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intestinal flora and immune function of chicks infected with Salmonella
pullorum
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ABSTRACT Salmonella pullorum is a highly patho-
genic bacteria in poultry industry. However, antibiotics
were restricted in many countries because of the increas-
ing risk of antibiotic resistance, Therefore, an environ-
mental friendly and effective alternative strives to be
developed. This study investigated the benefit of a probi-
otic-fermented herbal blend on the growth performance
and gut microbiota of newborn broilers infected with S.
pullorum. A total of 120 one-day-old dwarf male chicks
were randomly allotted to 4 treatment groups, each
including 5 replicates of 6 chicks: negative control (NC),
positive control (PC), herbal blend (HB), and probiotic-
fermented herbal blend (PF). All birds (n = 90), except
for those in the NC, were infected with S. pullorum
(1.69 x 10° CFU) on day 1. On day 11, body weight
(BW), mortality, tissue pathology, cecal colony counts,
immune organ indices, cecal mucosa secretory immuno-
globulin A (sIgA) concentrations, and cecal cytokine
mRNA expression levels were investigated. No mortality

was observed after the PF treatment, and less pathologi-
cal condition was in the ileum, cecum, and liver of HB and
PF. BW, average daily gain and average daily feed intake
were significant higher in the HB group compared to the
PC and were the highest in the PF (P < 0.05). HB treat-
ment significantly increased cecal populations of Lactoba-
cilli, and decreased cecal populations of Escherichia coli
and Salmonella, but results were more pronounced in the
PF group (P < 0.05). Both HB and PF treatments
increased cecal mucosa sIgA compared with the PC (P <
0.05). Tumor necrosis factor alpha and interferon gamma
were lowest (P < 0.05) and interleukin 4 was the highest
(P <0.05) in PF, which exhibited similar levels to the NC
group. PF treatment significantly improved the develop-
ment of the thymus and bursa in S. pullorum-infected
chicks. In conclusion, PF treatment prevented death,
improved growth performance, regulated intestinal flora
and enhanced immune ability of in S. pullorum-infected
with chicks.
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INTRODUCTION

Pullorum disease (PD) is an avian-specific septicemic
disease caused by Salmonella pullorum and leads to mas-
sive economic losses in the poultry industry. During the
infection, S. pullorum were taken up and disseminated
by macrophages to the intestinal mucosa, bursal fol-
licles, and liver. The macrophages help the pathogen
avoid humoral response-mediated clearance, resulting in
prolonged colonization in chickens (Henderson et al.,

© 2021 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http:
4.0/).

Received February 8, 2021.

Accepted April 7, 2021.

'These authors contributed equally to this work.

2Corresponding author: mxdlh1963@163.com

creativecommons.org/licenses/by-nc-nd

2021 Poultry Science 100:101196
https://doi.org/10.1016/j.psj.2021.101196

1999; Wigley et al., 2002; Guo et al, 2019). Chickens
infected with PD suffer from chronic or recessive disease,
which leads to continuous horizontal and vertical trans-
mission through transportation of eggs. Although many
countries are reportedly free of PD, it is still a threat
because of wild avian species and inefficient environmen-
tal control for the free-range reared chickens, especially
in developing countries, such as Brazil, Argentina,
and China (Barrow and Freitas Neto, 2011; Revol-
ledo, 2018).

Antibiotics treatment is an effective method to pre-
vent and treat PD. However, the widespread use of anti-
biotics has also raised concerns about increased
antibiotic resistance in microorganisms. Many countries
around the world have legislated limits on the use of
antibiotics in poultry production (Gong et al., 2014;
Lettini et al., 2016). Persistent infections in chickens
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and public concerns around antibiotic resistance necessi-
tate the development of an environmentally friendly
feed supplement that strengthens the defense mecha-
nisms of chickens against PD, such as natural immunos-
timulants including probiotics and Chinese herbal
medicines.

Herbs such as Astragalus, Panax notoginseng, licorice
and chickpeas have been popular as traditional medicine
and health food in China for over 1,000 years and are
known to protect the intestinal mucosa, improve energy
metabolism, reduce pathological damage to organs, pro-
mote gastrointestinal digestion and absorption and
enhance growth and immunity (Qiu et al., 2007,
Wu, 2018a; Rashidi et al., 2020). However, when added
to feed, the cell wall of herbs interferes the release of the
functional compounds, such as polysaccharides, sapo-
nins, flavonoids, isoflavones, coumarins, alkaloids and
other ingredients, and lowers the efficacy of the herbs
(Zhang et al., 2018; Wang et al., 2019a). Moreover, add-
ing functional compounds directly to feed increases the
costs and exceeds animal tolerance.

Fermenting herbs with probiotics increase organism
tolerability and improves the activity and extraction
yield of functional components (Liu et al., 2017). Probi-
otic-fermented herbal blend (PF), as prebiotics, can pro-
mote the growth and reproduction of probiotics and
enhance their ability to colonize the intestine
(Wang et al., 2017). Probiotics, particularly Lactobacil-
lus species, have also been shown to be an effective way
to inhibit colonization of invading pathogens, balance
the intestinal microflora and stimulate the immune
response (Rolfe, 2000; De Vrese and Schrezenmeir, 2008;
Sharifi et al., 2012). Early intake of Lactobacillus-con-
taining probiotics was shown to be effective in the pre-
vention of PD. However, the effects were not great
enough to protect chicks after infection (Chen et al.,
2020). As an external antigen, PF activate the immune
system by improving macrophage activity or antibody
levels (Wang et al., 2019b). It was reported that PF
improved ADG, immune organ indices and immuno-
globulin secretion of Silkie chickens (Yang, 2015). There
was also evidence that probiotic-fermented herbs reduce
necrosis of liver cells, the activity of serum alanine ami-
notransferase (ALT) and aspartate aminotransferase
(AST) and the level of total bilirubin in the liver
(Tian et al., 2017). A study also showed that PF com-
bined with Bacillus subtilis promoted the growth of
anaerobic bacteria (such as Bifidobacterium, Lactobacil-
lus, etc.), inhibited the growth of Escherichia coli and
enhanced the humoral immune functioning (Xie et al.,
2016). In past studies, PF have often been used in the
aquaculture and livestock industries in the form of feed
supplements to improve the production performance,
but there are few reports their use in the treatment of
avian diseases (Wang et al., 2017; Lei et al.,2018;
Abarike et al., 2020).

This study investigated the effects of a traditional
Chinese herb blend including Astragalus, P. notogin-
seng, licorice, chickpeas, and black beans fermented by
Lactobacillus plantarum subsp. plantarum Zhang-LL

and Lactobacillus paracasei KLL1 on the growth perfor-
mance, intestinal microflora and immune function of
chicks infected with S. pullorum. The aim of this study is
to provide an evidence for this PF as a new type of feed
additive for the poultry production industry as well as a
new strategy for treating PD.

MATERIALS AND METHODS

Preparation of the Probiotic-Fermented
Herbal Blend

The PF was prepared according to previous research
(Liet al., 2018). Herbal blend powder (75% wt/wt) con-
taining 40% (wt/wt) Astragalus, 30% (wt/wt) P. noto-
ginseng, 10% (wt/wt) licorice and 20% (wt/wt)
chickpeas (Suzhou Kemu Animal Medicine Co., Ltd.,
Suzhou, China) was mixed with 16.7% (wt/wt) black
bean powder and 8.3% (wt/wt) glucose and dissolved in
distilled water to a final concentration of 10% (wt/vol).
The probiotics L. paracasei KL1 (CGMCC no.11533;
10" CFU/mL) and L. plantarum Zhang-LL (CGMCC
1n0.6936; 10" CFU /mL) were cultured in de Man Rogosa
and Sharpe (MRS) broth media at 37°C for 12 h and
used as the inoculum for fermentation for 72 h at 34°C.
Viable counts of L. paracasei KLland L. plantarum
Zhang-LL. were determined on MRS agar plates
(Liu et al., 2016).

Animals

A total of 120 one-day-old male Nongda No. 3 Dwarf
chicks were obtained from the Animal Genetics and
Breeding Laboratory, College of Animal Science and
Technology (China Agricultural University, Beijing,
China). All animal treatments, housing and feeding
were in accordance with the General Rules for Animal
Welfare Evaluation and the International Cooperation
Committee of Animal Welfare (Beijing, China). All
experimental procedures adhered to the institutional cri-
teria for the care and use of laboratory animals. The
chicks were raised in separate silos at a controlled tem-
perature of 36°C under fluorescent light for 24 h, with
light reduced by 1 hour per day from day 1 to day 10,
and given ad libitum access to antibiotic-free feed and
water throughout the experiment (Chen et al., 2020).
The basal diet was formulated according to National
Research Council (1994) standards (Table 1).

Experimental Infection with S. pullorum

The S. pullorum (CVCC no. 533) strain was pur-
chased from the China Veterinary Microbial Strain Pres-
ervation and Management Center (Beijing, China),
activated in Luria-Bertani broth for 3 generations, cen-
trifuged (3,500 x ¢, 15 min, 4°C), washed twice with
PBS buffer (pH 7.2) and resuspended in sterile normal
saline. A total of 120 male chicks were randomly divided
into 4 treatment groups: negative control group (NC),
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Table 1. Ingredient and nutrient composition of basal diet (as
fed).

Ttem Composition

Ingredient (%)

Corn 61.03
Soybean meal 30.80
Soybean oil 2.50
Fish meal 1.50
CaHPO, 1.40
Limestone 1.40
NaCl 0.37
Premix' 1.00
Total 100.00
Calculated nutrient levels (%)

Crude protein 19.00
Calcium 0.90
Available phosphorus 0.35
Lysine 0.85
Methionine 0.40
Methionine + cysteine 0.65
Metabolizable energy (MJ kg ™) 12.40

'The premix provided the following per kg of diet: vitamin A, 9500 IU;
vitamin By, 1.5 mg; vitamin Bs, 9.0 mg; vitamin Bg, 3.0 mg; vitamin B,
0.02 mg; vitamin D3, 2,375 IU; vitamin E, 19 IU; vitamin K, 1.40 mg; bio-
tin, 0.95 mg; folic acid, 0.93 mg; D-pantothenic acid, 9.3 mg; Cu (as copper
sulfate), 15 mg; Fe (as ferrous sulfate), 60 mg; Mn (as manganese sulfate),
100 mg, Zn (as zinc sulfate), 70 mg; I (as potassium iodide), 0.50 mg; Se
(as sodium selenite), 0.59 mg.

positive control group (PC), herbal blend (HB) group
and probiotic-fermented herbal blend (PF) group. Each
treatment group included 5 replicates with 6 chicks in
each replicate. On day 1, chicks in the PC, HB and PF
groups were orally administered 0.2 mL per chick of a
solution containing S. pullorum (8.45 x 10® CFU/mL;
Geng et al., 2014). Chicks in the NC group were orally
administered an equal amount of sterile normal saline.
From days 4 to 10, chicks in the HB and PF groups were
orally administered 0.2 mL per chick of a solution either
containing the PF (1.20 x 10° CFU/mL) or HB, respec-
tively (Figure 1).

NC group Sterile saline
Sterile saline Sacrifice
| | | | | | | | | [ |
'pp | ! T pal ! I I ! IDIUID[IL
PC group Sterile saline
5. pullorum Sacrifice
| | | | | | | | | [ |
YL ! M pa ! I ! I I IDIUIDHE
HBE group Fermented herbal blend
& pullorum Sacrifice
| | | | | | |
oy T I YL I I I I IDIOIDIIE
PF group Probiotics fermented herbal blend
8. pullorum Sacrifice
[ | | | | | | | |
Fpy | ! l'pa ! ! ! I I I:I')IIJIIJI.]l

Figure 1. A total of 120 newborn Nongda No. 3 Dwarf chicks were
randomly assigned to 4 treatments: negative control group (NC), posi-
tive control group (PC) herbal blend group (HB) or probiotic-fer-
mented herbal blend group (PF). Each group included 5 replicates with
6 chicks in each replicate. Salmonella pullorum (CVCC no. 533;
8.45 x 10° CFU/mL) was orally administered to chicks in the PC, HB
and PF groups at a total volume of 0.2 mL per chick. The NC group
was orally administered an equal amount of sterile normal saline. From
days 4 to 10, chicks in the HB and PF groups were orally administered
0.2 mL of a solution containing either the herbal blend or the probiotic-
fermented herbal blend (1.20 x 10° CFU/mL), respectively.

Clinical Symptoms and Growth Performance

During the experiment, the BW and feed intake of
chicks in each group was determined on an empty stom-
ach at 07:00 h, and clinical signs and mortality were
observed every day. The mortality rate, ADG, ADFI,
and feed conversion radio (FCR) were calculated.

Sample Collection

On day 11, 5 chicks from each treatment group (one
chick from each replicate) were randomly selected and
euthanized by cervical dislocation (Zhang et al., 2012;
Wu et al., 2018b) The thymus, spleen and bursa were
separated and weighed. The body of each chick was also
weighed to determine relative organ weights. 1 g of cecal
content was weighed and diluted with sterile saline.
Approximately of 1 cm fresh cecal sample was taken,
flash frozen with liquid nitrogen in a sterile centrifuge
tube and stored at —80°C for analysis of cecal secretory
immunoglobulin A (sIgA) concentrations and cytokine
mRNA expression levels analysis.

Histological Analysis

Liver, ileum and cecum tissue samples were fixed in
10% neutral buffered formalin solution, routinely
embedded in paraffin, cut into 5 mm-thick sections and
processed for hematoxylin and eosin staining
(Meng, 2004). Sections of the liver, ileum and cecum of
the chicks were microscopically examined and photo-
graphed (CX21, Olympus Optical Co., Ltd., Tokyo,
Japan).

Colony Counts of Lactobacillus, E. coli, and
Salmonella

Cecal contents were serially diluted from 102 to 10%,
and each diluted sample was inoculated in eosin methy-
lene blue agar, modified MRS agar and bismuth sulfite
agar (Beijing Road Bridge Technology Co., Ltd., Bei-
jing, China) at 37°C for 18 to 24 h to enumerate colonies
of E. coli, Lactobacillus and Salmonella populations,
respectively.

Measurement of Cecal silgA Concentrations
and Relative Cytokine mRNA Expression
Levels

Cecal slgA concentrations were determined using a
Chicken sIgA ELISA Kit (JYMO0012 Elisa Lab Co. Ltd.,
Wuhan, China) according to the manufacturer’s instruc-
tions. Total RNA was extracted from cecal samples
using an Ultrapure RNA Extraction Kit (CWhbio Co.,
Ltd., Beijing, China) following the manufacturer’s pro-
tocol. RNA quality was estimated by electrophoresis on
1% (wt/wt) agarose gels stained with ethidium bromide.
The first cDNA synthesis reaction was performed with
samples obtained by reverse transcription of total RNA
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Table 2. Sequences of primers used in this study.

Gene Forward sequence (5'—3') Reverse sequence (5'—3') Size/bp Accession No.
GAPDH AACTTTGGCATTGTGGAGGG ACGCTGGGATGATGTTCTGG 130 NM_204305.1
IFNy CCTCGCAACCTTCACCTCAC CGCTGTAATCGTTGTCTTGGAG 76 FJ977575.1

IL4 GTGCCCACGCTGTGCTTAC AGGAAACCTCTCCCTGGATGTC 82 GU119892.1
TNFa CTCAGGACAGCCTATGCCAACA CCACCACACGACAGCCAAGT 177 XM_015294125.2

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFNy, interferon gamma; IL4, interleukin 4; TNFa, tumor necrosis factor alpha.

using a HiFi-MMLVcDNA First Chain Synthesis Kit
(CWhio Co., Ltd.). The expression of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as an
internal control to normalize the amount of initial RNA
in each sample. Real-time qPCR to measure cecal gene
expression was carried out using the UltraSYBR Mix-
ture (with ROX) real-time qPCR detection system
(CWhio Co., Ltd) under the following conditions: 95°C
for 10 min, 45 cycles of 95°C for 15 s, 60°C for 60 s. The
primers for the target genes tumor necrosis factor alpha
(TNFa), interferon gamma ([FNy) and interleukin 4
(IL4) and the internal gene (GAPDH) were designed by
Genenode Co., Ltd. (Wuhan, China) and are shown in
Table 2. The amplification efficiency of each gene was
validated by constructing a standard curve with serial
dilutions of cDNA. Relative quantitative analysis of the
data was performed using the 2-2°T method.

Statistical Analysis

Data were analyzed using one-way ANOVA with
SPSS Statistics, Version 25.0 (IBM Corp., Armonk, NY,
USA). Duncan’s multiple comparison tests were per-
formed to define the level of significance, and P < 0.05
was considered as a trend toward significance. Graphs
were generated using Origin 9.0 (OriginLab, Northamp-
ton, MA, USA).

RESULTS
Clinical Symptoms and Mortality in Chicks

After S. pullorum challenge, chicks exhibited lassi-
tude, which was an inclination to huddle together
with droopy wings and somnolescence. It was difficult
for infected chicks to defecate due to adherence of
a chalky white substance to the vent. Anatomic
examination showed poor absorption of yolk fat,
hepatomegaly and abnormal maculae, thickened peri-
cardium, increased pericardial fluid and white nodes
in the myocardium.

From days 1 to 3, the mortality rates of the PC,
HB, and PF groups were 36.60%, 33.20%, and
33.40%, respectively. After treatment for 4 to
10 days, the mortality rate of the HB group was
70.37% lower than that of the PC group, and there
were no deaths in the PF group. During the experi-
ment, chicks in the NC group showed normal perfor-
mance without adverse reactions (Table 3).

Table 3. The mortality rate (%) of chicks in different treatment
groups.

NC PC HB PF
Items (n=30) (n=30) (n = 30) (n=30)
On day 1-3 0.00 36.60 33.20 33.40
On day 4-10 0.00 37.50 11.11 0.00

Abbreviations: HB, herbal blend group; n, number of birds; NC, nega-
tive control group; PC, positive control group; PF, probiotic-fermented
herbal blend group.

Growth Performance

On day 1, no significant difference in BW was found
among the groups (P> 0.05). On day 4, the BW was sig-
nificantly lower (P < 0.05) in all groups compared with
the NC group. At the end of the experiment, the BW of
the HB group was significantly higher than that of the
PC group by 18.94% but was not significantly different
from that of the NC group. The BW of the PF group
was also higher than that of the NC group by 17.23% (P
< 0.05). The ADG of chicks in the PF group was signifi-
cantly higher than that of chicks in the HB group by
36.90% (P < 0.05) and was also higher than that of
chicks in the NC and PC groups (P < 0.05). Treatment,
of chicks with the HB and PF restored ADFI (P < 0.05);
the ADFT of chicks in the PF group was comparable to
that of chick in NC group. There was no significant dif-
ference in FCR between the groups (P > 0.05; Table 4).

Histology of the lleum, Cecum, and Liver

As shown in Figure 2a—2c¢, pathological changes were
observed in histological sections of the ileum, cecum and
liver of chicks in each group. Villi in the ileum and cecum

Table 4. The body weight (BW), average daily gain (ADG),
average daily feed intake (ADFT), and feed conversion radio
(FCR) of chicks in the different treatment groups."

Item NC PC HB PF SEM?  P-value
BW day 1 (g) 38.64 3754 3920 38.14 0.839 0.559
BW day 4 (g) 50.38" 44.40" 45.80" 458" 0.883  0.001
BW day 10 (g) 61.98" 53.64° 63.80" 72.66" 2.432 0.001

ADG day 1-10 (g) 3.86° 1.61° 252" 345" 0245 <0.001
ADFIday 1-10 (g) 4.85" 212° 315" 414" 0319  0.001
FCR 1-10 125 131 125 121 0.040 0.465

Abbreviations: HB, herbal blend group; NC, negative control group;
PC, positive control group; PF, probiotic-fermented herbal blend group.

'Data represent the mean value (n = 5) for each treatment group.

Pooled standard error of mean.

»PDjfferent superscripts within a row indicate significantly different
means (P < 0.05).



PROBIOTIC-FERMENTED HERBS AND SALMONELLA )

Figure 2. Pathology of the ileum (a), cecum (b) and liver (c) of
chicks in the different treatment groups (hematoxylin eosin staining;
scale bar = 100 pm). Abbreviations: HB, herbal blend group; NC, nega-
tive control group; PC, positive control group; PF, probiotic-fermented
herbal blend group.

of chicks in the NC group were arranged regularly, and
the tissue was dense without obvious lesions, whereas
the submucosal tissue in the ileum of chicks in the PC
group was loosely organized with clots in the blood ves-
sels. A large amount of lymphocyte infiltration covered

the villi, and the intestinal villi became shorter and irreg-
ularly arranged along with shedding of the intestinal epi-
thelial cells. Compared with that of the PC group, the
structure of the cecal mucosa of chicks in the HB group
was significantly improved, and there was lymphocyte
infiltration in the mucosa propria of the ileum. There
was a small amount of inflammatory cell infiltration in
the ileal submucosa of chicks in the PF group only, and
intact cecal structure was observed. The livers of chicks
in the PC group showed focal necrosis, which was
detached from surrounding cells and appeared as cyto-
plasmic voids of varying sizes. The livers also contained
a large number of inflammatory cells. Chicks in the NC
and PF groups showed no obvious lesion.

Colony Counts of Lactobacillus, E. coli, and
Salmonella

Compared with the PC group, the NC, HB and PF
groups had significantly higher Lactobacillus counts in
their cecum contents by 18.26%, 3.39%, and 19.59%,
respectively (P < 0.05). In contrast, Salmonella counts
of the NC, HB and PF groups were significantly lower
by 7.92%, 6.14%, and 14.42%, respectively (P < 0.05).
E. coli counts of the NC, HB and PF groups were also
significantly lower by 4.00%, 5.95%, and 8.70%, respec-
tively (P < 0.05). Compared with the HB group, the PF
group had significantly lower Salmonella and E. coli
counts by 8.81% and 2.92%, respectively (P < 0.05), but
significantly higher Lactobacillus counts by 15.67% (P <
0.05; Figure 3).

Immune Organ Indices

No significant difference was observed in spleen indi-
ces among the groups. There was no significant differ-
ence between the thymus indices of the PC and HB

I Ne Ere
109 EZ7iue [ PF

log,cfu/g

N

é
%
%
/

]

Salmonella Escherichia.coli Lactobacillus

Figure 3. Logarithmic colony counts of Salmonella, Escherichia
coli and Lactobacillus in the cecal contents of chicks in the different
treatment groups. Significant differences between groups are indicated
by different lowercase letters (a, b, ¢, d). The data are expressed as
mean + SD (n = 5). Abbreviations: HB, herbal blend group; NC, nega-
tive control group; PC, positive control group; PF, probiotic-fermented
herbal blend group.



6 WANG ET AL.

Table 5. Immune organ indices of chicks in different treatment
groups.’

Ttem NC PC HB PF SEM?

thymus 0.45"  0.35"  0.40™ 046" 0.020  0.038
spleen 0.1 0.09 013 012  0.014 0434
bursa of Fabricius ~ 0.26""  0.21>  0.22” 029" 0.014  0.041

P-value

Abbreviations: HB, herbal blend group; NC, negative control group; PC,
positive control group; PF, probiotic-fermented herbal blend group.

'Data represent the mean value (n = 5) for each treatment group.

ZPooled standard error of mean.

»PDjifferent superscripts within a row indicate significantly different
means (P < 0.05).

groups. Thymus indices of the PF group were signifi-
cantly higher than those of the PC group (P < 0.05), but
there was no significant difference from that of the NC
group (P > 0.05). Compared with the PC and HB
groups, bursa of Fabricius indices of chicks in the PF
group were 38.10% and 31.82% higher (P < 0.05),
respectively, and were not significantly difference from
the NC group (P> 0.05; Table 5).

slgA Concentrations and Relative Cytokine
mRNA Expression Levels in the Cecum

Changes in sIgA concentrations and relative cytokine
mRNA expression levels in the cecal mucosa are shown
in Table 6. The sIgA concentrations in the cecal mucosa
of chicks in the PF group was significantly higher than
those in the PC group by 15.80% (P < 0.05), but the PF
group was not significantly different from the NC or HB
groups (P > 0.05). Compared with the PC group, TNFu
and IFNy mRNA expression levels were significantly
lower in the PF group by 38.86% and 39.83%, respec-
tively (P < 0.05). Compared with the HB group, TNFu«
and IFNy mRNA expression levels were significantly
lower in the PF group by 24.84% and 25.78%, respec-
tively (P < 0.05). There was no significant difference in
TNFoa or IFNy mRNA expression levels in the cecum
between the NC and PF groups. There was no signifi-
cant difference in IL/ mRNA expression level among
NC, HB and PF group (P > 0.05). Compared with the
PC group, IL4 mRNA expression level was significantly
higher in the PF group by 81.01% (P < 0.05).

DISCUSSION

Chicks with PD showed somnolescence, weakness,
depressed appetite, poor growth, high mortality, and

the adherence of a chalky white material to the vent
region, which was consistent with the results of a previ-
ous study (Shivaprasad, 2000). The mortality rate of PC
group was 74.10% on day 11. The infected chicks treated
with the PF exhibited improved mental state with no
death. However, the results of treatment with the unfer-
mented herbal blend were not as pronounced, confirming
that the fermentation of the blend was crucial for its
therapeutic use. Jung et al. (2010) reported that the
mortality of Salmonella-infected chicks decreased from
85% to 55% seventeen days after treatment with a probi-
otic-fermented 4-herb combination via potent stimula-
tion of non-specific immune responses, which was similar
to our results. Inherently complex PF may be considered
medicines owing to their ability to regulate the intestinal
flora and modulate biological immune responses, which
may contribute to the control of disease progression and
development in infected chicks. S. pullorum invading
also induce high consumption of nutrients which could
show impaired performance in chickens subsequently
(Wang et al., 2019b). Previous evidence has shown that
both functional compounds of traditional Chinese herb
and probiotics can increase animal growth performance
by enhancing digestibility (Yin et al, 2009;
Symonds et al., 2012). In present study, PF treatment
significantly increased the BW, ADG, and ADFI. Simi-
lar to the positive effects on growth performance that we
observed, a previous study showed that daily feeding
with the fermented herbal blend for 6 weeks improved
the growth performance of broilers (Hinz et al., 2019).
Lei et al., (2018) also reported the promotion effect of 16
weeks feed fermented herbs supplementation on produc-
tion performance of growing-finishing pigs.

As shown in a previous study, S. pullorum can multi-
ply rapidly and destroy the intestinal flora of young
chicks owing to their underdeveloped gut flora
(Barrow and Freitas Neto, 2011). In the present study,
the HB and the PF reduced colony counts of pathogenic
bacteria (Salmonella) and harmful bacteria (F. coli),
but increased colony counts of beneficial bacteria (Lac-
tobacillus) in the cecal contents of chicks infected with
S. pullorum. Interestingly, the PF group showed the
best performance in this regard. Furthermore, in the PF
group, only a few inflammatory cells infiltrated the ileal
submucosa, and the tissues were dense and intact, simi-
lar to those of chicks in the NC group. These results indi-
cated that the PF had the positive effect of regulating
the intestinal flora and protecting intestinal tissue. In
previous research, phytogenic feed additives have been

Table 6. Cecal sIgA concentrations and relative cytokine mRNA expression levels of chicks in different treatment groups.’

Item NC PC HB PF SEM?> P-value
TNFa« 1.13° 1.93" 1.57" 1.18° 0.069 0.002
IFNy 1.76" 3.59" 2.87" 2.13" 0.174 0.002
IL4 2.29"" 1.79" 3.08" 3.24" 0.255 0.031
IgA /pgemL ! 1156.55" 1069.87" 1203.10" 1238.94" 22.071 0.006

Abbreviations: HB, herbal blend group; NC, negative control group; PC, positive control group; PF, probiotic-fermented herbal blend group.

'Data represent the mean value (n = 5) for each treatment group.
®Pooled standard error of mean.

abedyifferent superscripts within a row indicate significantly different means (P<0.05).
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shown to suppress harmful bacteria, select beneficial
bacteria by controlling the intestinal microbial ecosys-
tem, and favoring healthier microbial groups
(Guo et al., 2004; Tiihonen et al., 2010; Mao, 2016;
Lin et al., 2021). Moreover, introduction of probiotics in
the PF had the positive effect of reconstructing the
intestinal flora of infected chicks. At the same time, colo-
nization of probiotics increases the resistance of chicks to
pathogens and maintains the long-term stability of
the intestinal flora (Li et al., 2009; Revolledo et al.,
2009; Mookiah et al., 2012). As mentioned in previous
studies, probiotics suppress the proliferation and viru-
lence of bacterial pathogens via local production of
bacteriocins within the enteric microenvironment or
competitive exclusion of pathogens (Pascual et al.,
1999; Higgins et al., 2008). Similarly,
Xie et al. (2016) found that herbal medicine fer-
mented by lactic acid bacteria increased Lactobacillus
counts and reduced FE. coli counts in the intestinal
tract of broilers. Qu et al. (2021) have also demon-
strated that the gut microbiota of mice with antibi-
otic-associated diarrhea mice was restored by
treatment with a fermented herb.

After invading the digestive tract of chicks, S. pullo-
rum preferentially targets the cloacal bursa and spleen
prior to eliciting inflammation in the intestine and caus-
ing systemic infection (Shivaprasad and Barrow, 2007,
Ding et al., 2021). The immunity of young chicks is
extremely immature and, therefore, not able to trigger a
cellular immune response robust enough to avoid sys-
temic infection. In the present study, the PF promoted
the development of immune organs, the secretion of
slgA, and ILj expression level. At the same time, the
mRNA expression levels of TNFo and IFNy significantly
decreased. Liver lesions were also improved by treat-
ment with the PF, which were in accordance with
decreased activity of serum ALT and AST (Table S1).
Although, many studies have suggested that humoral
immunity has little effect on Salmonella elimination, the
decrease of mortality in the HB and PF groups was
accompanied by the up-regulation of humoral-related
immune cytokines. This result may be explained by the
fact that the PF regulated the balance of immune
response. The functional components that are released
by enzymolysis during microbial fermentation of PF,
such as saponins, flavonoids and polysaccharides, have
been demonstrated to globally downregulate the expres-
sion of inflammatory cytokines, affect mitogen-activated
protein kinase and nuclear factor-kappa B and protect
against diseases such as Newcastle and infectious bursal
disease (Wei et al., 2017; De Camrgo et al., 2019;
Mohanad et al., 2019). A variety of Lactobacillus-con-
taining probiotics have been found to regulate the
expression of IL/, contribute to the development of B
cells, promote the secretion of sIgA and inhibit the
expression of many pro-inflammatory factors
(Galdeano and Perdigon, 2006; Haghighi et al., 2008). It
was shown that synergism between probiotics and
Astragalus polysaccharides enhanced the development
of the immune organs of Hy-Line chicks (Li et al., 2009).

Zhao et al. (2018) demonstrated that fermented herb
residue enhanced host immunity and inflammatory
responses and improved the immunity by promoting the
diversity of beneficial bacteria.

In conclusion, the PF examined in this study
improved clinical symptoms, increased growth perfor-
mance, and enhanced the immune function of S. pullo-
rum-infected newborn chicks. Remarkably, no deaths
were observed in infected chicks treated with the PF. In
light of the limitations associated with antibiotic use in
the poultry industry, the PF examined here provides an
environmentally-friendly feed additive to treat chicks
infected with S. pullorum, and our results provide a basis
for future feed additive research and development. Fur-
ther studies should be performed to investigate the long-
term effects of the PF on the production performance
and health status of infected and healthy chickens.
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