
Effects of fulvic acid on broiler performance, blood biochemistry,
and intestinal microflora
Long Liu ,*,1 Na Yang,*,1 Yueji Chen,* Zhihao Xu,* Qingwei Zhang ,* Xiuxiu Miao ,* Yanan Zhao,*
Geng Hu,* Liying Liu,y Zhi Song,z and Xianyao Li*,x,2

*College of Animal Science and Technology Shandong Provincial Key Laboratory of Animal Biotechnology and
Disease Control and Prevention, Tai’an, Shandong, China; yCollege of Life Science, Shandong Agricultural

University, Tai’an, Shandong 271018, China; zShandong Agricultural Fertilizer Technology Co., Ltd., Feicheng,
Shandong 271600, China; and xKey Laboratory of Efficient Utilization of Non-Grain Feed Resources (Co-
Construction by Ministry and Province), Ministry of Agriculture and Rural Affairs, Tai’an 271018, China
ABSTRACT To study the effects of mineral fulvic
acid (FuA) on broiler performance, slaughter perfor-
mance, blood biochemistry index, antioxidant function,
immune performance, and intestinal microflora, 360
Arbor Acres (AA) broiler chickens with similar body
weights were randomly divided into 5 groups with 6 rep-
licates in each group and 12 chickens in each replicate in
the current study. Chickens in the control group (C)
were fed with the basal diet, and chickens in the test
groups (I, II, III, and IV) were fed with the diet supple-
mented with 0.05%, 0.1%, 0.2%, and 0.3% mineral FuA,
respectively. The indicators were measured on the
hatching day, d 21 and d 35. From the whole experimen-
tal period, FuA supplement significantly increased aver-
age body weight (ABW) (P < 0.05), average daily gain
(ADG) of broilers (P < 0.05), and thymus weight (P <
0.05) in II and IV groups, but bascially reduced the pH
value of thigh meat. FuA supplement significantly
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improved aspartate aminotransferase (AST) activity in
the group III on d 35 (P < 0.05) and the serum levels of
IgA and IgG on d 21 and d 35 (P < 0.05), but reduced
glutathione peroxidase (GSH-Px) level on d 21 (P <
0.05) and malondialdehyde (MDA) level in serum on d
35 (P < 0.05). FuA supplement significantly affected the
abundance of Barnesiella, Lachnospiraceae, Alistipes,
Lactobacillus, and Christensenellaceae on genus level.
Differences between group III and other groups were sig-
nificant in the genera microflora composition on d 21
and d 35. Functional analysis showed that the cecum
microbiota were mainly enriched in carbohydrate
metabolism, amino acid metabolism, and energy metab-
olism. In conclusion, FuA may potentially have signifi-
cant positive effects on the growth performance and
immune function of AA chickens through the modula-
tion of the gut microbiota, and the 0.1% FuA was the
best in broiler diet based on the present study.
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INTRODUCTION

Mineral fulvic acid (FuA), formed by the decay of
peat, weathered coal and other minerals, is a mixture of
amorphous polymer compounds (Feng et al., 2020). Its
characteristics are the abundance of biologically active
molecules and small molecular weight (Alvarez-Puebla
et al., 2006; Winkler and Ghosh, 2018). FuA, being
brownish yellow, mainly consists of 5 elements: C, H, O,
N, and S. It can be soluble in organic solvents such as
acid, alkali, ethanol and acetone (Winkler and Ghosh,
2018; Gong et al., 2020). FuA holds a wide variety of
reactive oxygen-containing functional groups, such as
hydroxyl, phenolic hydroxyl, methoxy, carboxyl, car-
bonyl, and quinone groups (Gao et al., 2017), and
contains heterocyclic structures such as benzene ring,
thick ring, pyrrole, furan, and indole (Bai et al.,
2015). Thus, FuA is difficult to separate from solu-
tion because of being a water-soluble high-polarity
complex (Xiao et al., 2022). Currently, FuA is mainly
extracted from weathered coal, lignite, and peat. The
extraction methods include alkaline-acid solubiliza-
tion, acetone sulfate, oxidative degradation, ion
exchange resin, and electrodialysis (Zhang and Liu,
2014; He et al., 2017).
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Table 1. Composition and nutrient level of basal diet (%).

Items 1−21 d of age 22−35 d of age

Corn 60 60
Soybean meal 43 28.8 25.28
Corn gluten meal 60 5.3 5.2
Salt 0.16 0.16
NaHCO3 0.2 0.2
Limestone 1.3 1.2
CaHPO4 0.75 0.65
Level 1 soybean oil 2.2 5.9
Vitamin premix 0.03 0.03
Trace element 0.2 0.2
50% Choline 0.1 0.1
Methionine 0.23 0.245
70% Lysine 0.58 0.646
98.5% Threonine 0.134 0.174
2,000 u phytase 0.02 0.02
Total 100 100
CP 20 19
ME (kcal/kg) 2980 3200
Ca 0.9 0.88
AP 0.45 0.40
Available lysine 1.15 1.1
Met+Cys 0.82 0.79
Threonine 0.75 0.74
Trp 0.175 0.17
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In recent years, FuA has the effects on promoting the
absorption of nutrients, resisting bacteria, diminishing
inflammation, and improving immunity in livestock and
poultry (Kocaba�gli et al., 2002; Joon�e and Rensburg,
2004; Aeschbacher et al., 2012; Gao et al., 2017; Lieke et
al., 2021). It is expected to become one of the new feed
additives to replace antibiotics. Studies have shown that
FuA could improve growth performance and meat qual-
ity in growing-finishing pigs and juvenile loaches (Bai et
al., 2013; Chang et al., 2013; Gao et al., 2017), stimulate
the immune response of rats and Litopenaeus vannamei
(Vucskits et al., 2010; Guti�errez-Dagnino et al., 2015),
increase the shear force and intramuscular fat level of
calf meat and decrease the pH of the meat (Leeuw et al.,
2017; Mokotedi et al., 2018), and reduce the number of
harmful pathogenic bacteria such as E. coli in the intes-
tinal tract of calves (Tunc and Yoruk, 2017). FuA could
also increase milk yield and reduce cholesterol levels in
whole blood and serum in dairy goats (Degirmencioglu
and Ozbilgin, 2013; Degirmencioglu, 2014), decrease the
rate of carbohydrate degradation (Majewska et al.,
2017) and also increase the number of rumen protozoa
(Kara and Buda, 2016) in sheep. At present, there are
few studies on the dosage and effect of mineral FuA in
chicken production.

The current study aimed to explore the effects of min-
eral FuA on broiler production performance, blood bio-
chemical indicators, immune performance and intestinal
microflora, investigate the suitable supplemental
amount of FuA in poultry feed and provide evidence for
the application of FuA in poultry production.
MATERIALS AND METHODS

Ethical Statement

The study was approved by the Animal Care and Use
Committee of Shandong Agricultural University
(SDAUA-2022-188). All research procedures complied
with the Regulations on the Administration of Labora-
tory Animals promulgated by National Science and
Technology Commission of the People’s Republic of
China (Beijing).
Experimental Design

Three hundred sixty 0-day-old Arbor Acres (AA)
broilers with similar body weights were obtained from
Shandong Hekangyuan Group Co., Ltd. (Jinan, China),
and were randomly divided into 5 groups with 6 repli-
cates per group and 12 chickens per replicate. The min-
eral FuA (purity 50%, Ash content (silicate, sulfate)
30%, organic carbon content 7%, T-AOC 4.308 mmol
Trolox/g, total phenolic acid content 2.681 mg/g), pow-
dered and extracted from natural high quality humic
acid, was provided by Shandong Agricultural Fertilizer
Technology Co., Ltd. (Taian, China). Chickens in the
control group (C) were fed with the basal diet, and
chickens in the test groups (I, II, III, and IV) were fed
with 0.05%, 0.1%, 0.2%, and 0.3% mineral FuA,
respectively. The basal corn-soybean meal diet was pur-
chased from Tai’an Golden Chicken Incubation Co.,
Ltd. (Taian, China). Composition and nutrients of basal
diet were shown in Table 1. All chickens were free access
to feed and water throughout the experimental period in
an air-conditioned house. The temperature was kept at
35°C in the first week and gradually decreased by 1°C
every 2 d until 25°C, with a humidity at 55% to 60%.
Light was maintained at 24 h on d 1, 23 h at d 2 to 7,
and gradually decreased to 20 h at d 8 to 35. Chickens
were observed and recorded daily.
Performance Measurement

Chickens body weight and feed were recorded at d 0, d
21 and d 35. Average body weight (ABW), average
daily gain (ADG), average daily feed intake (ADFI),
and ratio of feed/gain (F/G) were calculated.
On d 35, 2 chickens per replicate were randomly

selected, weighed and euthanized by cervical dislocation.
The weight of heart, liver, spleen, thymus and bursa of
Fabricius were measured. The pH value of breast meat
and thigh meat was measured. Slaughter performance
was observed and calculated according to previous study
(Liang et al., 2022).
Antioxidation and Immunology Ability

On d 21 and d 35, blood samples were collected from
the wing veins of 2 chickens in each replicate, kept on ice
for 20 min and centrifuged at 3,000 r/min for 10 min.
Serum was collected in 1.5 mL tubes and stored at �80°
C for further utilization. The concentration of aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT) and the levels of IgA, IgG and IgM in serum
were measured using an automatic biochemical analyzer



EFFECTS OF FULVIC ACID ON BROILER 3
(7170A/7180, Hitachi, Beijing, China). The levels of
total antioxidant capacity (T-AOC), glutathione per-
oxidase (GSH-Px), malondialdehyde (MDA), super-
oxide dismutase (SOD) and catalase (CAT) in serum
were measured using the ELISA kit (Shanghai Enzyme-
linked Biotechnology Co., Ltd., Shanghai, China).
DNA Extraction and PCR Amplification

Two chickens in each replicate, in total, 12 chickens in
each group were selected for cecum contents collection
on d 21 and d 35, respectively. Cecum contents were put
in 1.5 mL tubes and stored in the �80°C. Genomic DNA
was extracted from cecal contents using the QIAamp
Fast DNA Stool Mini Kit (Qiagen, California). DNA
concentration and purity were measured by Nano-
Drop2000 spectrophotometer (Thermo Fisher Scientific,
Delaware) and DNA integrity was verified using a 1%
agarose gel electrophoresis. Then qualified DNA samples
were stored at �20°C for further analysis. V3 and V4
segments of the 16S rRNA were amplified using forward
primers (50-ACTCCTACGGGAGGCAGCA-30) and
reverse primers (50-GGACTACHVGGGTWTCTA-30).
The PCR condition was as follows: 95°C for 3 min, fol-
lowed by 27 cycles of 95°C 30 s, 55°C 30 s, and 72°C 45 s,
with a final extension step at 72°C for 10 min.
16S rRNA Gene Sequencing and Data
Analysis

The qualified amplicons were submitted to Promega
(Beijing) Biotech Co., Ltd. (Beijing, China) to be quanti-
fied on QuantiFluor-ST Blue Fluorescence Quantification
System. Miseq library was prepared by Shanghai Major-
bio Bio-pharm Technology Co., Ltd. (Shanghai, China)
using TruSeqTM DNA Sample Prep Kit (llumina, San
Diego, CA). Final valid data from sequencing results on
Miseq platform (llumina, San Diego, CA) were obtained
after quality control, trimming and mapping of high qual-
ity reads. The similar sequences were clustered into opera-
tional taxonomic units (OTUs) with a 97% identity
threshold using UPARSE (http://www.drive5.com/
uparse/) and the taxonomy was assigned against the
Table 2. Effects of dietary fulvic acid on growth performance of broile

Dietary addition of fulvic

Items C (0%) I (0.05%) II (0.1%)

1−21 d ABW 562.95 § 9.95b 603.49 § 11.84ab 628.05 § 12.05a

ADG 27.17 § 0.52b 29.31 § 0.63ab 30.59 § 0.64a

ADFI 39.48 § 0.64 40.29 § 1.44 40.97 § 0.47
F/G 1.46 § 0.03 1.37 § 0.04 1.34 § 0.02

22−35 d ABW 1588.31 § 54.27c 1692.44 § 22.50abc 1807.67 § 38.43a

ADG 68.47 § 2.98b 72.48 § 1.74ab 77.87 § 2.30a

ADFI 115.19 § 6.79 111.30 § 0.30 121.08 § 2.01
F/G 1.69 § 0.12 1.54 § 0.04 1.56 § 0.03

1−35 d ABW 1588.31 § 54.27c 1692.44 § 22.50abc 1807.67 § 38.43a

ADG 44.04 § 1.55c 47.02 § 0.64abc 50.31 § 1.10a

ADFI 75.13 § 2.52 74.39 § 1.59 79.58 § 1.16
F/G 1.71 § 0.08 1.59 § 0.05 1.58 § 0.03

Abbreviations: ABW, average body weight; ADFI, average daily feed intake
a,b,cMeans that the difference is significant (P < 0.05) in peer data.
Greengenes database (http://greengenes.secondgenome.
com/). Alpha diversity was analyzed using Mothur
(https://mothur.org/) and beta diversity was analyzed
using QIIME2 (https://qiime2.org/) followed by principal
coordinate analysis (PCoA) based on Bray-Curtis dis-
tance to study similarities and differences of the commu-
nity composition among samples. Kruskal-Wallis sum-
rank test was used to detect differences in cecal microor-
ganisms. PICRUSt (http://picrust.github.io/picrust/)
was used to standardize the OTUs’ abundance, and then
Clusters of Orthologous Groups (COG) and Kyoto ency-
clopedia of genes and genomes (KEGG) biological path-
way enrichment analysis was performed.
Statistical Analysis

Data were preliminarily sorted by EXCEL 2010 and
analyzed through 1-way ANOVA using SAS 9.2. Dun-
can’s test was used to compare the means among the dif-
ferent groups. P < 0.05 was considered as significance.
RESULTS

Growth and Slaughter Performance

In d 1 to 21, ABW and ADG increased in a quadratic
manner with the rising level of FuA supplement (P <
0.05), ABW in group II was 11.56% higher than those in
the control group (C), ADG in group II was 12.59%
higher than those in the control group (C) (Table 2). In
d 22 to 35, ABW (P < 0.05) and ADG (P < 0.05) were
significantly increased in group II compared with those
in the control group (C), but F/G was decreased in the
groups supplemented with FuA.
As shown in Table 3, FuA did not affect slaughter

rate, full evisceration rate, half evisceration rate, abdom-
inal fat rate and the pH value of breast meat (P > 0.05).
Compared with those in the control group (C), chickens
had a highly significant enhancement (+8.9%) in the
breast muscle rate in group II (P < 0.01) and a signifi-
cant decline in the leg muscle rate in I and III groups (P
< 0.05). The pH value of thigh meat bascially decreased
in a linear manner with the increased level of FuA (P <
0.05).
rs (g/d).

acid P value

III (0.2%) IV (0.3%) Treatments Linear Quadratic

599.87 § 16.81ab 610.28 § 17.11a 0.04 0.06 0.02
29.11 § 0.88ab 29.66 § 0.90a 0.04 0.06 0.02
39.77 § 0.52 39.93 § 1.41 0.89 0.91 0.72
1.37 § 0.05 1.35 § 0.03 0.16 0.05 0.05

1642.45 § 51.32bc 1768.00 § 37.52ab 0.01 0.05 0.07
68.83 § 2.85b 76.24 § 2.26ab 0.06 0.14 0.28

109.71 § 4.55 117.37 § 2.78 0.41 0.81 0.96
1.60 § 0.06 1.54 § 0.01 0.48 0.21 0.33

1642.45 § 51.32bc 1768.00 § 37.52ab 0.01 0.05 0.07
45.59 § 1.47bc 49.18 § 1.07ab 0.01 0.05 0.07
72.94 § 3.67 76.69 § 1.50 0.36 0.78 0.93
1.60 § 0.05 1.56 § 0.01 0.26 0.06 0.11

; ADG, average daily gain; F/G, ratio of feed/gain.

http://www.drive5.com/uparse/
http://www.drive5.com/uparse/
http://greengenes.secondgenome.com/
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Table 3. Effects of dietary fulvic acid on slaughter performance of broilers (%).

Items

Dietary addition of fulvic acid P value

C (0%) I (0.05%) II (0.1%) III (0.2%) IV (0.3%) Treatments Linear Quadratic

Slaughter rate 89.37 § 0.71 90.34 § 0.39 89.23 § 0.83 90.15 § 0.34 90.07 § 0.19 0.29 0.53 0.80
Half evisceration rate 82.56 § 0.52 82.65 § 0.77 83.92 § 0.37 83.12 § 0.72 84.27 § 0.26 0.14 0.05 0.13
Full evisceration rate 70.43 § 0.73 71.91 § 0.36 71.02 § 0.45 71.19 § 0.40 71.18 § 0.35 0.32 0.66 0.70
Abdominal fat rate 2.07 § 0.16 2.41 § 0.18 2.23 § 0.15 2.07 § 0.16 2.03 § 0.14 0.42 0.58 0.27
Breast muscle rate 25.86 § 0.52bc 26.63 § 0.36abc 28.16 § 0.57a 25.45 § 0.75c 27.35 § 0.52ab <0.01 0.48 0.56
Leg muscle rate 22.42 § 0.36a 20.61 § 0.57b 21.89 § 0.34ab 20.75 § 0.49b 21.87 § 0.33ab 0.02 0.53 0.80
Breast meat pH 6.39 § 0.13 6.44 § 0.06 6.12 § 0.08 6.44 § 0.12 5.94 § 0.22 0.09 0.08 0.16
Thigh meat pH 7.14 § 0.06a 6.66 § 0.08b 6.79 § 0.09b 6.78 § 0.08b 6.75 § 0.07b <0.01 0.02 <0.01

a,b,cMeans that the difference is significant (P < 0.05) in peer data.

Table 4. Effects of fulvic acid on organ index of broiler (%).

Dietary addition of fulvic acid P value

Items C (0%) I (0.05%) II (0.1%) III (0.2%) IV (0.3%) Treatments Linear Quadratic

1−21 d Cardiac index 0.61 § 0.02 0.58 § 0.01 0.53 § 0.02 0.61 § 0.02 0.58 § 0.02 0.05 0.69 0.31
Liver index 2.27 § 0.06 2.25 § 0.04 2.23 § 0.05 2.22 § 0.04 2.21 § 0.06 0.96 0.41 0.71
Spleen index 0.07 § 0.01 0.08 § 0.01 0.08 § 0.01 0.08 § 0.01 0.08 § 0.01 0.53 0.47 0.39
Thymus index 0.28 § 0.03 0.25 § 0.01 0.26 § 0.02 0.30 § 0.03 0.28 § 0.02 0.72 0.65 0.76
Bursa index 0.28 § 0.02 0.27 § 0.02 0.28 § 0.02 0.26 § 0.02 0.25 § 0.02 0.77 0.27 0.48

22−35 d Cardiac index 0.47 § 0.02 0.42 § 0.04 0.44 § 0.01 0.41 § 0.01 0.41 § 0.01 0.10 0.01 0.02
Liver index 2.01 § 0.02 1.88 § 0.06 1.94 § 0.05 2.03 § 0.07 2.012 § 0.07 0.43 0.43 0.43
Spleen index 0.12 § 0.02 0.10 § 0.01 0.09 § 0.01 0.10 § 0.01 0.12 § 0.01 0.19 0.93 0.05
Thymus index 0.19 § 0.02c 0.22 § 0.02bc 0.29 § 0.02a 0.23 § 0.02abc 0.26 § 0.02ab 0.02 0.03 0.03
Bursa index 0.25 § 0.02a 0.16 § 0.02b 0.21 § 0.02ab 0.21 § 0.02ab 0.23 § 0.01a 0.02 0.99 0.06

a,b,cMeans that the difference is significant (P < 0.05) in peer data.
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As shown in Table 4, in d 1 to 21, FuA did not affect
organ weight of liver, spleen, thymus and bursa of Fabri-
cius (P > 0.05) but changed cardiac weight which was
lower in group II than that in the control group (C) (P
＞ 0.05). In d 22 to 35, bursa weight (P < 0.05) was sig-
nificantly decreased in the group supplemented with
FuA but thymus weight (P < 0.05) was increased in a
linear manner with the rising level of FuA supplement
(P < 0.05).
Serum Biochemical, Antioxidant, and
Cytokine

No significant differences among 5 groups were
observed in the serum AST activity on d 21 and the
serum ALT activity on d 21 and d 35 (Table 5, P >
0.05). The serum AST activity was significantly higher
in group III than that in the control group (C) (Table 5,
P < 0.05) on d 35.

As shown in Table 6, the T-AOC level increased
slightly, but GSH-Px activity decreased significantly (P
< 0.05) in a linear manner with the increased level of
Table 5. Effects of dietary fulvic acid on serum biochemical indices of

Dietary addition o

Items C (0%) I (0.05%) II (0.1%

1−21 d AST (nmol/min/mL) 0.22 § 0.04 0.25 § 0.05 0.25 § 0.0
ALT (nmol/min/mL) 2.91 § 0.28 3.01 § 0.18 3.02 § 0.1

22−35 d AST (nmol/min/mL) 0.19 § 0.04b 0.17 § 0.05b 0.17 § 0.0
ALT (nmol/min/mL) 2.48 § 0.17 2.54 § 0.25 2.01 § 0.1

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransf
a,bMeans that the difference is significant (P < 0.05) in peer data.
FuA (P < 0.05) on d 21. Compared with those in the
control group (C), the serum T-AOC level increased sig-
nificantly (P < 0.05) but the SOD level was obviously
decreased (P > 0.05) in group II on d 35. The CAT level
in group III was significantly higher than those in the
control group (C) on d 35 (P < 0.01). In d 22 to 35, the
serum MDA level was gradually decreased (P < 0.05) in
a linear manner with the increased level of FuA (P <
0.05).
The level of IgM improved slightly (Table 7, P >

0.05), but the levels of IgA and IgG in serum on d 21 and
d 35 were significantly increased (Table 7, P < 0.05) in a
linear manner with the increased level of FuA supple-
ment (Table 7, P < 0.05).
Intestinal Microflora

OTUs detected in at least 1 sample from 1 group were
counted into the number of OTUs in the group
(Figure 1). On d 21, there were 663, 742, 715, 806, and
673 OTUs obtained and 4, 8, 7, 49 and 6 unique OTUs
obtained in groups C, I, II, III and IV, respectively. On d
broilers.

f fulvic acid P value

) III (0.2%) IV (0.3%) Treatments Linear Quadratic

4 0.18 § 0.06 0.10 § 0.01 0.13 0.04 0.03
8 2.82 § 0.26 2.53 § 0.21 0.53 0.18 0.20
3b 0.35 § 0.05a 0.25 § 0.03ab 0.04 0.05 0.15
8 2.71 § 0.16 2.33 § 0.17 0.11 0.83 0.88

erase.



Table 6. Effects of fulvic acid on antioxidant indices of broilers.

Dietary addition of fulvic acid P value

Items C (0%) I (0.05%) II (0.1%) III (0.2%) IV (0.3%) Treatments Linear Quadratic

1−21 d T-AOC (mmol Trolox/mL) 0.43 § 0.03 0.57 § 0.03 0.50 § 0.03 0.45 § 0.03 0.48 § 0.04 0.09 0.97 0.45
GSH-Px (mmol/mL) 12.44 § 0.75a 10.66 § 1.24ab 9.68 § 0.61b 9.82 § 0.60b 9.25 § 0.77b 0.04 <0.01 0.01
SOD (U/mL) 3.10 § 0.32 2.38 § 0.41 2.64 § 0.28 3.23 § 0.21 2.64 § 0.32 0.31 0.83 0.87
CAT (mmol/min/mL) 1.47 § 0.30 0.95 § 0.11 0.98 § 0.16 0.86 § 0.14 0.73 § 0.11 0.06 0.01 0.02
MDA (nmol/mL) 0.90 § 0.06 0.92 § 0.04 0.75 § 0.04 0.83 § 0.08 0.73 § 0.10 0.28 0.08 0.21

22−35 d T-AOC (mmol Trolox/mL) 0.42 § 0.03bc 0.48 § 0.03ab 0.52 § 0.03a 0.39 § 0.02c 0.44 § 0.03abc 0.02 0.54 0.22
GSH-Px (mmol/mL) 9.59 § 0.31 9.84 § 0.91 8.00 § 0.48 8.48 § 0.45 8.87 § 0.52 0.15 0.13 0.16
SOD (U/mL) 2.27 § 0.28 2.37 § 0.21 1.48 § 0.25 2.43 § 0.19 2.06 § 0.26 0.05 0.66 0.57
CAT (mmol/min/mL) 0.60 § 0.05b 0.60 § 0.05b 0.54 § 0.05b 0.88 § 0.10a 0.50 § 0.06b <0.01 0.98 0.31
MDA (nmol/mL) 1.02 § 0.15ab 1.08 § 0.11a 0.88 § 0.13ab 0.71 § 0.03b 0.69 § 0.05b 0.04 <0.01 0.01

Abbreviations: CAT, catalase; GSH-Px, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; T-AOC, total antioxidant
capacity.

a,b,cMeans that the difference is significant (P < 0.05) in peer data.

Table 7. Effects of dietary fulvic acid on immune function of broilers.

Dietary addition of fulvic acid P value

Items C (0%) I (0.05%) II (0.1%) III (0.2%) IV (0.3%) Treatments Linear Quadratic

1−21 d IgA (ng/mL) 4878.89 § 92.30b 6933.12 § 363.94a 6913.85 § 284.91a 6805.93 § 162.71a 6775.10 § 475.26a <0.01 <0.01 <0.01
IgG (mg/mL) 62.64 § 1.87b 83.79 § 3.05a 82.88 § 3.39b 81.49 § 3.90a 80.94 § 3.58b <0.01 0.01 <0.01
IgM (ng/mL) 2825.54 § 164.62 4029.94 § 228.70 3971.31 § 453.82 3744.11 § 295.80 4069.03 § 368.00 0.06 0.05 0.04

22−35 d IgA (ng/mL) 4855.76 § 188.72b 6929.27 § 390.83a 7491.96 § 410.25a 7368.63 § 382.49a 6794.37 § 471.33a <0.01 0.01 <0.01
IgG (mg/mL) 67.89 § 1.56bc 60.83 § 6.75c 75.02 § 3.06abc 85.28 § 4.65a 81.84 § 7.49ab 0.02 <0.01 0.02
IgM (ng/mL) 2908.60 § 107.29 4115.45 § 468.46 3998.18 § 428.92 4330.43 § 282.50 3949.32 § 506.79 0.12 0.08 0.04

a,b,cMeans that the difference is significant (P < 0.05) in peer data.
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35, there were 807, 819, 812, 754, and 844 OTUs
obtained in groups C, I, II, III, and IV, respectively.
There were 623, 704, 684, 712, and 635 OTUs that over-
lapped on d 21 and d 35 in groups C, I, II, III, and IV,
respectively (Figure 1).

Cecal microbial community abundance among 5
groups across different levels of FuA was analyzed at the
genus level. Genera Bacteroides, most dominant on d
21, was the most abundant in group IV (28.27%) but
the least abundant in group III (7.64%). Barnesiella was
more abundant in groups I, II, and III than that in the
control group (C), and was the most abundant in group
III (26.02%) (Figure 2). Genera Bacteroides and Barne-
siella were most dominant on d 35. Bacteroides abun-
dance up to 26.87% was higher in group III than that in
other groups (Figure 3). Barnesiella abundance in
groups C, I, II, III, and IV was 24.54%, 18.20%, 24.69%,
1.90%, and 19.79%, respectively (Figure 3). Barnesiella
Figure 1. Number of OTUs in each group. Operational taxonomic
units (OTUs) operational taxonomic units, d 21 and 35.
abundance increased in group C, I, II, and IV but
decreased in group III compared to that on d 21. Clos-
tridia, Lachnospiraceae, and Ruminococcus were more
abundant in group III than those in other groups
(Figure 3).
Alpha diversity metrics in all groups were compared

(Figure 4). On d 21, Chao diversity was significantly
lower in groups I (98.24) and IV (99.43) compared to
the group C (112.63). Sobs diversity increased signifi-
cantly in group III (107.40) than in other groups (both P
< 0.05). On d 35, Chao diversity was significantly lower
in group III (106.76) compared to the group C (126.33).
Simpson diversity in group III (0.20) was significantly
higher than in other groups, while Shannon diversity in
group III (2.57) was significantly lower than at other
groups (both P < 0.05). From d 21 to d 35, Chao and
Sobs diversities increased significantly in groups C, I, II,
and IV, and Shannon diversity was increased signifi-
cantly in group I (both P < 0.05). Bray-Curtis was used
for the PCoA (Figure 5). It was obvious that the samples
in group III and the samples in other groups were far
away on d 21 and d 35. The samples in group III basi-
cally gathered together on d 21 but was far away from
each other on d 35.
Cecal microorganism among 5 groups across different

levels of FuA was analyzed on the genus level. A signifi-
cant difference (P < 0.001) among 5 groups in Barne-
siella community abundance was observed across
different time points. Barnesiella was more abundant in
group III than that in other groups on d 21 (Figure 6),
which was reversed on d 35 (Figure 7). Significant differ-
ences among 5 groups in community abundance of



Figure 2. Genera cecal microbial community abundance (top 20) on d 21.
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Lachnospiraceae (not annotated to a genus, P < 0.05),
Alistipes (P < 0.001), Lactobacillus (P < 0.05), Christen-
senellaceae (P < 0.001) and Eubacterium coprostanoli-
genes (P < 0.01) were observed on d 35.
Lachnospiraceae and Eubacterium coprostanoligenes
were more abundant in group III than those in other
groups. Alistipes and Christensenellaceae in group III
were the least abundant among 5 groups. Lactobacillus
was more abundant in group II than that in other groups
(Figure 7).

The COG gene functions on d 21 and d 35 were mainly
clustered in following categories: carbohydrate transport
Figure 3. Genera cecal microbial com
and metabolism (G), amino acid transport and metabo-
lism (E), transcription (K), general function prediction
only (R), replication, recombination and pair (L), cell
wall/membrane/envelope biogenesis (M) and transla-
tion, ribosomal structure and biogenesis (J) (Figure 8).
Cecal microbial gene functions (top 50) enriched KEGG
pathways were divided into 5 categories in the secondary
metabolic pathway (Figure 9). 1) The metabolism-
related including global and overview maps, carbohy-
drate metabolism, amino acid metabolism, energy
metabolism, metabolism of cofactors and vitamins,
nucleotide metabolism, glycan biosynthesis and
munity abundance (top 20) on d 35.



Figure 4. Microbial alpha diversity at different groups, d 21 and 35.(A) Chao index, d 21 and 35; (B) Simpson index, d 21 and 35; (C) Shannon
index, d 21 and 35; (D) Sobs index, d 21 and 35. The different letters indicate that the difference is significant (P < 0.05), and * for P < 0.05, ** for P
< 0.01.
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metabolism, lipid metabolism, biosynthesis of other
secondary metabolites, metabolism of terpenoids and
polyketides, and xenobiotics biodegradation and metab-
olism. 2) The genetic information processing-related
including replication and repair, folding, sorting and
degradation, transcription, and translation. 3) The envi-
ronmental information processing-related including
membrane transport and signal transduction. 4) The cel-
lular processes-related including cell growth and death,
transport and catabolism, cellular community prokar-
yotes and cell motility. 5) Other pathways including
Figure 5. Principal coordinate analysis (PCoA) analysis of cecal
microbial on the genus level, d 21 and 35.
endocrine and metabolic disease, cardiovascular disease,
substance dependence, immune system, aging, etc.
DISCUSSION

Chicken is the number one production and consump-
tion product in the world. Feed, as the main input item in
broiler breeding, accounts for 75% of the production cost
and plays a vital role in the broiler economy (Willems et
al., 2013). FuA has small molecular weight, stable struc-
ture, and excellent acid and alkali resistance (Bai et al.,
2013). FuA has low price, natural and environmental pro-
tection characteristics, and is in line with the current mar-
ket consumption trend. In the livestock and poultry
industry, FuA has been shown to reduce the number of
harmful bacteria in the intestinal, promote nutrient
absorption, and improve meat quality and growth perfor-
mance (Chang et al., 2013; Tunc and Yoruk, 2017), con-
sequently further improving the economic efficiency of
farming. Therefore, it is of great significance to study and
develop the functional value of FuA.
FuA addition increased ABW and ADG, and the best

effect on weight gain and increased breast muscle rate
with a supplement of 0.1% FuA were observed in the
current study. Our findings were similar to other studies
that FuA improved performance of broilers (Lu, 2010;
Ozturk et al., 2010; Gong et al., 2011; Nagaraju et al.,
2014; Popelka et al., 2015; Mao, 2019; Feng et al., 2022;
Tang et al., 2023). Broilers fed 0.1% humate signifi-
cantly improved performance (Nagaraju et al., 2014)
and feed conversion ratio (Mevlut et al., 2004). This
could be due to the increase in the activities of amylase,
protease and lypase, which can effectively hydrolyze



Figure 6. Genera cecal microorganism difference analysis on d 21. * means P ≤ 0.05, ** means P ≤ 0.01, *** means P ≤ 0.001. Figure 7 is the
same.
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starch, protein and lipids into smaller molecules that can
be more effectively absorbed by the intestine (Vucskits
et al., 2010; Gao et al., 2017). Studies have shown that
the feed form of the diet had a different structure of
starch and protein fractions (Gracia et al., 2009;
Zimonja and Svihus, 2009) and affected growth perfor-
mance of brown egg-laying pullets (Salda~na et al.,
2015). Mineral elements perform vital roles in the body
(Branca and Ferrari; 2002) and are necessary for the
growth and development. It could also be due to that
FuA having a partially hydrophobic and hydrophilic
structure and a variety of active oxygen-containing
functional groups, is easily solubilized in the lipid bilayer
of the membrane and can strongly chelate mineral ions
and improve the utilization of mineral elements (Sanma-
nee and Areekijseree, 2010; Lu et al., 2019). According
to Mao (2019), FuA administration also increased the
content of polyunsaturated fatty acids being essential
for the growth and development of the organism, thus
being involved in the synthesis of lipids in the animal
(Liang et al., 2023), increasing the enzyme activity in
the digestive tract of broilers, and affecting the digestion
and absorption of nutrients in animals.
FuA also has the ability to improve meat quality, it
tended to reduce the pH value of breast meat and signifi-
cantly reduced the thigh meat pH value in the current
study. Our results were consistent with the findings that
have shown the carcass pH value of broilers fed diets
supplemented with humate was lowered (Esenbu�ga et
al., 2008; Ozturk et al., 2012; Semjon et al., 2020). But
Ozturk et al. (2012) found no change in the pH value of
thigh meat of broilers fed with humic acid. The phenom-
enon may be due to humus additives, and animal spe-
cies. Studies have shown that 0.6 and 1 g kg�1 FuA
administration increased the content of monounsatu-
rated fatty acids and polyunsaturated fatty acids (Mao,
2019), which could cause oxidative deterioration of the
meat and decrease the pH value. A higher muscle pH
value is corresponding to darker meat and more myoglo-
bin, whereas a lower muscle pH value is corresponding
to lighter meat and less myoglobin (Holdstock et al.,
2014; Gagaoua et al., 2018; Li et al., 2019). It was specu-
lated that high levels of FuA has the undesirable effect
of damaging meat quality.
The levels of SOD and GSH-Px were increased in

juvenile broilers (Mao, 2019), Litopenaeus vannamei



Figure 7. Genera cecal microorganism difference analysis on d 35.

Figure 8. Clusters of orthologous groups (COG) secondary functional abundance of cecal microbial, d 21 and 35.
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Figure 9. The secondary metabolic pathway of Kyoto encyclopedia of genes and genomes (KEGG) cecal microbes, d 21 and 35.
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(Guti�errez-Dagnino et al., 2015) and juvenile loach Par-
amisgurnus dabryanus (Sauvage) (Gao et al., 2017) fed
with FuA. This result could be linked to the antioxidant
activities of FuA (Rodríguez et al., 2011). The levels of
IgA, IgG and IgM in serum of broilers were significantly
increased with the increased level of FuA, which sup-
ported those of Mao (2019). This phenomenon could be
attributed to the immunomodulatory activity of FuA
(Wu et al., 2023) and the ability of humus to form com-
pound sugars in body. This also could be caused
increased thymus weight in d 22 to 35. According to
Gao et al. (2022), dietary supplementation of Chinese
medicine-probiotic compound microecological prepara-
tion increased the spleen and bursal index of broilers at
21 d of age. Bursa, thymus and spleen weights were
increased in chickens offered sodium butyrate (Sikandar
et al., 2017). This suggests that different from other
preparations, FuA helps to promote the development of
the thymus without effects on the function of other
organs, and could be involved in humoral immunity
through the thymus to improve resistance in livestock
and poultry (Zhang, 2018).

Furthermore, body health can be reflected in blood
biochemical indicators (Liu et al., 2018). Liver damage
and protein metabolism status were indicated by AST
and ALT in humans (Goodarzi et al., 2019). On d 35,
the activities of AST and ALT in broilers supplemented
with 0.3% FuA were higher than those in the control
group (C). Rapeseed diets supplemented with a mixture
of 1.5% potassium humic acid and enzymes significantly
reduced the serum ALT activity in broiler chickens (Dis-
etlhe et al., 2018). The opposite is true, which could be
linked to the levels of potassium ions. Changes in potas-
sium ions lead to changes in the permeability of cell
membranes, which allows enzymes to leak into the
bloodstream, causing changes in the activities of AST
and ALT (Mao, 2019). Thus, further exploring the effect
of FuA on ALT and AST to regulate liver and protein
metabolism is needed.
Wealleans et al. (2017) found there were no effects of

the probiotic alone on levels of any of the species of bac-
teria studied in the cecum in broilers. Changes in num-
ber of OTUs were shown from d 21 to d 35 in current
study, which could be due to function of humic acid in
reducing harmful bacteria such as E. coli (Bahadori et
al., 2017). Earthworm (Eisenia foetida) meal with
vermi-humus supplementation could be used as an
organic alternative for antibiotics, according to Islam et
al. (2005), which strongly supports this point. Therefore,
adding FuA to the diet is more beneficial to regulate the
intestinal flora than using the probiotic alone. Alpha
diversity analysis corroborated those of Visscher et al.
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(2019), who revealed a significant difference in cecal
microbiota of piglets received humic acid at phylum and
class levels. It was speculated FuA could regulate the
abundance of intestinal microbial flora and affect the
number of intestinal flora in animals. Differences in spe-
cies showed that FuA at levels of 0.1% and 0.2% had a
great effect on Barnesiella abundance in cecal micro-
biota on d 21 and d 35. The abundance of Barnesiella in
group III was higher than that in group II on d 21, but
the result was reversed on d 35. This phenomenon was
consistent with the rapid intestinal development of
broilers in d 22 to 35, suggesting the improved growth
performance in group II could be related to the increased
Barnesiella abundance. Barnesiella, one of the core
microbiota in cecum of broilers, may contribute to the
hydrolysis of starch and other macromolecular substan-
ces and form short-chain fatty acids to improve feed con-
version ratio and promote growth, according to Pandit
et al. (2018).
CONCLUSIONS

The data showed that dietary FuA supplementation
increased ABW, ADG, and the breast muscle rate and
improved performance with the best effect at 0.1% level.
FuA increased the serum immunoglobulin level, raised
thymus weight and enhanced the body immunity.
Improvements in cecal microbial community abundance
were observed in broilers fed with FuA, and the
growth-promoting effect at 0.1% FuA may be related
to the increased Barnesiella abundance. Taken
together, implementation of FuA supplementation in
the diet of broilers could be a beneficial method for
their growth and development. The current state will
provide a basis for the future application of FuA in
poultry production.
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