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16S rDNA analysis of the intestinal microbes in osteoporotic rats
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This study aimed to reveal the differences in intestinal microbes in osteoporotic rats. The rats were divided into
two groups: the control and OP (osteoporosis) groups (n=6). Days 0 and 70 were set as the time points. The rats
in the OP group underwent bilateral ovariectomy (OVX). Differences between the control and OP groups were
determined by 16S rDNA analysis. The relative abundances of OTUs and alpha/beta diversities were determined
at days 0 days and 70. The abundances of Verrucomicrobia at the phylum level and Aerococcus, Coprobacillus,
Veillonella, Anaerobiospirillum, Flavobacterium, Comamonadaceae, Ohtackwangia, etc., at the genus level were
found to be different between the control_70d and OP_70d groups. KEGG ontology analysis showed that the
function of lipid metabolism could be related to OP. The 16S rDNA analysis in the OP rats revealed that intestinal
microbes take part in the processes of OP and could affect lipid metabolism. Further study of the relationship
between OP and intestinal microbes is necessary, and the prospect for intestinal microbes is a potential treatment

for OP.
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INTRODUCTION

The 16S rDNA gene is the gene encoding primitive nuclear
ribosomes [1]. Its sequence consists of 9 variable regions and
10 conserved areas. The conserved zone sequence reflects the
relationship between species, while the variable zone sequence
can vary among existing species. The relevant data reveals the
species classification, the abundance of species, and the evolution
of the system. For intestinal microbes, representative operational
taxonomic units (OTUs) can be obtained by PCR amplification
of an extracted sample and 16S rDNA sequencing [2]. An OTU
corresponds to a 16S rDNA sequence and a unique bacterium
[3]. Through OTU analysis, microbial diversity and relative
abundances can be determined.

More than 100 trillion microbes are present in the
human intestine [4]. The main constituents of the intestinal
microbes include Firmicutes, Bacteroidetes, Proteobacteria,
Verrucomicrobia, Fusobacteria, and Actinobacteria, as well
as others [5]. These intestinal microbes participate in many
physiological processes and metabolisms [6], and they are key

factors in the balance of human health.

Osteoporosis (OP) is characterized by low bone mass, bone
microstructure deterioration, bone fragility, and even brittle
fracture susceptibility [7]. Approximately 200 million people
suffer from osteoporosis worldwide [8, 9]. OP has a high
morbidity and mortality rate, resulting in a massive social and
economic burden [10, 11]. For healthy people, bone absorption
and resorption are strictly regulated to maintain sufficient bone
mass, structural and mechanical properties. This balance is
disrupted as OP progresses [12]. It has been reported that the
absorption of nutriments and probiotics could regulate bone
health through changes in intestinal microbes [13-15].

In this study, an OP model was reproduced, and intestinal
microbes were analyzed by 16S rDNA sequencing. Alpha/beta
diversity indices, phylum and genus comparisons, and gene
function predictions were used to study the relationship between
OP and the intestinal microbes. One or more microbes could
be related to OP. This study aimed to determine the changes
in intestinal microbes and provide evidence for studying and
treating OP.
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MATERIALS AND METHODS

Animals

All animal experiments were approved by the Animal Study
Committee of Kunming Medical University (No. KMMU
2015007) and were conducted according to the requirements of
the NIH Guidelines for the Care and Use of Laboratory Animals.
A total of 12 three-month-old female SD rats (270 + 15 g; Dossy
Co., China) were maintained under standard conditions with a
controlled temperature (21-23°C) and a strict 12 hr light/dark
cycle. All rats were fed standard rat chow and allowed free access
to distilled water ad libitum at all times during the acclimatization
and experimental treatment periods.

OP model

After 7 days of adaptation, the rats were randomly divided
into a bilateral ovariectomy (OVX) group and sham-surgery
group. Briefly, 6 rats underwent bilateral laparotomy (sham rats),
and 6 rats were subjected to bilateral OVX. The animals were
administered an intraperitoneal injection of 30 mg/kg sodium
pentobarbital (Servicebio Co., China) to induce deep anesthesia.
All animals were fasted for 12 hr before surgery. Benzylpenicillin
sodium (60,000 IU/kg; Harbin Pharmaceutical Co., China) was
administered for three consecutive days after operations.

BMD analysis

After surgery, the whole-body bone mineral density (BMD) of
each rat was measured using dual-energy X-ray absorptiometry
(DXA; Lunar Prodigy Advance, GE Medical Systems LUNAR,
Madison, WI) every week. Specific software for small animals
(enCORE2004 software, version 8.80.001, GE Medical Systems)
was used.

Grouping

The control group was comprised of sham rats, and the OP
group was comprised of OVX rats, with six rats in each group.
Each rat was marked with a digital ear tag.

Sample collection

The day after reproduction of the OP model was considered
the start point. On the first (day 0) and last (day 70) days,
intestinal contents were collected from each rat in the control
and OP groups for follow-up 16S rDNA analysis of microbes,
resulting in a total 24 samples being collected (samples C_0d_1-
6, C_70d_1-6, OP_0d _1-6, and OP_70d_1-6). All samples were
placed in sterile PBS, stored at —=70°C, and transported on dry ice
to BGI-Kunming (BGI Co., China).

16S rDNA amplicon sequencing

DNA was extracted from the samples, and the V3—V4 region of
the 16S rDNA genes was amplified by polymerase chain reaction
(PCR) with a universal forward primer and a unique barcoded
fusion reverse primer (341F, ACTCCTACGGGAGGCAGCAG;
806R, GGACTACHVGGGTWTCTAAT). PCR was performed
using the following conditions: 3 min of denaturation at 94°C;
25 cycles of denaturation at 94°C for 45 sec, annealing at 50°C
for 60 sec, and elongation at 72°C for 90 sec; and final extension
at 72°C for 10 min. The amplicons were purified using AMPure
beads (Axygen). Barcoded libraries were generated by emulsion
PCR and sequenced in a V5 to V4 reverse direction on a 318

chip using the 400 bp sequencing kit of an Ion Torrent Personal
Genome Machine (PGM) system, according to the manufacturer’s
instructions [16]. The output sequences of each sample were no
less than 50,000 pairs corresponding to 25,000 clean targets, and
informatics methods (strategies: PE101/PE150/PE250/PE300)
were applied. The clean targets were clustered by USEARCH
v7.0.1090 as OTUs.

Data analysis

Figures for comparisons of 16S rDNA data were generated
with the GraphPad Prism 8.0, STAMP, LEfSe, and R packages
(including QIIME2, ggplot, etc.). KEGG functions were analyzed
by PORCUSt and divided into three KEGG orthology (KO)
levels. Statistical significance was determined by non-parametric
test for group comparisons (IBM SPSS Statistics 21.0, IBM Corp.,
Armonk, NY, USA), and p<0.05 indicated statistical significance.

RESULTS

168 rDNA OTU results for the OP rats

After 23 weeks, the rats in a bilateral OVX and sham groups
were examined by DXA. The BMD of the OVX group was 0.177
£ 0.006 g/cm?, and that of the sham group was 0.188 = 0.008 g/
cm? (p<0.05). Reproduction of the OP model was successful.

The intestinal microbes on days 0 and 70 are shown in Fig. 1 A;
the significant difference OTU numbers were OTU_4, OTU 7,
and OTU_10. The numbers of OTUs in the groups according to
timepoint (C_0d, C_70d, OP_0d, and OP_70d) were 567, 536,
560, and 598 (p>0.05), respectively (Fig. 1B). The differences
in OTUs for all samples in each group are shown in Fig. 1C,
and there were obvious individual differences. The numbers of
core-Pan OTU plots in the control group decreased from day 0
to day 70 and the individual differences of rats increased. The
number of core-Pan OTU plots in the OP group increased from
162 to 213 after 70 days.

The alpha- and beta-diversity analysis results for the OP rat

The Ace, Chao, and Shannon coverage values were greater
than 98%, and there were smooth rarefaction curves (Fig. 2A).
Comparison of the three indices between the control and OP
groups revealed that the Ace, Chao, and Shannon indices in
the OP group were increased on day 70 (p>0.05). Comparison
of the three indices of the OP group between day 0 and day 70
revealed that the Ace and Chao indices increased from day 0 to
day 70 (p>0.05); the Shannon index decreased from day 0 to day
70 (p>0.05), and the standard deviations of the OP samples were
large at day 70 (Fig. 2B).

A Bray-Curtis analysis based on the quantitative characteristics
of different species in the samples showed differences in each
sample (Fig. 2C). The differences between samples are shown
by color depth. The separation rates of PC1, PC2, and PC3 were
33.7%, 25.4%, and 10.5%, respectively (Fig. 2D). There were
obvious differences between the C_70d and OP_70d groups via
principal coordinate analysis (PCoA) analysis, and the values
of PCoAl and PCoA2 were 25.46% and 12.94% (Fig. 2E).
The resulting cladogram was analyzed by the least discriminant
analysis (LDA) method, and the changes in intestinal microbes
in each group are shown in Fig. 2F. Differences in Fibrobacteres,
Planctomycetia, Spirochaetes, and other bacteria were observed
between the control group and OP group from day 0 to day 70.
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The 16S rDNA OTU results of the OP rats. (A) The OTU heatmap for the samples. The names on the right are OTU IDs, and the color value

of each square in each row indicates the relative abundance of the OTUs. (B) The OTU numbers for each group. The values are presented as the
mean =+ standard deviation (SD). (C) The OTU differences in each sample. The white color indicates the abundance of the common OTUs for each
sample, and the other colors indicate the unique abundance of the OTUs to each sample.
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Fig. 2. The alpha- and beta-diversity analysis results of the OP rats. (A) The coverage values for all samples in each group. The number of sequences
is indicated by the x-axis, and the number of OTUs is indicated by the y-axis. The percentages for each group represent the correlation between the
sequencing results and the actual microbes in the samples. (B) The Ace, Chao, and Shannon indices for each group. (C) The heatmap of Bray-Curtis
diversity. Differences are indicated by different colors on the coordinate axis. (D) The PCA results of each group. PC1, PC2, and PC3 represent
the first, second, and third principal components, respectively. Each plot represents a sample, and the same color indicates the same group. (E) The
PCoA results of each group. Each point corresponds to a different sample colored by compartment, and each group is indicated by a different color.
The percentage of variance indicated in each axis corresponds to the fraction of the total variance explained by the projection. (F) The LDA effect
size taxonomic cladogram comparing all samples. Different colors indicate species with significant differences between groups, and the logarithmic
LDA score is set to 2. The magnitude of the plot is proportional to the relative abundance.
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Compositions and changes at the phylum and genus levels

The compositions and changes at the phylum and genus levels
are shown in Fig. 3A and C. At the phylum level, comparison
of C_70d and OP_70d revealed that the significantly different
microbe constituent was Verrucomicrobia (p<0.05, Fig. 3B). At
the genus level, comparison of C_70d and OP_70d revealed that
the top four significantly different microbe constituents were
Aerococcus, Coprobacillus, Veillonella, and Anaerobiospirillum
(p<0.05, Fig. 3D). The most differentially abundant genus
between C_70d and OP_70d was Ohtaekwangia (p<0.05, Fig.
3E). The differences in intestinal microbes in comparisons within
groups (day 0 vs day 70) are shown in the supplementary material
(Supplementary Fig. 1) An evolution tree was established,
showing microbial variations, OTU IDs, phylum and genus
taxonomy, and other information (Fig. 3F).

KO level function analysis of the OP rats

The functions of intestinal microbes were based on the KEGG
database and divided into three KO levels. It was determined
that the intestinal microbes in the control and OP groups had KO
functions at level 1, level 2, and level 3, which represented their
functional classifications (Fig. 4A—C). The functions related to
OP could be cell growth and lipid metabolism at level 2 and lipid
biosynthesis protein at level 3. Compared with the control group
on day 70, the OP group on day 70 exhibited a higher enrichment
of lipid metabolism (C_70d, 60.34% + 6.27%; OP_70d, 61.71%
+6.67%).

DISCUSSION

The study of intestinal microbes has been focused on using
antibiotic or probiotic administration and fecal transplantation
for treating diseases [17]. 16S rDNA sequencing is an effective
method for studying intestinal microbes. A DXA method was used
to evaluate BMD in this study, and an OP model was successfully
reproduced, as there was a statistically significant difference
in BMD between the groups. This study reproduced OP rats at
23 weeks after OVX surgery [18], and intestinal contents were
collected on days 0 and 70. In a previous study with estrogen
deficiency induced by ovariectomy, Escherichia coli increased
without the inhibition of estrogen [19], and it is known that
intestinal microbes have an influence on maintenance of the
balance of the bone microenvironment [20]. The sequencing
results in the present study revealed the changes in the intestinal
microbes in the OP group from day 0 to day 70. These microbes
could be related to the process of OP and could become a potential
treatment for OP in the future.

Before the alpha-diversity analysis, the coverage values were
calculated as mean + standard deviation (SD) values. In general,
the coverage values for all samples were greater than 98%, and
the 16S rDNA sequencing was good. The extended terminal
x-axis was the number of sequences of the sample. If the curve
tends to be flat, the sequencing depth is sufficient to compare
samples. However, if the number of sequencing reads increased,
it is still possible to find additional OTUs. Conversely, if the curve
is not saturated and additional OTUs could be found, then the
16S rDNA sequencing is not good. The alpha-diversity indices
were tested by the Wilcoxon test, and the significant differences
under different conditions were selected. Ace, an alpha-diversity
index, was used to estimate the OTU index in the community,

as described by Pan et al. [21]. The difference between Ace and
Chao is that they use different algorithms. The greater the Ace
and Chao values are, the greater the total number of species.
The Shannon index is used to estimate the microbial diversity
in samples. The larger the Shannon values are, the higher the
diversity of the communities. At day 0, these indices were similar
in the control and OP groups. On day 70, although there were
no significant differences in alpha-diversity indices between the
control and OP groups, the values were increased. Compared with
the values in the control group, the Ace and Chao values and the
Shannon values were higher and lower, respectively, in the OP
group. There were more species and fewer communities in the OP
group than in the control group.

PCA (principal component analysis) is a visual method for
studying data similarities or differences [22]. The differences
between samples and groups were determined by sorting
the characteristics of the eigenvalues and eigenvectors and
selecting the main characteristics. PCoA is similar to PCA but
uses a different coordinate system [23]. Differences between
the control and OP groups were observed by both PCA and
PCoA. The closer the distance between two plots is, the more
similar the differences. A taxonomic cladogram was obtained
by LDA comparing all samples [24]. The PCA results only
present the data for the samples, whereas the LDA results shows
the relationship between species and the feature choice, which
was tested by the Wilcoxon test and linear discriminant test.
In addition, LDA can sort functional characteristics according
to values, and LDA identifies mainly significant differences of
species in groups. There were significant differences in PC1, PC2,
and PC3 of the samples. The OP and control groups had obvious
differences according to PCoA. The LDA cladogram shows the
different species and relative abundances. The top four significant
species were Fibrobacteres, Euryarchaeota, Spirochaetes, and
Planctomycetia.

Fibrobacteres was identified in 1988 at the genus level and
isolated from the cow rumen/rat cecum. It contains xylanases
but lacks the genes necessary to metabolize xylan degradation
products for energy transduction [25, 26]. Some studies
have reported that Euryarchaeota is a marine archaea, and
Euryarchaeota exists in the human intestinal tract and oral cavity
and is related to methanogenic archaea [27-29]. Spirochaetes,
found in humans [30], is related to hydrogenotrophic methanogens
[31]. Planctomycetia has an asymmetric bilayer outer membrane
and takes part in the digestion in seaweed grazers [32]. The
above evidence suggests that there are relationships between
Fibrobacteres, Euryarchaeota, Spirochaetes, Planctomycetia,
and OP.

At the phylum level, the significantly different microbe
constituent was Verrucomicrobia. At the genus level, the top four
significantly different microbe constituents were Aerococcus,
Coprobacillus, Veillonella, and Anaerobiospirillum.

Verrucomicrobia can be detected in soil and water [33, 34]
and is suggested to degrade glycolate and polysaccharides [35,
36]. Aerococcus is a fastidious gram-positive coccus that is
most frequently associated with urinary tract infections (UTIs),
bacteremia, and endocarditis [37, 38]. Coprobacillus was first
isolated in 1999 and has highly variable sugar fermentation
patterns [39]. Veillonella is a gram-negative anaerobic coccus
that resists tetracycline and penicillin [40]. Anaerobiospirillum
can cause bacteremia, septicemia, and pyomyositis [41]. In truth,
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studies of these microbes have been poor, and there are few
explanations for diseases. In addition to the microbes mentioned
above, these findings indicate that intestinal microbes could take
part in the process of OP. Meanwhile, a number of the bacteria
identified in the present study were environmental microbes
and archaea. This study cannot explain the relationship between
intestinal microbes and OP, and further study could be interesting.

The combination of IQ-Tree (http://www.iqtree.org/doc/Home)
analysis with OTU IDs and annotation of samples facilitates
the identification of dominant strains. In the present study, it
showed the evolutionary relationships and relative abundances of

Mean proportion (%)

Difference in mean proportions (%)

Otwl199

samples [42, 43]. KO analysis showed that the gene functions of
the intestinal microbe constituents in the control and OP groups
had gene functions. These results revealed that lipid metabolism
and lipid biosynthesis proteins could be related to OP disease.
It has been reported that hyperlipidemia adversely affects bone
growth and BMD. Oxidized lipids may subsequently induce bone
loss by inhibiting the differentiation of bone-forming osteoblasts
and promoting the differentiation of bone-resorbing osteoclasts
[44]. BMD and low-density lipoprotein (LDL) cholesterol levels
are inversely correlated in mice and rats. The mechanism of
OP is related to lipid metabolism and lipid peroxidation [45].
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Fig. 4.

analysis at level 1. The gene name is indicated by the x-axis, and the relative abundance is indicated by the y-axis. (B) The results of KO analysis at
level 2. The gene name is indicated by the x-axis, and the relative abundance is indicated by the y-axis. (C) The results of KO analysis at level 3.
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The changes in OP could be focused on functions of intestinal
microbes related to lipid metabolism.

To date, over 1,000 distinct bacterial species have been
recovered from the human intestine. These bacterial species in
humans are called intestinal microbes. The intestinal microbes
regulate physiological and biochemical processes [46], and it
has been reported that Euphorbia prostrata inhibits osteoclasts
and increases osteoblasts. E. prostrata regulates bone absorption
and resorption by regulating Lactobacillus and Lactococcus
[47]. Firmicutes and Bacteroidetes can regulate obesity-
associated gut dysbiosis. Ophiopogonin D alters the Firmicutes-
Bacteroidetes ratio in obese-prone rats [48, 49]. 16S rDNA
sequencing revealed a portion of the intestinal microbes related
to lipid metabolism, and the relative abundances in the OP group
were higher than in the control group. The improvement of lipid
metabolism could promote the proliferation and differentiation
of osteoblasts and inhibit the activity of osteoclasts [50]. Further
studies focused on the intestinal microbes related to lipid
metabolism after 70 days would be a potential prospect for the
direction of future research. In the present study, the OP group
exhibited enrichment of other functions that were not directly
related to OP disease, and their mechanisms could be interesting
for treating OP.

This study suggested that several microbes were changed in
OP rats and that their functions were related to lipid metabolism.
However, there are obvious differences between rats and humans,
including differences in diet, bone architecture, and microbiome.
No evidence in this study could explain how the intestinal
microbes affected OP, and a limitation of this study was that the
investigations were not sufficiently deep.

16S rDNA analysis revealed the differences of intestinal
microbes in rats and that the function of lipid metabolism could
affect OP. Comparison of the C_70d and OP_70d groups revealed
differences in the intestinal microbes, especially in Aerococcus,
Coprobacillus, Veillonella, Anaerobiospirillum, Flavobacterium,
Comamonadaceae, Ohtaekwangia, and other genera. Further
study is necessary, and the prospect for intestinal microbes is a
potential treatment for OP.
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