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Abstract

Laboratory rats like Sprague-Dawley (SD) are crucial for studying human physiological or pathogenic

processes including microbiome. To explore the comprehensively composable and functional

alterations on perturbed microbe-host interactions in inflammatory arthritic rats, we establish the gene

set of Sprague-Dawley (SD) rat gut metagenome for the first time using ninety-eight fecal samples of

49 SD rats from 7 individual groups at 2 different time points (Day 0 and Day 30). The established

gene set comprised 5,130,167 non-redundant genes with an average length of 750 base pairs (BP). 69.5%

of reads could be aligned to our gene set, which is higher than the alignment rate for human and mouse

gut metagenome. This established gene catalogue of SD rats gut metagenome has adequate reference

value in adjuvant-induced arthritis SD rats and can promote further research on the rat gut microbiome.

Background

The microbiota resident in the human colon is a complex ecological community, which has been found

to be crucial for biological processes [1, 2]. Enabled by next generation sequencing technologies, we

have obtained a large amount of information about the compositions and gene content of the human

health or disease related microbial communities [3-5]. However, for ethical or religious considerations,

host-microbe interactions are difficult to study in the human and studies have therefore been limited to

the analysis of fecal samples without the crosstalk to host physiological or pathogenic processes.

Studies in laboratory animal experiments expand our basic knowledge of human life sciences including

microbiome and are important to develop a better understanding of gut microbiota in pre-clinical state

for human microbiota studies [6, 7].

Rheumatoid arthritis (RA) is a devastating immune disorder with poorly defined etiologies and no

curative treatments[8]. Cross-sectional studies have revealed microbial disorder for RA patients which
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partly reversed after RA treatment [5], indicating that microbiota has a closely correlation in the

occurrence, progression and treatment of RA. Animal models can provide new knowledge on the

relationship between microbiome and RA and contribute to innovative microbial drug development,

among which Adjuvant-induced arthritis (AA) is one of the most widely accepted animal model [9-12].

Rats (Rattus norvegicus) are among the most widely and frequently used laboratory animals. Since

1959 Professor Bengt Erik Gustafsson firstly designed stainless steel isolators to raise germ-free (GF)

rats, many researchers used GF rats to explore host-microbiota interactions in life science fields,

including metabolic disorder [13], replantation [14], inflammatory response [15] and immune

process[16]. Based on humanized gnotobiotic models, inoculation of human gut microbiota into GF

rats provide a powerful tool in understanding the causality and effect of gut microbiota in the

human-like system. However, as humans are never in a truly GF state, the use of GF animals in

preclinical work does not directly mimic the human condition. It is still unknown that how colonies of

microbiota are established and changed, how the synergy or inhibition interactions in different

microbes shape microbial compositions and how the host affects the populations of microbiota. To

study the crosstalk of microbial and host more comprehensively, establishing a comprehensive

catalogue of the rat gut metagenome is urgently needed. Sprague-Dawley (SD) is the most widely used

outbred rat in biomedical research, known for its genetic variability. It is extensively used to develop

animal models of human conditions such as diabetes [17], obesity[18], cancer[19], cardiovascular

diseases[20] and adjuvant-induced arthritis could also be induced in SD rats. The gut microbiota profile

of SD rats has been found more similar to that of humans than the microbiota profile of mice using 16S

gene sequencing[21]. Here, we collected fecal samples from SD rats to build their gut metagenome by

BGISEQ-500 whole-metagenome shotgun sequencing for the first time. As metagenome composition
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varied markedly with age, diet and immune environment, we provide information on these different

factors to give a useful reference for future studies, especially for the research of arthritis on SD rat

animal model.

Ethics statement

All experimental procedures were conducted in conformity with institutional guidelines for the care

and use of laboratory animals in China, and animal welfare and experimental procedures were strictly

in accordance with the guide for the care and use of laboratory animals (National Research Council of

USA, 1996). This study has been also approved by the Institutional Review Board on Bioethics and

Biosafety (Reference number: BGI-FT 16090).

Data Description

49 Male Sprague-Dawley (SD) rats weighing approximately 60 g (around 4 weeks) were purchased

from Guangdong Medical Laboratory Animal Center (Guangzhou, China). The rats were randomly

divided into 7 groups using random number table [Normal control, AIA model, Lactobacillus casei

(L.casei) (2*108 CFU/day), MTX (7.6mg/kg/week), GIK (24g/kg/d), ZQFTN (50mg/kg/d) and high fat

diet] and maintained in individually ventilated caging(IVVC) system under laboratory conditions at

25 °C and with a normal 12 h/12 h light/dark cycle with humidity of 55%. The rats were allowed 14

days to adapt to the laboratory environment before adjuvant arthritis induction. They were fed with

standard diet (6/7cages) or high fat diet (high fat diet group, 1/7 cages) and water ad libitum throughout

the adaptation and experience process. On day 0 of the experience, we collected fecal samples from the

49 rats for the first time and adjuvant arthritis was induced then in the six groups except normal control

group by a single subcutaneous injection of 0.1 mL of complete Freund’s adjuvant (CFA) [containing

0.2mg of Mycobacterium tuberculosis (MT) H37Ra (BD, Sparks, USA), mineral oils [Sigma-Aldrich,
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USA] into the root of rat tail[11]. Equal amount of saline was injected to the normal control group.

From day 0 to day 30, rats were treated with L.casei (2*108 CFU/day), MTX (7.6mg/kg/week), GIK

(24g/kg/d) and ZQFTN (50mg/kg/d) respectively. Normal control group, AA model group and high fat

diet group were given 0.3% CMC-Na instead. Body weights of the 49 rats were detected every three

days (Table S1). On day 7, 14, 21 and day 30, we collected fecal samples from the total 49 rats for the

other four times and the rats were sacrificed on day 30 by cervical dislocation. All the collected fecal

samples were immediately put into drikold to ensure quality.

The source of fecal samples for establishment and assessment the gene catalogue of gut microbiome in

SD rats has been shown in Fig.1. We used 98 fecal samples on day 0 and day30 to establish the gene

reference catalogue and the rest 147 samples to assess the quality of the established gene set.

Day 0 (TP1) Day7(TP2) Day 14 (TP3) Day21(TP4) Day 30 (TP5)

Normal ‘ Adapt | Standard diet (n=7) |
Model | Adapt A Standard diet (n=7) |
L.casei Adapt A Standard diet + Orally gavaged with L.casei (n=7)

Positive controls l Adapt A Standard diet + Orally gavaged with MTX/GJK/ZQFTN (n=7*3)

High fat diet | Adapt A High fat diet (n=7) ]

Establishing gene reference catalogue
Aligning to gene reference catalogue
A CFAinduction of arthritis TP: Time point

Figure 1. The source of fecal samples for establishment and assessment the gene catalogue of

gut microbiome in SD rats. Forty-nine SD rats were grouped into seven groups containing

normal rats (n=7), AIA rats treated with vehicle(n=7), L.casei(n=7), MTX(n=7), GJK(n=7),

ZQFNT(n=7) and AIA(n=7) rats fed with high fat diet. Arthritis was induced by complete Freund’

s adjuvant (CFA) on Day 0 after fecal samples collection and fecal samples from the 49 SD rats
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were collected for 5 time points (TP) on Day 0 (TP1), Day 7 (TP2), Day 14 (TP3), Day 21 (TP4),
Day 30 (TP5).

DNA extraction

Fecal samples were thawed on ice and DNA extraction was performed using the QlAamp® DNA Stool
Mini Kit (Qiagen, Valencia, CA, USA). Extracts were treated with DNase-free RNase to eliminate
RNA contamination. DNA quantity was determined using Qubit 3.0 fluorometer with the Quant-iT™
dsDNA BR Assay Kit. The integrity of DNA was evaluated on the 2% gel electrophoresis [22].
Library construction and sequencing

We constructed sequencing library followed the BGISEQ-500 instruction. The standard protocol as
described in ref, including DNA fragmentation and selection, end repair and a-tailing, and
circularization [23].

Two types of sequencing strategies, paired-end (PE) and single-end (SE), was performed on an
BGISEQ-500 platform with read length 50 bp (insert size ~250bp) and 100 bp respectively. In total, we
generated 12,621,796,886 reads of PE50 and 11,654,248,439 reads of SE100, representing ~2,512.6 Gb
of raw data (Table S2, Table S3).

Data preprocess

High quality reads will facilitate performance of metagenomic assembly by improve length and
accuracy[24]. Briefly, following steps were processed by our in-house Perl script to remove or trim low
quality reads[25].

(1) reads that more than 3 of ‘N’ bases within were removed;

(ii) contiguous bases, which were counted from 3'-end of a read, with quality value less than 3 were

trimmed;
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(iii) After step i and ii, the reads with minimum length of 90bp and of 40nt for SE reads and PE reads

were remained.

As expected, a large proportion of BGISEQ-500 sequence, 95.93% ~ 98.80% and 96.47% ~ 98.61% for

reads of SE100 and PE50, respectively, were remained as high-quality reads. Further, we aligned clean

reads to host genomics DNA (NCBI accession no. NC_005100) used SOAP aligner v2.22 and an

average 9.76% clean reads of SE100 and 11.2% clean reads of PE50 corresponding to host(rat) genome

were removed. Finally, we obtained total high-quality data of ~1,689.24Gb for SE100and ~534.69 Gb

for PE5S0, with an average of 5.21 Gb per sample (Table S2, Table S3) [25, 26].

Metagenomics sequences de novo assembly

High-quality reads from each DNA samples of Day 0 and Day 30 were selected to perform de novo

assembly independently. We merged high-quality reads of PE50 and SE100 from one sample and

assembled them into longer contigs using the IDBA-UD(v1.1.3) by iterated Kmer[27]. Contigs

constructed at each iteration would be used as long-reads for the next iteration with following

command line:

idba_ud -r pe.fa -1 se.fa --mink 27 --maxk 97 --step 10 -0 out_dir --num_threads 24

Atotal of 67.67% of the reads were assembled into ~22.9 million contigs with N50 of 5.36Kb, giving a

total contig length of ~32.3Gb (Table S2).

Establishment of a catalogue of the SD rat gut metagenome

Before conducting gene prediction, we filtered the assembled sequence of each of the 98 samples and

considered only the contigs with a length exceeding 500 bases. These remained contig were therefore

subjected to predicted Open reading frames(ORFs) using the Prodigal(v2.6.1) with procedure

‘meta’[28]. In order to fuse orthologues and avoid inflation of possible sequencing errors, we grouped
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sharing ORFs using CD-HIT with a criterion of 95% identity over 90% of the shorter ORF length with

default parameter except “-G 0 —n 8 —aS 0.9 —¢ 0.95 —d 0 —g 17°[29]. After this time-consuming process,

the longest ORF in each group was selected to represent the group and other members of the group

were termed as redundancy.

Finally, the ORFs with length less than 100bp were removed and the non-redundant gene set contained

as many as 5,130,167 ORFs with average length of 750 bp. To assess the representation of the SD rat

gut microbiome in our non-redundant gene set, we back aligned them by reads of SE100 from all the

245 samples in 7 groups across five collection time-points, using SOAPaligner2 with the 90% identity

threshold. A total of 69.5% of reads could be aligned to our gene set and these reads were employed to

compute relative abundance of each gene in our catalogue (Fig. 2, Table S2).

200 —

[ Human
175 — Mouse

[l Rat
150 —

125 —

100 —

Percentage of reads (%)

245 samples

Day Day0 [l Day7 [MDay 14 [l Day 21 [l Day 30
[ LU O STEIS N COUIS U | OO 0L B D T | | T |
HINEIEIIIEN N HINIE Y DN ENNE N N ———

Group [l Normal [l Model [ L caseilIMTX MGJK  [ZOFTN [IHFD

Figure 2. The gene catalogue of the gut microbiome in SD rats Percentage of total reads in this

study (n=245 samples) that could be mapped to gene catalogues of the gut microbiome in human (red),

mouse (blue) and rat (green). Collection time and groups of the samples are shown for reference.

Gene richness
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Rarefaction curve analysis is a method to estimate the richness of gene set, based on the observed gene
number in each sampling [22].For a given number of samples at Day0 or Day30, we calculated the total
number of identified gene after 100 random samplings with replacement. The rarefaction analysis
revealed a curve approaching saturation, suggesting that our gene set includes most of the known SD
rat gut bacterial genes (Fig. 3). Notably, the samples at Day30 had higher gene count than samples at

DayO0 (Fig. 3).

Rarefaction of genes

4x10° — Day 30

Eﬁaagaa‘$'¢$¢¢=°*"° '
‘.

3x10° EEJ
i

2x10° —

1x10° —m

T T T T T T T T T T T
1 5 10 15 20 25 30 35 40 45 49

Number of nonredundant genes
|
=i
T
=

Number of samples

Figure 3. Rarefaction of genes in fecal samples on day 0 and day 30. Amounts of

non-redundant genes were detected along with the increasing numbers of samples (n=49 for each

time point). Yellow: fecal samples from 49 SD rats on day O; Green: fecal samples from 49 SD

rats on day 30.

Taxonomic assignment

Taxonomic assignment of the predicted genes was done according to the NCBI-NR database and

Integrated Microbial Genomes (IMG, v400) database using an in-house pipeline detailed

previously[22].0Of the 5,130,167 genes, 64.6% and 26.7% were annotated to the phylum and genus

levels, respectively, while only 9% were annotated to the species level (Fig. 4). At the phylum level,
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most of the annotated genes belonged to Firmicutes (75.90%), followed by Bacteroidetes (10.83%) and

Proteobacteria (6.77%)(Fig. 4). At the genus level, the annotated genes (5.30%) primarily belonged to

Clostridium (8.74%), followed by Bacteroides (6.25%), Roseburia (4.75%), Ruminococcus (4.44%)

and Lachnoclostridium (2.58%), reflecting the paucity of the sequenced rat gut bacterial genomes (Fig.

4).

Phylum Genus

(64.6%) (26.7%)
3,311,900 1,818,267 1,367,286 1,944,614

Phylum Unknown Genus Unknown

Firmicutes = Cyanobacteria Clostridium = Eubacterium
Bacteroidetes Verrucomicrobia Bacteroides Butyrivibrio
Proteobacteria = Fusobacteria Roseburia = Lactobacillus
Actinobacteria = Synergistetes Ruminococcus = Bacillus
Spirochaetes Others Lachnoclostridium Others
Euryarchaeota Alistipes

Species
(9.0%)

461,042 906,244

Species Unknown

Bacteroides vulgatus
Escherichia coli
Klebsiella pneumoniae
Bacteroides thetaiotaomicron
Roseburia hominis
Parabacteroides distasonis

= Akkermansia muciniphila
Proteus mirabilis

m Clostridium botulinum

m [Clostridium] saccharolyticum
Others

Figure 4. The annotation of the non-redundant genes to phylum, genus and species. The

non-redundant genes that could be annotated to phylum, genus and species are shown with the

amounts and rates in the upper part. Green: the area of green reflects the rates of the genes that

could be annotated to phylum, genus and species. Yellow: the area of yellow reflects unknown

genes. The composition of the annotated genes in phylum, genus and species were displayed

below, respectively.
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Gene functional classification

Putative amino acid sequences were translated from the gene catalogue and searched against the

proteins /domains in KEGG database (release v79.0, with animal and plant genes removed) using

BLASTP v2.2.26, with the default parameters except “-m 8 —e 1e-5 —F F —a 6 —b 50”. Each protein was

assigned to a KEGG homologues by the highest scoring annotated hit(s) containing at least on

high-scoring segment pair(HSP) scoring over 60 bits.

Functionally, 53.1%, 21.8% and 31% of the genes could be annotated to the KEGG orthologous groups

(KOs), modules and pathways, respectively. These results will be beneficial for future rat gut

microbiome studies, specifically for SD rats of the same origin (Fig. 5).

KO Module
(53.1%) (21.8%)
1,122,337 1,601,782
Module
Unknown
2,724,119 2,406,048
Pathway
[¢)
1,690,886 1,133,233 (31.0%)
KO Pathway
Unknown Unknown

Figure 5. The annotation rates of the non-redundant genes to KO, module and pathway. KO:

Kyoto Encyclopedia of Genes and Genomes orthologous groups (KOs). The non-redundant genes

that could be annotated to KO, module and pathway are shown with rates. Green: the area of green

reflects the rates of the genes that could be annotated to KO, module and pathway. Yellow: the

area of white reflects unknown function annotation.

Comparison of human, mouse, rat gene catalogue
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To compare the SD rat gut metagenome catalogue with the mouse and the human gut metagenome

catalogues, we also aligned all the reads of SE100 of 245 samples to their non-redundant gene set,

which contained ~11.4 million and ~ 2.6 million genes, respectively[30, 31]. An average of 20.45% and

25.41% of the reads were allowed for mapping to mouse and human non-redundant gene set (Fig. 6).

By contrast, a much higher mapping ratio of the reads to SD rat non-redundant gene set, on average

68.82%, confirming the utility of this reference (Table S4). Further, we compared the percentage of the

genes assigned the top 6 phyla and genera in three catalogues.

Interestingly, the ratios of Firmicutes(75.90%) and Bacteroidetes(10.83%) we observed at the phylum

level are similar to those found in mice and are markedly different with the human microbiome (Fig.

6).
— B0 Phylum 80 Genus
é Human Human
% 60 — Mouse 60 — Mouse
c
[ Rat Rat
o
o 40 - 40
S 20 o 20
e
[}
o 0 - 0 4
e e O G e S i .aes (e W g {
6\\0\)\ ‘D\éa’\ 090\3 ‘o'ad@ 3 25 ogi® S“'\d‘\) ,@:0‘6 Ose“u o0 ¢ 5“\6\0 o®
K e o ) & 0 G 3 0
3 6‘36\ i e P o\ 29 1 o o 006\
P Lo¢

Figure 6. The composition of the rat, human and mouse gut microbiome catalogues at the

phylum and genus levels were also compared. (a) In phyla level, percentages of Fimicutes,

Bacteroidetes, Proteobacteria, Aclinobacteria, Spirochaetes and others in rat, human and mouse were

also detected in rat, human and mouse respectively. (b) Percentage of genes in genera including

Clostridium, Bacteroides, Roseburia, Ruminococcus, Lachnoclostridium and others were compared in

the gut microbial gene catalogues of rat, human and mouse.
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Conclusions

The newly established catalogue of the SD rat gut metagenome comprised ~5.1 million (M)

non-redundant genes, which is more than the published 2.6 M mouse gut microbial gene catalogue.

Even with limited rat strains, Sanger sequencing and rearing conditions, the gene catalogue has

adequate reference value in AA SD rats and can promote further research on the rat gut microbiome, as

its complexity can be enhanced as more samples are analyzed, similar to the human gut metagenome

establishing process[30].
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