects of feed processing conditions and acid salts on nutrient digestibility and
physical quality of soy-based diets for Atlantic salmon (Salmo salar). Aquac Nutr. (2012)
18:21-34. doi: 10.1111/§.1365-2095.2011.00872.x

25.Sun Y, Yu P, Cheng Y, Liu J, Chen X, Zhang T, et al. The feed additive potassium
Diformate prevents Salmonella enterica Serovar Pullorum infection and affects intestinal
Flora in chickens. Antibiotics (Basel). (2022) 11:1265. doi: 10.3390/antibiotics11091265

26. Papenbrock S, Stemme K, Amtsberg G, Verspohl J, Kamphues J. Investigations on
prophylactic effects of coarse feed structure and/or potassium diformate on the microflora
in the digestive tract of weaned piglets experimentally infected with Salmonella Derby. J
Anim Physiol Anim Nutr. (2005) 89:84-7. doi: 10.1111/.1439-0396.2005.00537.x

27. Taube VA, Neu ME, Hassan Y, Verspohl ], Beyerbach M, Kamphues J. Effects of
dietary additives (potassium diformate/organic acids) as well as influences of grinding
intensity (coarse/fine) of diets for weaned piglets experimentally infected with
Salmonella Derby or Escherichia coli. ] Anim Physiol Anim Nutr. (2009) 93:350-8. doi:
10.1111/j.1439-0396.2008.00894.x

28. Suphoronski SA, Chideroli RT, Facimoto CT, Mainardi RM, Souza FP, Lopera-
Barrero NM, et al. Effects of a phytogenic, alone and associated with potassium

Frontiers in Veterinary Science

13

10.3389/fvets.2024.1433514

diformate, on tilapia growth, immunity, gut microbiome and resistance against
francisellosis. Sci Rep. (2019) 9:6045. doi: 10.1038/541598-019-42480-8

29. Abu Elala NM, Ragaa NM. Eubiotic effect of a dietary acidifier (potassium
diformate) on the health status of cultured Oreochromis niloticus. ] Adv Res. (2015)
6:621-9. doi: 10.1016/j.jare.2014.02.008

30. Ministry of Agriculture and Rural Affairs. Feeding standard of chicken. National
Standard of the People's Republic of China NY/T 33-2004. (2004). Available at: https://
hbba.sacinfo.org.cn/stdDetail/90de118bfc0c611fada7e476c815bf2e21d779cb49b4ed0
3d247bafcdd461b10 (Accessed September 1, 2004).

31. Rao ZX, Tokach MD, Woodworth JC, DeRouchey JM, Goodband RD, Gebhardt
JT. Effects of various feed additives on finishing pig growth performance and carcass
characteristics: a review. Animals (Basel). (2023) 13:200. doi: 10.3390/ani13020200

32. Tugnoli B, Giovagnoni G, Piva A, Grilli E. From acidifiers to intestinal health
enhancers: how organic acids can improve growth efficiency of pigs. Animals (Basel).
(2020) 10:134. doi: 10.3390/ani10010134

33. Suiryanrayna MVAN, Ramana JV. A review of the effects of dietary organic acids
fed to swine. ] Anim Sci Biotechnol. (2015) 6:45. doi: 10.1186/s40104-015-0042-z

34. Canibe N, Hojberg O, Hojsgaard S, Jensen BB. Feed physical form and formic acid
addition to the feed affect the gastrointestinal ecology and growth performance of
growing pigs. J Anim Sci. (2005) 83:1287-302. doi: 10.2527/2005.8361287x

35. Nguyen DH, Seok WJ, Kim IH. Organic acids mixture as a dietary additive for
pigs-a review. Animals (Basel). (2020) 10:952. doi: 10.3390/ani10060952

36. Dibner J], Buttin P. Use of organic acids as a model to study the impact of gut
microflora on nutrition and metabolism. J Appl Poult Res. (2002) 11:453-63. doi:
10.1093/japr/11.4.453

37. Hume ME, Corrier DE, Ivie GW, Deloach JR. Metabolism of [14C]propionic acid
in broiler chicks. Poult Sci. (1993) 72:786-93. doi: 10.3382/ps.0720786

38. Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function and
immune homeostasis. Nat Rev Immunol. (2014) 14:141-53. doi: 10.1038/nri3608

39. Duangnumsawang Y, Zentek ], Goodarzi BE Development and functional
properties of intestinal mucus layer in poultry. Front Immunol. (2021) 12:745849. doi:
10.3389/fimmu.2021.745849

40. Khodambashi Emami N, Zafari Naeini S, Ruiz-Feria CA. Growth performance,
digestibility, immune response and intestinal morphology of male broilers fed
phosphorus deficient diets supplemented with microbial phytase and organic acids.
Livest Sci. (2013) 157:506-13. doi: 10.1016/j.livsci.2013.08.014

41. Adil S, Banday T, Bhat GA, Mir MS, Rehman M. Effect of dietary supplementation
of organic acids on performance, intestinal Histomorphology, and serum biochemistry
of broiler chicken. Vet Med Int. (2010) 2010:479485:1-7. doi: 10.4061/2010/479485

42. Wu W, Xiao Z, An W, Dong Y, Zhang B. Dietary sodium butyrate improves
intestinal development and function by modulating the microbial community in
broilers. PLoS One. (2018) 13:€0197762. doi: 10.1371/journal.pone.0197762

43. Chen Y, Tsai YH, Tseng BJ, Tseng SH. Influence of growth hormone and glutamine
on intestinal stem cells: a narrative review. Nutrients. (2019) 11:1941. doi: 10.3390/
null081941

44. Peng H, Poovaiah N, Forrester M, Cochran E, Wang Q. Ex vivo culture of primary
intestinal stem cells in collagen gels and foams. ACS Biomater Sci Eng. (2015) 1:37-42.
doi: 10.1021/ab500041d

45. Heiss CN, Olofsson LE. The role of the gut microbiota in development, function
and disorders of the central nervous system and the enteric nervous system. J
Neuroendocrinol. (2019) 31:¢12684. doi: 10.1111/jne.12684

46. Vélez EJ, Unniappan S. A comparative update on the neuroendocrine regulation
of growth hormone in vertebrates. Front Endocrinol (Lausanne). (2020) 11:614981. doi:
10.3389/fendo.2020.614981

47.Jia], Ahmed I, Liu L, Liu Y, Xu Z, Duan X, et al. Selection for growth rate and body
size have altered the expression profiles of somatotropic axis genes in chickens. PLoS
One. (2018) 13:e0195378. doi: 10.1371/journal.pone.0195378

48.El-Magd MA, Saleh AA, Abdel-Hamid TM, Saleh RM, Afifi MA. Is really
endogenous ghrelin a hunger signal in chickens? Association of GHSR SNPs with
increase appetite, growth traits, expression and serum level of GHRL, and GH. Gen
Comp Endocrinol. (2016) 237:131-9. doi: 10.1016/j.ygcen.2016.08.016

49. Gajewska A, Strzelecki D, Gawlik-Kotelnicka O. Ghrelin as a biomarker of
"Immunometabolic depression” and its connection with Dysbiosis. Nutrients. (2023)
15:3960. doi: 10.3390/nu15183960

50. Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin is a
growth-hormone-releasing acylated peptide from stomach. Nature. (1999) 402:656-60.
doi: 10.1038/45230

51. Lewinski A, Karbownik-Lewinska M, Wieczorek-Szukala K, Stasiak M, Stawerska
R. Contribution of ghrelin to the pathogenesis of growth hormone deficiency. Int ] Mol
Sci. (2021) 22:9066. doi: 10.3390/ijms22169066

52.Zhu La AT, Feng Y, Hu D, Feng Y, Jin X, Liu D, et al. Enzymatically prepared
alginate oligosaccharides improve broiler chicken growth performance by modulating
the gut microbiota and growth hormone signals. ] Anim Sci Biotechnol. (2023) 14:96.
doi: 10.1186/s40104-023-00887-4

frontiersin.org


https://doi.org/10.3389/fvets.2024.1433514
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3390/ani10050887
https://doi.org/10.1007/s11356-022-19241-8
https://doi.org/10.1111/jpn.12858
https://doi.org/10.3382/japr.2006-00116
https://doi.org/10.3382/japr.2006-00116
https://doi.org/10.3923/ijps.2011.176.184
https://doi.org/10.3389/fnut.2021.673316
https://doi.org/10.3390/pathogens12030381
https://doi.org/10.1093/ps/80.3.278
https://doi.org/10.1016/j.vetmic.2009.01.037
https://doi.org/10.3389/fvets.2018.00216
https://doi.org/10.1016/j.aninu.2016.08.003
https://doi.org/10.2527/jas.53776
https://doi.org/10.2527/jas.53776
https://doi.org/10.1080/17450390109381969
https://doi.org/10.2527/2000.7871875x
https://doi.org/10.1007/s12602-019-9523-2
https://doi.org/10.1007/s12602-019-9523-2
https://doi.org/10.1016/j.aquaculture.2014.05.038
https://doi.org/10.1111/j.1365-2095.2011.00872.x
https://doi.org/10.3390/antibiotics11091265
https://doi.org/10.1111/j.1439-0396.2005.00537.x
https://doi.org/10.1111/j.1439-0396.2008.00894.x
https://doi.org/10.1038/s41598-019-42480-8
https://doi.org/10.1016/j.jare.2014.02.008
https://hbba.sacinfo.org.cn/stdDetail/90de118bfc0c611fada7e476c815bf2e21d779cb49b4ed03d247bafcdd461b10
https://hbba.sacinfo.org.cn/stdDetail/90de118bfc0c611fada7e476c815bf2e21d779cb49b4ed03d247bafcdd461b10
https://hbba.sacinfo.org.cn/stdDetail/90de118bfc0c611fada7e476c815bf2e21d779cb49b4ed03d247bafcdd461b10
https://doi.org/10.3390/ani13020200
https://doi.org/10.3390/ani10010134
https://doi.org/10.1186/s40104-015-0042-z
https://doi.org/10.2527/2005.8361287x
https://doi.org/10.3390/ani10060952
https://doi.org/10.1093/japr/11.4.453
https://doi.org/10.3382/ps.0720786
https://doi.org/10.1038/nri3608
https://doi.org/10.3389/fimmu.2021.745849
https://doi.org/10.1016/j.livsci.2013.08.014
https://doi.org/10.4061/2010/479485
https://doi.org/10.1371/journal.pone.0197762
https://doi.org/10.3390/nu11081941
https://doi.org/10.3390/nu11081941
https://doi.org/10.1021/ab500041d
https://doi.org/10.1111/jne.12684
https://doi.org/10.3389/fendo.2020.614981
https://doi.org/10.1371/journal.pone.0195378
https://doi.org/10.1016/j.ygcen.2016.08.016
https://doi.org/10.3390/nu15183960
https://doi.org/10.1038/45230
https://doi.org/10.3390/ijms22169066
https://doi.org/10.1186/s40104-023-00887-4

Sun et al.

53.Jha R, Berrocoso JD. Review: dietary fiber utilization and its effects on
physiological functions and gut health of swine. Animal. (2015) 9:1441-52. doi: 10.1017/
s1751731115000919

54, Wlodarska M, Luo C, Kolde R, d'Hennezel E, Annand JW, Heim CE, et al.
Indoleacrylic acid produced by commensal Peptostreptococcus species suppresses
inflammation. Cell Host Microbe. (2017) 22:25-37.e6. doi: 10.1016/j.chom.2017.06.007

55.Song B, Yan S, Li P, Li G, Gao M, Yan L, et al. Comparison and correlation analysis
of immune function and gut microbiota of broiler chickens raised in double-layer cages
and litter floor pens. Microbiol Spectrum. (2022) 10:0004522. doi: 10.1128/
spectrum.00045-22

56. Song B, Li P, Xu H, Wang Z, Yuan J, Zhang B, et al. Effects of rearing system and
antibiotic treatment on immune function, gut microbiota and metabolites of broiler
chickens. J Anim Sci Biotechnol. (2022) 13:144. doi: 10.1186/s40104-022-00788-y

57. Preciado GM, Michel MM, Villarreal-Morales SL, Flores-Gallegos AC, Aguirre-
Joya J, Morlett-Chévez J, et al. Bacteriocins and its use for multidrug-resistant Bacteria
control. Coahuila, Mexico: Academic Press, pp. 329-349. (2016).

58.Islam SMS, Ryu HM, Sohn S. Tetragenococcus halophilus alleviates intestinal
inflammation in mice by altering gut microbiota and regulating dendritic cell activation
via CD83. Cells. (2022) 11:1903. doi: 10.3390/cells11121903

59. Kotake K, Kumazawa T, Adachi T. Long-term administration of Tetragenococcus
halophilus no. 1 over generations affects the immune system of mice. PLoS One. (2022)
17:€0267473. doi: 10.1371/journal.pone.0267473

60. Shojadoost B, Vince AR, Prescott JE The successful experimental induction of
necrotic enteritis in chickens by Clostridium perfringens: a critical review. Vet Res. (2012)
43:74. doi: 10.1186/1297-9716-43-74

61. Lee KW, Lillehoj HS, Jeong W, Jeoung HY, An DJ. Avian necrotic enteritis:
experimental models, host immunity, pathogenesis, risk factors, and vaccine
development. Poult Sci. (2011) 90:1381-90. doi: 10.3382/ps.2010-01319

62. Zhang X, Akhtar M, Chen Y, Ma Z, Liang Y, Shi D, et al. Chicken jejunal
microbiota improves growth performance by mitigating intestinal inflammation.
Microbiome. (2022) 10:107. doi: 10.1186/s40168-022-01299-8

63. Rasmussen M. Aerococci and aerococcal infections. ] Infect. (2013) 66:467-74. doi:
10.1016/j.jinf.2012.12.006

64. Rasmussen M. Aerococcus: an increasingly acknowledged human pathogen. Clin
Microbiol Infec. (2016) 22:22-7. doi: 10.1016/j.cmi.2015.09.026

65. Martin V, Vela Al, Gilbert M, Cebolla ], Goyache ], Dominguez L, et al.
Characterization of Aerococcus viridans isolates from swine clinical specimens. J Clin
Microbiol. (2007) 45:3053-7. doi: 10.1128/jcm.00156-07

66. Moreno LZ, Matajira CE, Gomes VT, Silva AP, Mesquita RE, Christ AP, et al.
Molecular and antibiotic susceptibility characterization of Aerococcus viridans isolated
from porcine urinary infection. Vet Microbiol. (2016) 184:7-10. doi: 10.1016/j.
vetmic.2016.01.002

67. Devriese LA, Hommez J, Laevens H, Pot B, Vandamme P, Haesebrouck E
Identification of aesculin-hydrolyzing streptococci, lactococci, aerococci and enterococci

Frontiers in Veterinary Science

14

10.3389/fvets.2024.1433514

from subclinical intramammary infections in dairy cows. Vet Microbiol. (1999) 70:87-94.
doi: 10.1016/s0378-1135(99)00124-8

68.Liu G, Liu Y, Ali T, Ferreri M, Gao J, Chen W, et al. Molecular and phenotypic
characterization of Aerococcus viridans associated with subclinical bovine mastitis. PLoS
One. (2015) 10:€0125001. doi: 10.1371/journal.pone.0125001

69. Wang J, Pan R, Dong P, Liu S, Chen Q, Borthwick AGL, et al. Supercarriers of
antibiotic resistome in a world's large river. Microbiome. (2022) 10:111. doi: 10.1186/
s40168-022-01294-z

70. Oakley BB, Buhr R, Ritz CW, Kiepper BH, Berrang ME, Seal BS, et al. Successional
changes in the chicken cecal microbiome during 42 days of growth are independent of
organic acid feed additives. BMC Vet Res. (2014) 10:282. doi: 10.1186/s12917-014-0282-8

71. Lambo MT, Chang X, Liu D. The recent trend in the use of multistrain probiotics
in livestock production: An overview. Animals (Basel). (2021) 11:2805. doi: 10.3390/
anil1102805

72.Lone A, Mottawea W, Mehdi Y, Himmami R. Bacteriocinogenic probiotics as an
integrated alternative to antibiotics in chicken production - why and how? Crit Rev Food
Sci Nutr. (2022) 62:8744-60. doi: 10.1080/10408398.2021.1932722

73.MaH, Hu Y, Zhang B, Shao Z, Roura E, Wang S. Tea polyphenol - gut microbiota
interactions: hints on improving the metabolic syndrome in a multi-element and multi-
target manner. Food Sci Human Wellness. (2021) 11:11-21. doi: 10.1016/j.
fshw.2021.07.002

74. Holscher HD. Dietary fiber and prebiotics and the gastrointestinal microbiota. Gut
Microbes. (2017) 8:172-84. doi: 10.1080/19490976.2017.1290756

75. Yadav S, Jha R. Strategies to modulate the intestinal microbiota and their effects
on nutrient utilization, performance, and health of poultry. ] Anim Sci Biotechnol. (2019)
10:2. doi: 10.1186/s40104-018-0310-9

76. Gedek B, Kirchgessner M, Eidelsburger U, Wiehler S, Bott A, Roth FX. Influence
of formic acid on the microflora in different segments of the gastrointestinal tract, 5:
investigations about the nutritive efficacy of organic acids in the rearing of piglets. Med
Wieku Rozwoj. (1992) 15:V-9. doi: 10.1016/0147-9571(92)90086-7

77. Diez-Gonzalez F, Russell JB. Factors affecting the extreme acid resistance of
Escherichia coli O157:H7. Food Microbiol. (1999) 16:367-74. doi: 10.1006/fmic.1998.0249

78. Kwon YM, Ricke SC. Induction of acid resistance of Salmonella Typhimurium by
exposure to short-chain fatty acids. Appl Environ Microbiol. (1998) 64:3458-63. doi:
10.1128/aem.64.9.3458-3463.1998

79. Huang Y, Suyemoto M, Garner CD, Cicconi KM, Altier C. Formate acts as a
diffusible signal to induce Salmonella invasion. J Bacteriol. (2008) 190:4233-41. doi:
10.1128/jb.00205-08

80. Beier RC, Byrd JA, Caldwell D, Andrews K, Crippen TL, Anderson RC, et al.
Inhibition and interactions of Campylobacter jejuni from broiler chicken houses with
organic acids. Microorganisms. (2019) 7:223. doi: 10.3390/microorganisms7080223

81. Beier RC, Harvey RB, Hernandez CA, Hume ME, Andrews K, Droleskey RE, et al.
Interactions of organic acids with Campylobacter coli from swine. PLoS One. (2018)
13:€0202100. doi: 10.1371/journal.pone.0202100

frontiersin.org


https://doi.org/10.3389/fvets.2024.1433514
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1017/s1751731115000919
https://doi.org/10.1017/s1751731115000919
https://doi.org/10.1016/j.chom.2017.06.007
https://doi.org/10.1128/spectrum.00045-22
https://doi.org/10.1128/spectrum.00045-22
https://doi.org/10.1186/s40104-022-00788-y
https://doi.org/10.3390/cells11121903
https://doi.org/10.1371/journal.pone.0267473
https://doi.org/10.1186/1297-9716-43-74
https://doi.org/10.3382/ps.2010-01319
https://doi.org/10.1186/s40168-022-01299-8
https://doi.org/10.1016/j.jinf.2012.12.006
https://doi.org/10.1016/j.cmi.2015.09.026
https://doi.org/10.1128/jcm.00156-07
https://doi.org/10.1016/j.vetmic.2016.01.002
https://doi.org/10.1016/j.vetmic.2016.01.002
https://doi.org/10.1016/s0378-1135(99)00124-8
https://doi.org/10.1371/journal.pone.0125001
https://doi.org/10.1186/s40168-022-01294-z
https://doi.org/10.1186/s40168-022-01294-z
https://doi.org/10.1186/s12917-014-0282-8
https://doi.org/10.3390/ani11102805
https://doi.org/10.3390/ani11102805
https://doi.org/10.1080/10408398.2021.1932722
https://doi.org/10.1016/j.fshw.2021.07.002
https://doi.org/10.1016/j.fshw.2021.07.002
https://doi.org/10.1080/19490976.2017.1290756
https://doi.org/10.1186/s40104-018-0310-9
https://doi.org/10.1016/0147-9571(92)90086-7
https://doi.org/10.1006/fmic.1998.0249
https://doi.org/10.1128/aem.64.9.3458-3463.1998
https://doi.org/10.1128/jb.00205-08
https://doi.org/10.3390/microorganisms7080223
https://doi.org/10.1371/journal.pone.0202100

	Dietary supplementation with a novel acidifier sodium diformate improves growth performance by increasing growth-related hormones levels and prevents Salmonella enterica serovar Pullorum infection in chickens
	1 Introduction
	2 Materials and methods
	2.1 Study 1
	2.1.1 Detection of NaDF acidification and buffering capacity
	2.1.2 Experimental design and diets
	2.1.3 Growth performance measurements and sample collections
	2.1.4 Detection of growth hormone and ghrelin levels
	2.1.5 Intestinal histomorphology observations
	2.1.6 DNA extraction, 16S rRNA gene sequencing and bioinformatics analysis
	2.1.7 Determination of SCFAs levels in the duodenum and cecum contents
	2.2 Study 2
	2.2.1 Minimum inhibitory concentration assays
	2.2.2 Experimental design
	2.2.3 Salmonella infection assay
	2.2.4 Weight measurements and sample collections
	2.3 Statistical analysis

	3 Results
	3.1 Study 1
	3.1.1 NaDF provides strong acidification and buffering capacity
	3.1.2 NaDF improves the growth performance and increases levels of growth-related hormones of broilers
	3.1.3 NaDF reduces gastrointestinal pH values
	3.1.4 NaDF influences intestinal histomorphology
	3.1.5 The microbial diversity, abundance and levels of SCFAs in the duodenal and cecal influenced by NaDF
	3.2 Study 2
	3.2.1 Mics of NaDF against different pathogenic bacteria in vitro
	3.2.2 Body weight losses in chickens infected with Salmonella were alleviated by NaDF
	3.2.3 Colonization of bacteria and pathological damages in the cecum and liver of chickens infected with Salmonella were reduced by NaDF

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

