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Abstract
A total of 108 pregnant and lactation SD rats were divided into six groups, daily and orally dosed with Bacillus subtilis-copper
(CuBs) and CuSO4 (CuS) both at three doses equivalent to 1.5 mg (Cu deficiency), 3 mg, and 6 mg Cu per kg diet, and the effects
of the Cu source and dosage on the growth rate, immune status, duodenal development, and cecal microbial diversity were
examined on 24-day-old offspring rats. The six offspring rats from each group were randomly selected for measuring the body
weight gain and taking blood samples, and three rats were sacrificed for taking duodenum and cecum content samples. We found
CuBs increased the bodyweight gain, development of duodenal villi, and survival rate of the offspring; increased the IgM content
and lysozyme activity in serum; reduced the intestinal permeability; and increased the abundances of Lachnospiraceae,
Ruminococcaceae, and Intestinibacter in the cecal content, when compared with CuS. We also found that Cu deficiency showed
detrimental effects on the bodyweight gain and length, the survival rate of the offspring, and the immune indices in serum, as well
as the increased intestinal permeability. We concluded that CuBs is better Cu source than CuSO4 for reproductive rats.
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Introduction

Appropriate concentrations of copper (Cu) in diet can increase
the gut microbial diversity, promote absorption of nutrients in
the gut, and increase growth rate of poultry. To achieve high
growth rates of livestock animals and poultry, it is a common
practice to add high doses of Cu in diet, which could result in
an increase of the amount of metal deposition in the product, a
low utilization efficiency of Cu in the body, and excessive Cu
excretion into farming environments, causing water pollution.
Therefore, it is of great significance to search for novel sources
of Cu, which can be utilized efficiently by farming animals, so

dietary supplementation of Cu could be reduced without a loss
of animal’s productivity.

Dietary addition of 1.5 g/kg of montmorillonite Cu
could effectively reduce the number of Clostridium and
Escherichia coli, and increase the villus height and the
ratio of villus height to crypt depth in small intestinal mu-
cosa in weaned piglets [1]. Montmorillonite Cu effectively
alleviates diarrhea and inflammation, improved intestinal
microbial diversity, and ensured intestinal mucosal integri-
ty of weaned piglets [2]. Recent studies clearly showed that
dextran nano-Cu was conducive to the stability of the in-
testinal flora and may be a potential substance for chlortet-
racycline replacement in diet for weaned piglets [3].
Dietary supplementation of probiotics could increase zinc
utilization by converting inorganic zinc to organic zinc [4].

Bacillus subtilis has a very strong ability of binding metal
elements (including Cu) [5], so Bacillus subtilis-copper
(CuBs) is a good source of organic Cu, which can improve
the balance between anions and cations in the intestine and
improve the immunity and the growth rate of animal.
Therefore, CuBs can be a potential novel source of organic
Cu. Hence, this study supplied pregnant and lactating SD rats
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with CuBs or copper sulfate (CuSO4, CuS) both at three dos-
ages, and compared the effectiveness of these two Cu sources
on the growth rate, immune status, intestinal development,
and cecal flora diversity in 24-day-old offspring rats.

Materials and Methods

Rats, Management, and Experimental Design

A total of 108 pregnant Sprague-Dawley (SD) rats were used
in this experiment. The use of rats and the experimental pro-
tocol were approved by the Animal Ethics Committee of the
College of Animal Science and Technology, Qingdao
Agricultural University, China. All rats were given deionized
water to drink and fed a basal diet (modified AIN-93G diet
which contained Cu at 0.33 mg/kg). The animals were housed
in stainless steel cages in a temperature- and humidity-
controlled room with a 12:12-h light/dark cycle.

The rats were randomly divided into six groups with 18 rats
in each group, and allocated to six treatments: daily drenched
(0.2 mL per 10 g body weight) once with a CuS solution or
CuBs suspension to provide the amounts of Cu equivalent to
1.5 mg, 3 mg, or 6 mg per kg of diet; thus, the experiment
formed a 2 (CuS vs CuBs) × 3 (low (L), medium (M), and
high (H) doses of Cu) factorial design, respectively, referring
to CuS-L, CuS-M, CuS-H, CuBs-L, CuBs-M, and CuBs-H.
The Bacillus subtilis-Cu was a product provided by the
Institute of High Quality Waterfowl, Qingdao Agricultural
University, which contains Bacillus subtilis 1.5 × 109 CFU/g
and Cu 2906 mg/kg. Bacillus subtilis is domesticated by the
National Waterfowl Industry Technology System Nutrition
and Feed Function Laboratory, and collected by the General
Microbiological Center of the China Microbial Culture
Collection Management Committee (Accession No.
CGMCC 15329). The treatments started from 5 days of the
pregnancy until the end of lactation when the offspring rats
were at 24 days of age.

Measurements and Sampling

On the last day of the experiment, the offspring rats were
fasted overnight; then, six rats in each group were ran-
domly selected, and the individual body weights and body
lengths were recorded. Then, the rats were euthanatized
with ether. Blood sample was taken from the eyeball.
Serum was harvested by centrifugation of blood at
3000 rpm for 15 min, and stored at − 80 °C until analysis
later on.

The duodenums of three rats randomly selected from
the six offspring rats in each group were immediately
excised. After removing the content, the lumen was rinsed
with sterile saline, and then duodenum tissue was cut into

small pieces of 1 × 1 mm, and fixed with 2.5% glutaral-
dehyde overnight.

The cecum was immediately removed, and the content was
collected and stored at − 80 °C for analysis of microbial diversity
later on.

Analyses

Duodenum Morphology by Scanning Electron Microscopy

The fixed duodenum tissue was dehydrated sequentially using
50%, 70%, 80%, 90%, 100%, and 100% (vol/vol)
ethanol:normal saline, each for 10 min, followed with 50%,
100%, and 100% (vol/vol) isoamyl acetate:ethanol, each for
10 min. The dehydrated tissue was then dried on liquid CO2,
pasted on the table, then sputter-coated lightly with gold and
examined in scanning electron microscopy (SEM, JEOL
Oxford 7500F, Japan).

Duodenum Permeability and Immune Indicators

The concentration of D-lactic acid (D-LA) and diamine oxi-
dase (DAO) activity in serumwere determined using commer-
cial kits (Nanjing Jiancheng Institute of Biological
Engineering, China) following the manufacturer’s instruc-
tions. These measurements were used as the indicators to the
duodenum permeability.

The concentrations of mononuclear chemokinin 1 (MCP-
1) and immune globulin M (IgM) in serum were determined
using commercial kits (Nanjing Jiancheng Institute of
Biological Engineering, China) following the manufacturer’s
instructions.

Microbial Diversity in Cecum

Microbial DNA in the cecal content was extracted using
E.Z.N.A.® Stool DNA Kit (Tiangen Biochemical
Technology Co, China), following the manufacturer’s
instructions. The quality and quantity of genomic DNA
were assessed with a nanodrop spectrophotometer, with
the A260/A280 ratio between 1.8 and 2.0 considered a
criterion for the quality control. No obvious RNA
banding was shown by gel electrophoresis, and genomic
bands were clear and complete. DNA was frozen at − 80 °C
prior to PCR amplification.

To amplify the V3–V4 region of 16S rRNA gene for
Illumina deep sequencing, universal primers, 338F:5′-
ACTCCTACGGGAGGCAGCA-3′ and 806R:5′-GGAC
TACHVGGGTWTCTAAT-3′, were used. The PCR was
performed in a total reaction volume of 20 μL: H2O
13.25 μL, 10 × PCR ExTaq buffer 2.0 μL, DNA template
(100 ng/mL) 0.5 μL, prime1 (10 mmol/L) 1.0 μL, prime2
(10 mmol/L) 1.0 μL, dNTP 2.0 μL, ExTaq (5 U/mL)

436 Liu et al.



0.25 μL. After an initial denaturation at 95 °C for 5 min,
an amplification was performed by 30 cycles of incuba-
tions for 30 s at 95 °C, 20 s at 58 °C, and 6 s at 72 °C,
followed by a final extension at 72 °C for 7 min. Then,
the amplified products were purified and recovered using
1.0% agarose gel electrophoresis method. Finally, the li-
brary construction and sequencing steps were performed
by Beijing Biomarker Technologies Co. Ltd.

The bioinformatic analysis on the microbial in the cecal
content was completed at the Biomarker Biocloud Platform.
To obtain the raw tags, paired-end reads were merged by
FLASH [6]. Then, raw tags were filtered and clustered in the
next steps. The merged tags were compared with the primers,
and the tags with more than six mismatches were discarded by
FASTX-Toolkit [7]. Tags with an average quality score < 20 in
a 50-bp sliding window were truncated using Trimmomatic
[8] and tags shorter than 300 bp were removed. We identified
possible chimeras by employing UCHIME, a tool included in
mothur [9, 10]. The denoised sequences were clustered using
Qiime UCLUST module and tags with similarity ≧ 97% were
regarded as an OTU. Taxonomy was assigned to all OTUs by
searching against the SILVA databases using the RDP classi-
fier within QIIME [11–13].

Statistical Analysis

The differences of six treatments were examined in the
two-way ANOVA procedure of GenSta t (VSN
International) with Cu source (CuS and CuBs) and their
dosages as the factors in the model. The interaction of
two factors was also examined. The least square means
and standard error of the means are presented.
Significance between the treatments was declared when
P values were ≦ 0.05.

Results

The Growth and Development and Indices in Serum
of Offspring Rats

There was no significant interaction between Cu source and
dosage on the body weight, body length, the weigh to length
ratio, and survival rate of offspring until 24 days old (P > 0.05)
(Table 1). The rats on the CuBs treatments had higher body
weight and survival rate than the offspring rats on the CuS
treatments (P < 0.05). The dosage of Cu had significant influ-
ences on the body weight, body length, and survival rate
(P < 0.05), which increased with the dosages. In addition, ex-
cept for the lowest survival rate of the offspring rats on addi-
tion of 1.5 mg/kg of CuS, the other five groups had no signif-
icant difference (P > 0.05; Table 1).

As shown in Table 1, there was significant interaction be-
tween Cu source and dosage on serum concentration of D-LA
(P < 0.05), and the concentration tended to decrease with the
Cu dosage. On 1.5 mg/kg and 3.0 mg/kg Cu, the rats from
CuBs had lower concentrations of D-LA as compared with the
rats on CuS (P < 0.05), but there was no significant difference
in D-LA concentration between CuBs and CuS at dose
6 mg/kg (P > 0.05). The DAO activity in serum decreased
with the increasing Cu dosage (P < 0.05), but there was no
significant difference between 1.5 mg/kg and 3.0 mg/kg doses
(P > 0.05). The Cu sources had no significant effect on the
DAO activity (P > 0.05), and no significant interaction be-
tween Cu source and dosage was found on the serum DAO
activity (Table 1).

The serum concentration of monocyte chemokinin-1 in-
creased with the increased Cu dosage, while there were no
significant differences between 1.5 mg/kg and 3 mg/kg Cu
dosages (Table 1). The Cu sources had no significant effect

Table 1 The growth, development, and serum biochemical indexes of 24-day-old offspring of SD rats received CuSO4 or CuBs during pregnancy and
lactation (n = 6)

Items CuSO4 Bacillus subtilis-Cu SEM Significance (P value)

CuS-L CuS-M CuS-H CuBs-
L

CuBs-
M

CuBs-
H

Cu source Dose Cu source×Dose

Body weight (g) 48.63a 48.01a 52.62ab 49.16a 53.83ab 57.55b 2.185 0.032 0.029 0.453

Body length (cm) 19.13a 19.77a 19.87a 19.50a 19.88a 21.13b 0.438 0.092 0.041 0.389

Weigh to length ratio (g/cm) 2.538ab 2.423a 2.642ab 2.512ab 2.712b 2.727b 0.0787 0.063 0.146 0.148

Survival rate (%) 0.83a 0.92b 0.93b 0.91b 0.97b 0.98b 0.027 0.0006 0.0003 0.812

Diamine oxidase activity (U/L) 95.45c 87.47bc 57.75a 91.51bc 77.50b 57.30a 4.73 0.239 0.001 0.609

D-Lactic acid (mmol/L) 6.945d 6.047c 4.295a 5.530bc 5.030b 4.07a 0.167 0.001 0.001 0.021

Monocyte chemokinin-1 (pg/L) 413a 472.0ab 511.9bc 430a 428.8a 560.7c 24.38 0.712 0.001 0.202

IgM (mg/mL) 1.594a 1.845bc 1.986d 1.806b 1.862c 2.000d 0.018 0.001 0.001 0.001

Lysozyme activity (U/mL) 194.2a 200.5b 220.4d 196.8ab 218.1cd 213.6c 1.843 0.012 0.001 0.001

CuS stands for CuSO4, and CuBs is Bacillus subtilis-copper. L, M, and H refer to Cu dosage equivalent to 1.5 mg, 3 mg, and 6 mg Cu per kg of diet

The different superscript lowercase letters within a row indicate significant difference between the means (P < 0.05)
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on the monocyte chemokinin-1 concentration (P > 0.05), and
there was no significant interaction between Cu source and
dosage (P > 0.05; Table 1).

There were significant interactions between Cu source
and dosage on the serum concentrations of IgM and
lysozyme activity of the offspring rats (P < 0.05;
Table 1). The IgM concentration and lysozyme activity
increased with the increased Cu dosage. At 1.5 mg/kg
Cu dose, the rats on CuBs had higher IgM concentra-
tion than rats on CuS (P < 0.05), whereas there were no
significant differences in between CuBs and CuS at
doses of 3 mg/kg or 6 mg/kg respectively (P > 0.05;
Table 1).

The significant difference in the lysozyme activity
was found between Cu source and dosage (P < 0.05)
as shown in Table 1. There was no significant differ-
ence in the lysozyme activity between CuBs and CuS at
1.5 mg/kg dose (P > 0.05); the rats had higher lysozyme
activity on CuBs at 3 mg/kg dose (P < 0.05), but lower
lysozyme activity on CuBs at 6 mg/kg dose when com-
pared with the rats on the same doses of CuS (P < 0.05;
Table 1).

There was no significant difference in the duodenal
villi between CuBs and CuS at the highest dose of Cu,
and the intestinal villi appeared neatly and the gap be-
tween the villi was small (Fig. 1). At 1.5 mg/kg Cu dose,
the villi of rats on CuBs appeared more neatly arranged
compared with the CuS treatment, and the gap between
the villi was smaller. The intestinal villus morphology
appeared to be influenced by the Cu dosages, and with
the increase of Cu dosage, the villi tended to be more
neatly arranged, and the gap between the villi looked
small.

Microbial Diversity Indices in Cecal Content

We used the diversity indexes as follows to reflect information
on the abundance, coverage, and diversity of microbial com-
munity species in the cecal content. The indices indicating
community richness are as follows: Chao1 estimator (Chao)
and adaptive coherence estimator (ACE); the indices for com-
munity diversity include the following: Shannon, Simpson,
and coverage. The coverage of each sample was greater than
0.99, which proved that the microbial species in the sample
were almost fully identified and determined. As shown in
Table 2, the Cu source and dosage had no significant effects
on any of these indexes (P > 0.05).

Microbial Difference in the Cecal Content

Figure 2 shows LEfSe analysis of evolutionary branch dia-
gram, in which brown, green, blue, purple, and brown dots
represent the dominant species of each treatment, and yellow
dots represent non-dominant species. The dot diameter is pro-
portional to the relative abundance of the species. The domi-
nant species for each treatment were different. Figure 3 is
LDA analysis on the cecal content of the offspring. Under
the condition that the LDA threshold is 4, a total of five groups
of special bacteria were detected. The dominant species in the
rats on 1.5 mg/kg CuS were Fusobacterium, Bacterium, and
Clostridium innocuum, and were Bilophila, Parabacteroides,
Porphyromonadaceae, Parabacteroides, and Roseburia on
6 mg/kg CuS. In comparison, the dominant species in the rats
on 1 . 5 mg / kg CuBs wa s Lac t on i f a c t o r ; we r e
Ruminococcaceae, Bacterium, and Lachnospiraceae on
3 mg/kg CuBs; and was Intestinibacter on 6 mg/kg CuBs.

CuS-L CuS-M  CuS-H

CuBs-L CuBs-M        CuBs-H

Fig. 1 Scanning electron
micrograph of the duodenal villus
structure of 24-day-old offspring
rats (× 100)
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Discussion

Effects of the Cu Source and Dosage on the Growth
and Development of 24-Day-Old Offspring

This study found that drenching pregnant and lactation rats
with CuBs increased the body weight and survival rate of their
offspring compared with using the same dose of CuS. Zhang
et al. [14] found that adding Bacillus subtilis and CuSO4 in the
diet significantly increased the growth of Wulong goose com-
pared with adding CuSO4 only. Wang et al. [15] and Zhao
et al. [16] found that chelated Cu could promote the growth
of broilers than inorganic Cu. Those reports are in agreement

with our findings in this study. In addition, Cu deficiency in
the body can limit animal’s growth [17], and our study con-
firmed that Cu deficiency (i.e., 1.5 mg/kg Cu per kg diet)
inhibited the growth of body length and body weight gain,
and reduced the survival rate of the offspring.

Effect of Bacillus subtilis-Cu on the Immunity
of 24-Day-Old Offspring

Copper is a cofactor to many antioxidant enzymes and
plays an important role in the immunity, which can stabi-
lize cell permeability [18, 19]. Previous studies have
found that the forms of Cu have different effects on

Fig. 2 LEfSe analysis on the cecal content of 24-day-old offspring of SD
rats received CuSO4 or CuBs during pregnancy and lactation (n = 3). At
the threshold of LDA= 4, the LEfSe analysis did not find that the CuS-M

group had biomarkers, which indicates that there were no significant
differences between this group and other groups, so there is no CuS-M
group in the figure

Table 2 The alpha diversity of microbial in cecal content of 24-day-old offspring of SD rats received CuSO4 or CuBs during pregnancy and lactation
(n = 3)

Items CuSO4 (mg/kg) Bacillus subtilis-Cu (mg/kg) SEM Significance (P value)

CuS-L CuS-M CuS-H CuBs-
L

CuBs-M CuBs-H Cu source Dose Cu source×Dose

OTU 132 216.67 215.33 217.67 198 213 35.9 0.476 0.523 0.329

ACE 153.34 235.3 256.75 216.71 223.12 240.96 41.4 0.733 0.610 0.304

Chao1 151.82 235.93 255.97 209.53 221.56 240.77 42.8 0.793 0.656 0.291

Simpson 0.11 0.14 0.1 0.15 0.13 0.1 0.037 0.670 0.728 0.704

Shannon 2.05 1.94 3.1 1.19 2.89 2.69 0.75 0.865 0.266 0.474

Coverage 0.9995b 0.9993ab 0.9987a 0.9995b 0.9991ab 0.9992ab 0.0002 0.625 0.069 0.288

CuS stands for CuSO4, and CuBs is Bacillus subtilis-copper. L, M, and H refer to Cu dosage equivalent to 1.5 mg, 3 mg, and 6 mg Cu per kg of diet

The different superscript lowercase letters within a row indicate significant difference between the means (P < 0.05)
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immunity of the body [20, 21]. Huang et al. [22] reported
that an addition of CuSO4 or copper methionine in diet
had no effect on immune indicators such as IgG and lym-
phocytes. Liao et al. [21] found that at two concentrations
(67 mg and 134 mg Cu/kg) of CuSO4 and copper methi-
onine, there were no differences in IgG and lymphocytes.
However, Senthilkumar et al. [23] showed that an addition
of 14 mg Cu/kg protein-copper in diet could significantly
improve the immune response of lambs than an addition
of CuSO4. In addition, Bacillus subtilis can significantly
increase immune competency of animals [24, 25]. The
results of this study proved that CuBs was more beneficial
to increase serum IgM and other immune indicators, and
improve the immunity of the offspring than CuS. We also
found in this study that copper deficiency could reduce
the serum IgM content and lysozyme activity of the off-
spring, so impaired immune competency. This has been
reported in other species of animals. For example,
Prohaska et al. [26] reported that long-term copper defi-
ciency caused severe deformation and damage to the
structures of the lymph, spleen, and thymus in mice.
The low concentration of copper in the body was related
to abnormal function of mouse macrophages [26], and
Bae [27] reported copper deficiency–related reduction of
neutrophil immune function. These results are in agree-
ment with our findings in this study.

Effect of Cu Source and Dosage on the Duodenum
Permeability of 24-Day-Old Offspring

Plasma D-LA and DAO levels are important indicators for
monitoring intestinal barrier function and damage. DAO is
an enzyme mostly present in the cytoplasm of intestinal mu-
cosa. Once the intestinal mucosa is damaged, intestinal muco-
sal cells can release a large amount of DAO into the blood
circulation, so its activity in serum can reflect changes in the
mucosal barrier function and intestinal permeability [28]. This
study found that CuBs was more effective than CuS in reduc-
ing serum D-LA content, reducing intestinal permeability, and
enhancing intestinal mucosal barrier. This may be related to
the influence of phosphorylation of cytoskeleton and the
strength of the tight junction protein on the intestinal mucosal
cell interaction and cell stability, and enhance the barrier of the
intestinal mucosa [29]. In addition, this study found that cop-
per deficiency increased serum DAO and D-LA levels, and
increased intestinal mucosal permeability in the offspring rats.

Copper absorption occurs mainly in the duodenum, so du-
odenum development could directly determine the absorption
of copper [30]. Previous studies have shown that copper gly-
cine as a copper supplement could improve the utilization of
copper, but it caused exfoliation of a large amount of cells on
the intestinal villi, which may result in intestinal diseases [31].
Dosing the rats with CuBs, however, increased the density of

Fig. 3 LDA analysis on the cecal content of 24-day-old offspring of SD
rats received CuSO4 or CuBs during pregnancy and lactation (n = 3). At
the threshold of LDA= 4, the LDA analysis did not find that the CuS-M

group had biomarkers, which indicates that there were no significant
differences between this group and other groups, so there is no CuS-M
group in the figure
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villi in the duodenum of the offspring, and the effect appeared
stronger than dosing CuS in this study, suggesting that CuBs is
more conducive to the development of duodenal villi.

Effects of Cu Source and Dosage on the Microbial
Diversity in Cecum Contents of the Offspring

It is well known that pathogenic bacteria need to be colonized
in the gastrointestinal tract to have harmful effects [32], and
probiotic colonization in the gastrointestinal tract could pre-
vent the establishment of pathogenic bacteria [33]. When the
amount of copper added was 1.5 mg/kg, Fusobacterium and
Clostridium innocuum were characteristic strains. The abun-
dance of Fusobacterium was increased in gastric and colorec-
tal cancer patients [34–36], and the abundances of
Parabacteroides and Clostridium were increased in patients
with irritable bowel syndrome [37], suggesting that an in-
crease of these bacterial species in the intestinal content is
r i s ky to hea l t h . As s t r i c t a n a e r ob i c bac t e r i a ,
Lachnospiraceae and Ruminococcaceae are the two most
abundant Clostridiales families in mammalian gut, which play
an important role in plant degradation and can maintain intes-
tinal health [38]. Ruminococcaceae belongs to the Firmicutes,
which produces butyric acid that exerts probiotic physiologi-
cal functions in the gut [39, 40]. The increase of the
Lachnospiraceae and Ruminococcaceae abundance in the rats
on CuBs may be due to the accelerated consumption of trace
oxygen by Bacillus subtilis towards anaerobic conditions in
the intestinal tract, thereby promoting the growth of both spe-
cies of bacteria. In addition, Intestinibacter was a dominant
species in the rats on the high dose of CuBs, and this species
can produce glutamate synthetase that is involved in ammonia
detoxification, inter-organ nitrogen flux, acid-base homeosta-
sis, and cell signaling [41]. We propose that Bacillus subtilis
can accelerate the process of anaerobic environment, which
alters microbial diversity, leading to the enrichment of benefi-
cial bacteria [41, 42], reduction of the abundance of potential
pathogenic bacteria [43, 44], changes of intestinal morpholo-
gy, and growth of the body [45, 46].

Conclusion

This study found that dosing pregnant and lactation rats with
Bacillus subtilis-Cu increased the body weight and survival
rate of their offspring, promoted the development of duodenal
villi, increased serum IgM content and lysozyme activity, re-
duced the intestinal permeability, and altered the microbial
diversity in the cecal content with enrichments of beneficial
bac te r ia l spec ies such as the Lachnospiraceae ,
Ruminococcaceae, and Intestinibacter. The results suggest
that Bacillus subtilis-Cu is a good source of Cu for animals.
Copper deficiency during pregnancy and lactation had

detrimental effects on the growth and development, survival,
immune functions, and intestinal permeability of the
offspring.
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