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Rat microbial biogeography 
and age-dependent lactic acid 
bacteria in healthy lungs
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The laboratory rat emerges as a useful tool for studying the interaction between the host and 
its microbiome. To advance principles relevant to the human microbiome, we systematically 
investigated and defined the multitissue microbial biogeography of healthy Fischer 344 rats 
across their lifespan. Microbial community profiling data were extracted and integrated with 
host transcriptomic data from the Sequencing Quality Control consortium. Unsupervised 
machine learning, correlation, taxonomic diversity and abundance analyses were performed to 
determine and characterize the rat microbial biogeography and identify four intertissue microbial 
heterogeneity patterns (P1–P4). We found that the 11 body habitats harbored a greater diversity 
of microbes than previously suspected. Lactic acid bacteria (LAB) abundance progressively 
declined in lungs from breastfed newborn to adolescence/adult, and was below detectable levels 
in elderly rats. Bioinformatics analyses indicate that the abundance of LAB may be modulated by 
the lung–immune axis. The presence and levels of LAB in lungs were further evaluated by PCR in 
two validation datasets. The lung, testes, thymus, kidney, adrenal and muscle niches were found 
to have age-dependent alterations in microbial abundance. The 357 microbial signatures were 
positively correlated with host genes in cell proliferation (P1), DNA damage repair (P2) and DNA 
transcription (P3). Our study established a link between the metabolic properties of LAB with lung 
microbiota maturation and development. Breastfeeding and environmental exposure influence 
microbiome composition and host health and longevity. The inferred rat microbial biogeography 
and pattern-specific microbial signatures could be useful for microbiome therapeutic approaches 
to human health and life quality enhancement.

The laboratory rat has been widely used and well examined as a model 
in a variety of biomedical fields, from cardiovascular diseases to cancer1. 
Recent evidence from the Human Microbiome Project2 and The Cancer 
Genome Atlas pan-cancer microbiome projects3,4 suggests that different 
body sites and disease status feature distinct microbial communities, 
which have essential roles in human physiology, health and disease. 
In this Article, we examine the spatial and longitudinal structures of 
the microbial community in various body compartments and across 
different life-history stages, to characterize the microbiota landscape 
of Fischer 344 (F344) rats, with a view to help advance human micro-
biome research.

The F344 is an inbred laboratory strain of rats that is frequently used 
in aging, cancer and toxicity studies5. Throughout the natural lifespan of 
F344 rats, 2–104 weeks would be equivalent to 1–3 months to 70–80 years 
in humans6. In F344 male and female rats, weaning normally occurs at 
week 3 of age, with sexual maturity by week 7 of age. Thus, our microbial 
discovery cohort, which was based on the Sequencing Quality Control 
(SEQC) data7, consecutively constitutes four major life-history stages of 
rats: newborns (2 weeks old), adolescents (6 weeks old), adults (21 weeks 
old) and seniors (104 weeks old). The Biology of Aging Program from the 
National Institutes of Health has used multiple mammalian and nonmam-
malian model systems, including F344 rats, to investigate genetics and 
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species in F344 and Sprague Dawley (SD) rats are useful for establishing 
future links between microbiome and human health.

Results
Core microbial species in two rat strains
Core microbial species can be defined as a group of species that are present 
in all investigated samples, and which might be biologically associated 
with particular habitats27. Lung, heart and thymus were among the three 
major organs of our initial interest. In the SEQC F344 rat strain (sample 
size: n = 16–17 for lung/heart/thymus; adolescent age; Table 1), and in 
the SD rat strain (validation data set 1; adolescent age; n = 17; Table 2), 
we identified 12, 14 and 19 overlapped core species in the lung, heart 
and thymus, respectively (Fig.1a and Supplementary Data 1). Pelodictyon 
phaeoclathratiforme, an environmental species, is the lung-specific core 
microbial species. Two opportunistic pathogens, namely Staphylococcus 
epidermidis and Pseudomonas tolaasii are heart-specific core species. Four 
Proteobacteria and one Firmicutes, which are widespread in a variety of 
natural environments, plus one blood virus (avian myeloblastosis virus) 
are thymus-species cores (Supplementary Data 1). A total of ten common 
core species were subsequently identified from the three rat organs, which 
included eight bacterial species in three major phyla (including Firmicutes, 
Proteobacteria and Actinobacteria) and two murine sarcoma viruses  
(Fig. 1a and Supplementary Data 1). Cutibacterium acnes, Pasteurella 
multocida and Staphylococcus aureus are part of the commensal flora 
of human and animal microbiomes28. Clostridium botulinum is a food-
borne pathogen that causes illness in humans and animals. The Harvey 
and Kirsten murine sarcoma virus (Ha-MuSV and Ki-MuSV) are two  
endogenous leukemia viral sequences detected in both tumor and normal 
tissues in rats29. Four of the ten common core species are environmental 
species, including two soil bacterium (Bacillus cereus and C. botulinum) 
and two water sediment-associated microorganisms (Halomonas sp. 
JS92-SW72 and Hydrogenophaga sp. NH-16).

In the SEQC F344 strain (n = 162; adolescent age), we further identified  
core microbial species for the remaining organs (Supplementary Data 1). 
An UpSet plot (Fig. 1b) was generated to display the intersections among 
different core species in different tissue combinations, and the numbers 
of intersected species are shown in the bar chart. The lung and the muscle 
have the largest and smallest number of core species, respectively (Fig. 1b).  
There were 23 common core species, and the 10 species we identified 
above were all present as cores in different organ systems, suggesting 
they are important microbial species in rats. Hierarchical clustering of 
the 23 core species in F344 rats identified two major groups: one with 
low and one with high abundance (Fig. 1c). Harvey murine sarcoma 

other aging-related degenerative changes; however, the contribution of 
microbes in these processes in F344 rats is still unknown.

In mammals, microbial colonization starts in utero and extends 
throughout the lifespan, particularly in newborn infants who experi-
ence rapid microbial community changes. Human placenta harbors a 
unique low-abundance microbiome composed of commensal bacteria 
such as Escherichia coli, Prevotella tannerae and Neisseria spp8. Maternal–
fetal transmission of microbes has taken place long before birth9. 
Newborns are then exposed to microbes from birth, during breastfeed-
ing and through interactions with their surrounding environments that  
colonize the newborn’s skin10, oral cavity11, gut12, respiratory tract13 and 
other mucosal surfaces14. For example, the neonatal skin microbiome 
is dynamic, site specific and varies from individual to individual10. 
Neonatal oral microbiota is dominated by Streptococcus within the 
Firmicutes phylum11. Bifidobacterium and Lactobacillus spp. are among 
the first colonizers of the gastrointestinal (GI) tract, representing the 
pioneer microbial communities in the newborn’s gut12. The replacement 
of breast milk or infant formula with solid foods greatly changes the 
infant’s microbial composition to resemble an adult-like gut micro-
biota15. Each microbial niche in the body tends to develop and mature 
both independently and cooperatively, beginning in the first stages of 
life13. Human microbiomes, particularly gut microbiomes, remain stable 
once established during adulthood16. Later in life, elderly individuals 
are characterized by decreased microbial diversity and shifts in com-
munity structure17. For laboratory neonatal rodent models, which are 
more exposed to fecal and environmental contaminants than humans18, 
limited studies have shown that Enterobacteriaceae and Lactobacillus 
are among the most dominant bacteria in newborn mice and rats 
gut microbiota19,20. Similar to studies carried out in humans, adult 
rodents are typically selected because their body microbial community is  
more stable.

Translocation of indigenous microbes, such as Enterobacteriaceae, 
Lactobacillus and Staphylococcus19, from the GI tract to other distant organs 
via systemic circulation is common in humans and rats19,21. Furthermore, 
microbial bidirectional interactions across multiple organs, including  
(but not limited to) the gut–brain, lung–brain, gut–liver and gut–lung axes, 
are important for shaping immune responses and cross-niche microbial 
interactions22–26. The axes can be disrupted by dietary components and 
the host’s health conditions. For example, in a rat maternal separation 
model, Donoso et al.22 found that maternal separation-induced behavioral 
despair substantially correlated with gut microbiota changes. A dietary 
intervention with polyphenols can not only alter gut microbiota com-
position, but also reverse depressive-like behaviors in the rats. Similarly, 
olanzapine-induced metabolic dysfunction is associated with the gut–liver 
axis in rats24. Diet-derived intestinal short-chain fatty acids are thought 
to impact the course of respiratory disorders25.

Although the gut microbiome is the largest reservoir of microorgan-
isms in mammals, the current study expands on other organ systems to 
provide more in-depth analyses on currently unknown microbial bioge-
ography in different niches of the rat body. More specifically, we focused 
our attention on RNA sequencing (RNA-seq)-derived rat microbial data 
from 11 organs including brain, lung, heart, liver, muscle, spleen, thymus,  
kidney, adrenal gland, uterus (females) and testes (males)7. We take 
advantage of this longitudinal data to investigate the tissue-level microbial 
diversity and community changes during the full lifespan of rats, and aim 
to identify age-dependent species for future experimental validations. 
Furthermore, intertissue microbial heterogeneity and microbe–host gene 
interactions were well examined and assessed. Our aims were to (1) identify  
core and uncommon microbial species in healthy rats, (2) determine and 
compare microbial profiles of different anatomical sites over time, (3) define  
age-dependent microbial species, (4) investigate intertissue microbial 
heterogeneity and (5) build microbe–host gene interaction networks in 
F344 rats. In our study, in addition to characterizing the distribution of 
microbes and their phylogenetic diversities spatially and longitudinally, 
the inferred lung–immune axis and identification of tissue-specific core 

Table 1 | Sample sizes in the discovery dataset7 (RNA-seq of 
F344 rats)

Developmental stage

Tissue Newborn 
(2 weeks)

Adolescent 
(6 weeks)

Adult 
(21 weeks)

Senior 
(104 weeks)

Adrenal 17 16 16 17

Brain 17 16 16 17

Heart 17 16 17 16

Kidney 18 16 16 16

Liver 16 16 16 18

Lung 18 16 16 16

Muscle 17 17 16 16

Spleen 16 16 17 17

Thymus 16 17 16 17

Testes 8 8 8 8

Uterus 8 8 9 9

Total 168 162 163 167
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virus, C. acnes and E. coli were among the lowest abundances across all 
samples, compared with the other core species. The most abundant core 
species across all rat tissues was B. cereus (Fig. 1c). Previous studies have 
shown beneficial effects of B. cereus on the health of animals30, and one 
B. cereus var. Toyoi has been authorized to be used as feed supplements 
in piglet farming31. It is possible that B. cereus in rats were gained from 
animal feed. The pathogenic potential of B. cereus has been recognized in 
humans recently32, reinforcing the importance of safe handling practices 
when working with (laboratory) animals.

Microbial tissue-level associations and microbial composition 
and diversity of the four developmental stages
We identified a total of 2,829 microbial species in the F344 rat dataset 
(n = 660), spanning 45 unique and unclassified phyla at a 10% preva-
lence threshold (Supplementary Data 2). Firmicutes and Proteobacteria 
were the two dominant phyla, altogether ranging from 86.8% in seniors 
to 89.4% in adolescent rats (Supplementary Fig. 1a and Supplementary 
Data 3). The other phyla included Actinobacteria, Euryarchaeota and 
Bacteroidetes (Supplementary Fig. 1a and Supplementary Data 3). 
Bacillales from the phylum Firmicutes was the most abundant order, 
followed by Burkholderiales, Pasteurellales and Oceanospirillales from 
Proteobacteria (Supplementary Fig. 1b and Supplementary Data 3). 
The average abundances of the microbial species in each tissue type 
were calculated and used in Spearman correlation analysis to examine 
associations among tissue microbiomes; only strong correlations with 
absolute correlation coefficients greater than 0.5 were shown (Fig. 2a–d). 
Spearman’s correlation coefficients for all tissue combinations were posi-
tive, and generally intensive interactions between tissues could be seen in 
all four developmental stages (Fig. 2a–d). Minor and weak associations 
were observed in tissues like the lung, uterus and testes at specific stages  
(Fig. 2a–c), suggesting that they have unique and independent microbi-
omes compared with other tissues.

Although microbial community compositions at both phylum and 
order levels showed no significant difference among the four developmen-
tal stages (Kruskal’s test; false discovery rate (FDR)-adjusted P > 0.05), 
11 bacteria were identified to be associated with the stage at the species 
level as determined by Kruskal’s test adjusted for multiple comparisons 
(FDR-adjusted P < 0.05, Table 3). Seven of the 11 species derived from 
the Lactobacillales order, three belonged to Enterobacterales and the 
remaining one species from the order Chromatiales. The Lactobacillales 
order was further divided into four beneficial Lactobacillus and three 
animal-related Streptococcus spp. (Table 3). The relative abundance of 
Lactobacillus murinus was much higher than any other ten age-related 
species in the newborn, adolescent and adult stages, but significantly 
decreased in the seniors compared with the newborn and adult rats 
(pairwise Wilcoxon test adjusted P < 0.05; Fig. 2e and Supplementary 
Data 3). Previous animal studies have shown the protective effects of 

commensal bacteria L. murinus against GI diseases33,34 and viral respira-
tory infections35. We connected a possible role of L. murinus in rat normal 
development and aging processes through bioinformatics analyses, 
although further experimental validations are needed. Streptococcus 
suis is an important pathogen of pigs, causing severe systemic disease by 
producing virulence factors that bind host cell molecules36. Transmission 
of S. suis from feces-contaminated food and water is common among 
humans and animals37. Among the selected 11 species, the relative 
abundance of Salmonella enterica, which is a high-prevalence species 
of the Enterobacterales order, was significantly increased in the elderly 
compared with the adolescent rats (pairwise Wilcoxon test adjusted 
P < 0.05; Fig. 2e and Supplementary Data 3). Other age-dependent 
species that were highly enriched in elderly rats include Streptococcus 
himalayensis, and two environmental species (Acidihalobacter prosperus 
and Pantoea sp. At-9b) (Supplementary Data 3). Additionally, the abun-
dance of Lactobacillus reuteri, Lactobacillus johnsonii and Candidatus 
Arsenophonus lipoptenae were much higher in adolescent rats than in 
other stages (Supplementary Data 3). Adolescent rats also showed the 
significantly lowest microbial alpha diversity at the order and species 
levels compared with the newborn and adult rats (pairwise Wilcoxon 
test adjusted P < 0.05; Fig. 2f and Supplementary Fig. 1d), although with 
no significant beta diversity differences compared with the other three 
developmental stages (Fig. 2g and Supplementary Fig. 1e,f).

Lung microbial composition changes and lung–immune axis 
during the four developmental stages
The above 11 stage-related species were identified at the whole-tissue level, 
which may not capture the complexity of the tissue-specific microbial 
changes during development. Therefore, we processed the operational 
taxonomic unit table at each developmental stage individually to compare 
the intertissue microbial composition changes (and to identify and com-
pare the age-dependent species for each tissue type, as described later). 
Bacillales was prominent with a relative abundance of over 40% in order 
among all tissue groups (Fig. 3a–d and Supplementary Data 4). Liver and 
muscle generally had the lowest microbial alpha diversity as compared 
with the other organs across the four developmental stages (pairwise 
Wilcoxon test, adjusted P < 0.05; Supplementary Fig. 2b–e). The pairwise 
beta diversity comparisons among tissues were all not significant at the 
four stages (pairwise permutational multivariate analysis of variance 
(PERMANOVA) adjusted P < 0.05; Supplementary Fig. 2f–i).

In newborn rat samples (n = 168), pairwise comparisons showed 
significantly higher Lactobacillales abundance in lungs compared with 
the other ten tissues (adjusted P < 0.05; Fig. 3a and Supplementary  
Data 4 and 5). The heart showed the second highest relative abundance of 
Lactobacillales, although not statistically significant compared with the 
remaining organs (Fig. 3a and Supplementary Data 4 and 5). Lung samples 
also showed the highest abundance of Pasteurellales in newborn rats, and 

Table 2 | Individual characteristics and sample sizes in validation datasets

Species Individual ID Age Gender BMI (kg/m2) Tissue Data type Sample size

Validation dataset 1

SD rat

C1123 7.5 weeks M – Lung, heart and thymus

RNA-seq (lung, 
heart and thymus) 
and cDNA (lung)

3

C1450 7.5 weeks M – Lung, heart and thymus 3

C1456 7.5 weeks M – Lung, heart and thymus 3

C1151 7.5 weeks F – Lung and heart 2

C1451 7.5 weeks F – Lung, heart and thymus 3

C1460 7.5 weeks F – Lung, heart and thymus 3

Validation dataset 2

Human

A11 41 years M 51.76 Lung DNA 1

A12 33 years M 30.56 Lung DNA 1

A13 41 years M 32.43 Lung DNA 1

http://www.nature.com/laban
https://doi.org/10.1038/s41684-023-01322-x


Lab Animal | Volume 53 | February 2024 | 43–55 46

Articlehttps://doi.org/10.1038/s41684-023-01322-x

the pairwise comparisons were all significant except for that with kidney 
(adjusted P < 0.05; Fig. 3a and Supplementary Data 4 and 5).

A significant decrease in Lactobacillales was observed in lungs 
between newborn and adolescent rat samples (adjusted P < 0.05; Fig. 3a,b 
and Supplementary Fig. 2a). The spleen showed a slightly higher relative 
abundance of Lactobacillales compared with the lung at the adolescent 
stage (Fig. 3b and Supplementary Data 4). Other order-level enrichments 
in adolescent rats include the muscle and uterus samples, which had 
the first and second highest abundance of Burkholderiales, respectively  
(Fig. 3b and Supplementary Data 4). Except for the testes and uterus sam-
ples, the lung showed a significantly higher abundance of Pasteurellales 
than other tissues (pairwise Wilcoxon test adjusted P < 0.05; Fig. 3b and 
Supplementary Data 4 and 5).

In adult (n = 163) and senior rats (n = 167), the most predomi-
nant bacteria order in lung tissues compared with any other tissues was 
Pasteurellales (Fig. 3b–d and Supplementary Data 4). A slight increase 
in the relative abundance of Lactobacillales was detected in adult lungs 
compared with adolescent lungs (adjusted P = 0.207; Supplementary  
Fig. 2a). Similar to newborn lungs, adult lungs were significantly enriched 
with Lactobacillales (pairwise Wilcoxon test adjusted P < 0.05; Fig. 3b–c 
and Supplementary Data 5), with higher Lactobacillales abundance 
compared with the other the tissues (Supplementary Fig. 2a). In addition, 
the relative abundances of Streptomycetales in the liver, muscle, lung and 
uterus of adult rats were much lower than in other tissues (Fig. 3c and 
Supplementary Data 4).

In elderly samples, the difference in relative abundance of 
Lactobacillales between the lung and other tissues was no longer sig-
nificant (pairwise Wilcoxon test adjusted P > 0.05); actually the  
presence of Lactobacillales was almost undetectable across all tissue 

types (0.21–0.67%) (Fig. 3d and Supplementary Data 4 and 5). Moreover, 
the lung microbiomes showed distinct separation from other tissues 
and shifted remarkably in elderly rats compared with younger animals 
(Supplementary Fig. 2f–i).

The thymus is an important part of the immune system, and thymic 
involution has central roles in immunosenescence38. Multiple microbial 
taxa were correlated between thymus and lungs during the four devel-
opmental stages (Fig. 3e–h). Intratissue microbiome associations were 
more notable than intertissue associations (Fig. 3e–h), suggesting that 
the two organ systems have relatively independent microbiomes. Thymus 
microbiome associations in all four stages were intensive and widespread, 
and peak lung microbiome associations were reached at the adult stage 
(Fig. 3e–h). Negative associations of Lactobacillus and other taxa between 
the two organs were observed in the adolescent and senior rats (Fig. 3f,h).  
To investigate the potential sources of Lactobacillus in the lungs, 
Lactobacillus abundance in each tissue type were used in Spearman cor-
relation analysis to examine associations among tissues at the four devel-
opmental stages (Supplementary Fig. 3a–d). Lung and liver Lactobacillus 
abundance were strongly and positively associated in the newborn rats 
(Supplementary Fig. 3a), suggesting they may have a common source 
of Lactobacillus, possibly from the gut. Strong negative Lactobacillus 
associations were found between lungs and thymus in the adolescent 
rats (Supplementary Fig. 3b). Lactobacillus abundance in the spleen, 
another immune organ, was also negatively associated with the abun-
dance of Lactobacillus in the adolescent lung (Supplementary Fig. 3b).  
Adult lung Lactobacillus abundance was independent from other tis-
sues (Supplementary Fig. 3c), and senior lung Lactobacillus abundance 
was negatively associated with Lactobacillus abundance in the heart 
(Supplementary Fig. 3d).
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Fig. 1 | Core microbial species in two rat strains. a, Overlapped core species in 
the lung, heart and thymus of SD and F344 rat strains. The number of overlapped 
species between the tissues are shown by a Venn diagram. The names of ten 
common core species between the three organs are shown next to the Venn 
diagram. b, An UpSet plot displays the intersected core species among the 11 
tissues in the F344 rats (n = 162; adolescent age). Each bar in the bar chart shows 
a different combination of tissues and the size of inclusive intersected species 
(values in the y axis). The graphical table below the bar chart indicates the 

corresponding memberships. Each row in the table is 1 of the 11 tissues. The filled 
black dots and lines show the combination of tissues that have sets intersections.  
A smaller bar chart on the left side of the graphical table displays the size of 
elements per set. c, A heat map of the abundance of the 23 core species in the  
F344 rats (n = 162; adolescent age). The columns indicate the samples and rows 
indicate the species. Red color indicates higher abundance and blue represents 
lower abundance. The samples and species were hierarchically clustered 
(complete linkage, Euclidean distance).
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A recent study23 showed that a lung lipopolysaccharide-producing 
microbiome such as Bacillales, Lactobacillales, Bifidobacteriales, 
Oceanospirillales and Pseudomonadales could regulate brain autoimmun-
ity through the lung–brain axis in adolescents Lewis rats. In the healthy 
F344 adolescent rat samples used in this study, positive associations of 
Oceanospirillales, as well as negative associations of Pseudomonadales and 

Bifidobacteriales, were observed between lungs and brains, indicating the 
existence of a lung–brain axis in lipopolysaccharide-producing microbial 
taxa in the healthy state (Supplementary Fig. 3f). The lung–brain axis also 
exists in other taxa and in other developmental stages (Supplementary 
Fig. 3e–h). Intratissue microbiome associations were more striking than 
intertissue interactions, notably in the newborn, adolescent and senior 
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Fig. 2 | Tissue-level microbial associations and microbial composition and 
diversity at the four developmental stages. a–d, Circular correlation networks 
display the Spearman’s correlations for all pairs of tissue microbiome associations 
at the newborn (a; n = 168), adolescent (b; n = 162), adult (c; n = 163) and senior  
(d; n = 167) stage. The strength of the correlations are proportional to their absolute 
correlation coefficients, and the color indicates the direction of the correlations 
(red for positive and blue for negative correlations). Only strong correlations with 
absolute correlation coefficients greater than 0.5 are shown. e, Species-level relative 

abundance (%; y axis) of the 11 stage-related bacteria for each four developmental 
stages. f, Species-level Shannon’s diversity index (y axis) at the four stages. Pairwise 
Wilcoxon rank sum tests with BH correction were used to test for diversity 
differences between stages. Only statistically significant comparisons (adjusted 
P < 0.05) are marked with a single star (*), and adjusted P values <0.01 are marked 
with two stars (**). g, Species-level three-dimensional view PCoA of Bray–Curtis 
dissimilarity between samples colored in four different colors according to each 
developmental stages.

Table 3 | Taxonomy information of the 11 age-dependent species

Adjusted  
P value

Kingdom Phylum Class Order Family Genus Species

0.043 Bacteria Proteobacteria Gammaproteobacteria Chromatiales Ectothiorhodospiraceae Acidihalobacter A. prosperus

0.022 Bacteria Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Salmonella S. enterica

0.030 Bacteria Proteobacteria Gammaproteobacteria Enterobacterales Erwiniaceae Pantoea P. sp. At-9b

0.036 Bacteria Proteobacteria Gammaproteobacteria Enterobacterales Morganellaceae Arsenophonus C. A. lipoptenae

0.001 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus L. animalis

0.014 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus S. himalayensis

0.014 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus L. johnsonii

0.026 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus S. respiraculi

0.029 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus L. murinus

0.037 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus S. suis

0.043 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus L. reuteri
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F344 rats, where intensive positive and negative microbiome associations 
were found in the brains only; in the adult stage, intensive associations 
were uniquely found in the lungs (Supplementary Fig. 3e–h).

Lactobacillus and Bifidobacterium were detected by PCR in 
healthy lungs
To verify that Lactobacillus are present in healthy lungs, both conventional 
and real-time PCR were performed in adolescent rat and adult human lung 
tissues. The presence of Bifidobacterium was also tested because the two 
bacteria genera exhibit similar beneficial effects39. Genus-specific PCR 
primers, which target a total of 15 and 30 Lactobacillus and Bifidobacterium 
spp., respectively, were taken from ref. 40 and used for the detection and 
quantification of the corresponding bacteria in our study.

Unlike the changes observed in Lactobacillales abundance in rat 
lungs across different developmental stages (Supplementary Fig. 4a), 
no changes in abundance were found for Bifidobacteriales in the lungs 
across the four stages in the discovery dataset (Supplementary Fig. 4b). 
The average abundance of Lactobacillales in lungs was slightly higher 
than that of Bifidobacteriales in both the discovery and the validation 
dataset 1, which was composed of SD rats (although not reaching statisti-
cal significance-adjusted P > 0.05; Supplementary Fig. 4c,d). The results 
were based on RNA-seq-derived microbial results from adolescent rats in 
both datasets. Similarly, the presence of Lactobacillus and Bifidobacterium 
was detected by RT–PCR in all six rat lung samples from the validation 
dataset 1, with no statistical abundance differences between the two bac-
teria genera (Table 4 and Supplementary Fig. 4e). Furthermore, up to 15 

and 30 Lactobacillus and Bifidobacterium spp., respectively, were detected 
in healthy human lungs (validation dataset 2), and Lactobacillus bands 
were generally brighter and more unique than that of Bifidobacterium 
(Supplementary Fig. 4f). Human individual A11 with the highest body 
mass index (BMI) tested negative for Lactobacillus, and had a lung micro-
biome enriched with different Bifidobacterium spp. compared with the 
other two individuals (Supplementary Fig. 4f).

Comparison of age-dependent microbial species among 
different tissues
Kruskal’s tests adjusted for multiple comparisons at the species level were 
then carried out to identify the age-dependent microbes for each tissue 
type. Only the lung, testes, thymus, kidney, adrenal and muscle were found 
to have 1–52 age-dependent species (adjusted P < 0.05; Supplementary 
Data 6).

A total of 52 species, of which 32 derived from the order of 
Lactobacillales, together with seven Bacillus spp., four Ortervirales spp., 
two Campylobacterales spp. and seven other species from seven different 
bacteria orders were identified to be the age-dependent species in lungs 
(adjusted P < 0.05; Fig. 4a and Supplementary Data 6). Lactobacillales, 
Ortervirales, Campylobacterales and Bacillales were found to be the 
top four abundant orders associated with lung development and aging  
(Fig. 4a). The loss of Lactobacillales in elderly lungs (Fig. 4a) agrees well 
with our previous taxonomy investigation at the order level (Fig. 3a–d). 
Only lung samples had eight overlapped species with the stage-related 
microbes identified at the whole/bulk tissue level, and six of them were 
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(Clo), Lactobacillales (Lac), Methanococcales (Met) and Streptomycetales (Str)) 
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n = 168), adolescent (f; n = 162), adult (g; n = 163) and senior (h; n = 167) stage. 
The strength of the correlations are proportional to their absolute correlation 
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from the order of Lactobacillales (Fig. 4g and Supplementary Data 6), fur-
ther indicating that there are strong associations between Lactobacillales 
spp. and lung microbiota development and maturation.

Five animal-derived Ortervirales and 11 environmental species were 
identified as the age-dependent microbes in testes (adjusted P < 0.05;  
Fig. 4b and Supplementary Data 6). Among them, only P. extremaustra-
lis and O. oeni were significantly enriched in the senior testes samples 
(adjusted P < 0.05; Fig. 4b), and the remaining species were significantly 
enriched in the adolescent and adult samples (adjusted P < 0.05; Fig. 4b). 
Two murine leukemia viruses, namely murine leukemia virus and murine 
leukemia-related retroviruses, were commonly identified in the lung and 
testis tissues (Supplementary Data 6).

In thymus samples, we found a total of seven species that changed 
their abundance during the whole development process (adjusted 
P < 0.05; Fig. 4c and Supplementary Data 6). Among them, there were 
five environmental species and one animal virus (B. safensis, A. australica,  
A. sticklandii, M. narathiwatensis, S. cellulosum and Avian myeloblastosis 
virus), which decreased in elderly samples (Fig. 4c). In addition, S. capitis, 
a commensal skin microbe was significantly enriched in the adolescent 
samples (adjusted P < 0.05; Fig. 4c).

Lastly, there were five species that could be involved in the develop-
mental processes of the kidney, adrenal and muscles. More specifically, 
there was a notable increase and decrease in two environmental microbes, 
namely C. indicus and F. fontis, in newborn kidney samples, respectively 
(Fig. 4d). Two pathogens, namely Legionella endosymbiont of Polyplax 
serrata and Clostridium novyi, were notably enriched in the older (adult 
and elderly) versus young (juvenile and adolescent) adrenal samples  
(Fig. 4e). Methanosarcina barkeri, a methanogenic archaea, was found to 
be notably decreased in the adolescent, adult and senior stages compared 
with newborn muscle samples (Fig. 4f).

Identification of four rat intertissue microbial heterogeneity 
patterns
As no notable beta diversity differences on principal coordinates analysis 
(PCoA) were observed among tissues over the four courses of aging (pair-
wise PERMANOVA, adjusted P < 0.05; Supplementary Fig. 2f–i), we next 
performed an unsupervised consensus nonnegative matrix factorization 

(cNMF)41 to group similar tissue microbial communities together based 
on their shared signature microbes. The 2,829 species-level operational 
taxonomic unit abundance table of all rat samples (n = 660) was used 
as input for cNMF analysis. cNMF identified a total of four inter-tissue 
microbial heterogeneity patterns (P1–P4), in which the cluster number 
K = 4 corresponds to the maximum stability in the data (Fig. 5a). The local 
density filtering threshold was set at ~0.2 based on K-nearest neighbor 
(KNN) imputation and the consensus clustergram (Fig. 5b,c). A total of 
357 microbial species were subsequently identified as the signatures (or 
meta-microbe) for each of the four patterns (Supplementary Data 7). 
The microbial abundance heat map with samples and species, ordered 
according to their predicted pattern, showed four well-separated microbial 
heterogeneity patterns (Fig. 5d).

The 660 rat samples were classified into four intertissue subtypes  
(S1–S4; Supplementary Data 7). S4 had the highest microbial alpha diver-
sity, followed by S3, and the lowest in S1 and S2. Although no significant 
alpha diversity differences were found between S1 and S2, all other 
pairwise alpha diversity comparisons between subtypes were significant 
(pairwise Wilcoxon test adjusted P < 0.05; Fig. 5e).

The 357 subtype-specific microbial signatures included 71  
different orders belonging to 18 different phyla (Supplementary Data 7). 
Proteobacteria, Firmicutes, Actinobacteria, Viral and Bacteroidetes were 
the top five major phyla (Fig. 5g). A total of 117, 17, 40 and 183 microbial 
signatures for each tissue subtype were used to define the four microbial 
communities (M1–M4, respectively). All pairwise beta diversity compari-
sons among the communities were significant (pairwise PERMANOVA, 
adjusted P < 0.05; Fig. 5f).

The four intertissue microbial patterns (P1–P4) each consist of 
the corresponding tissue subtypes (S1–S4) and microbial communities 
(M1–M4). S2 contains the largest number of rat samples (310), spanning 
all 11 different tissue types, but with only one liver and one muscle sample 
(Fig. 5i and Table 5). There were 17 S2-specific microbial species present 
in M2, with a substantial higher relative abundance of Bifidobacteriales 
and Ortervirales compared with the other microbial communities  
(Fig. 5h). Liver and muscle samples were almost exclusively grouped into 
S3 and S4 (Fig. 5i and Table 5). Similar to S2, S3 had a large sample size 
(212), spanning all 11 tissues. A total of 40 bacteria species were grouped 

Table 4 | Summary of the quantifying microbial abundances by RT–PCR

Sample *Repli1 Ct *Repli2 Ct *Repli3 Ct Mean Ct ∆Ct ∆∆Ct 2^ − (∆∆Ct)

Actb (housekeeping)

C1123 13.569 13.339 13.873 13.594 – – –

C1450 12.959 12.977 12.951 12.962 – – –

C1456 14.024 13.694 13.873 13.864 – – –

C1151 11.741 14.112 13.704 13.186 – – –

C1451 13.009 13.022 13.046 13.026 – – –

C1460 13.802 13.803 13.887 13.831 – – –

Lactobacillus spp.

C1123 33.859 32.921 31.866 32.882 19.288 0.440 0.737

C1450 32.307 30.922 31.172 31.467 18.505 −0.343 1.268

C1456 29.119 29.097 29.805 29.340 15.476 −3.372 10.351

C1151 32.109 31.662 34.142 32.637 19.451 0.603 0.658

C1451 30.818 31.421 32.480 31.573 18.547 −0.301 1.232

C1460 37.193 34.168 33.787 35.049 21.218 2.370 0.193

Bifidobacterium spp. 
(reference)

C1123 32.284 32.872 32.728 32.628 19.034 0.186 0.879

C1450 32.381 31.848 32.597 32.275 19.313 0.465 0.724

C1456 31.133 31.566 32.459 31.719 17.855 −0.993 1.990

C1151 32.652 32.867 32.980 32.833 19.647 0.799 0.574

C1451 31.429 32.678 31.910 32.006 18.980 0.132 0.912

C1460 31.568 32.330 32.366 32.088 18.257 −0.591 1.506

Reference average – – – – 18.847 – –

*Repli, replicate.
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into M3, which were highly enriched in the 212 samples of S3 (Fig. 5d). 
The relative abundances of Pseudomonadales and Enterobacterales were 
much higher in P3 than in any other patterns (Fig. 5d). S4 includes 94 
samples but with no lung tissue (Fig. 5i). P4 had higher Burkholderiales, 
Micrococcales and Clostridiales, and lower Lactobacillales relative abun-
dance compared with the other three patterns (Fig. 5h). S1 is the smallest 
subtype with 44 samples, and 41 of them come from the lung (Table 5 and 
Fig. 5i). Lactobacillales and Pasteurellales were the two most dominant 
microbial signatures in M1 (Fig. 5h).

Pattern-specific microbe–host gene interactions
We inferred a microbe–host gene interaction network for each of the 
four intertissue microbial patterns identified in the study. Spearman’s 
correlation analyses were used to predict putative interactions between 
microbial species abundances and host gene expressions in each pattern.

After filtering, a total of 673 genes were found to be significantly 
positively/negatively correlated with the abundances of the 117 microbial 
signatures in P1 (adjusted P < 0.05; Supplementary Data 8). The genes and 
microbes were organized by hierarchical clustering, and their Spearman’s 
correlation coefficients were visualized in a heat map (Fig. 6a). Absolute 
correlation coefficients inferior to 0.3, which were considered as weak 
correlations42, were marked as zero to assist better visualization. Although 
most of the genes seem to be weakly correlated with the majority of micro-
bial signatures, four notable enrichments were depicted in the microbe–
host gene heat map (Fig. 6a). Of note, the correlations with genes reflect 
their combination, rather than the species themselves. More specifically, 
the largest cluster C2 contained more than 79% (n = 534) of the selected 

673 genes that were either positively or negatively correlated with 41 
microbial species (Fig. 6a and Supplementary Data 8). The 15 Streptococcus 
spp. and five Lactobacillus spp. derived from the order of Lactobacillales, 
and four other species (namely Candidatus Arsenophonus lipoptenae, 
Acidihalobacter prosperus, bacterium 2013Arg42i and Bacillus coagulans), 
as a whole community, were positively correlated with these 534 genes 
(adjusted P < 0.05; Fig. 6a and Supplementary Data 8). Meanwhile, two 
viruses (murine leukemia virus and spleen focus-forming virus), S. enterica 
and the other 14 bacteria were negatively correlated with those host genes. 
This largest set of genes is significantly involved in extracellular matrix 
(ECM) organization, angiogenesis, cell proliferation and Wnt signaling 
pathways (adjusted P < 0.05; Supplementary Data 8), which might be 
coregulated by the microbes and hosts. The remaining three clusters of 
genes were associated with bacterial infection (C4), glucose transporters 
(C3) and T cell activation (C1, although not significant-adjusted P > 0.05) 
pathways and processes (Supplementary Data 8).

The 17 microbial species in P2 were significantly associated with a 
sum of 9,371 host genes (adjusted P < 0.05), while ~40% of these microbes 
each correlated with less than 200 genes. We filtered out microbes with 
fewer than 200 correlated genes, and the 0.3 absolute correlation coef-
ficient cutoff was applied to remove weakly correlated genes, resulting 
in a microbe–host gene heat map of ten species and 8,780 host genes  
(Fig. 6b and Supplementary Data 8). The heat map showed that 3,812 and 
2,314 genes were significantly positively correlated with the abundance of 
S. meliloti and Mason–Pfizer monkey virus, respectively, while 121 and 
772 genes were significantly negatively correlated with these microbial 
species, respectively (adjusted P < 0.05; Fig. 6b and Supplementary Data 8).  
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RNA processing, cell cycle and DNA damage repair-related pathways 
were significantly overrepresented in the 3,812 genes that were positively 
correlated with S. meliloti. The 121 genes negatively correlated with 
S. meliloti were enriched in mitochondrial related pathways (adjusted 
P < 0.05; Supplementary Data 8). Mason–Pfizer monkey virus seems to 
be positively associated with 2,314 host genes in pathways of nervous 
system and synaptic transmissions. The 772 negatively correlated genes 
were involved in various cytokine production, inflammation and virus 
infection-related pathways (adjusted P < 0.05; Supplementary Data 8). The 
remaining positively correlated 1,879 genes, which were partially shared 
between different microbes including murine leukemia-related retrovi-
ruses, were enriched with cilium assembly, cilium movement and protein 
transport-related pathways (Supplementary Data 8). Cilium-related 
genes and pathways were also positively correlated with the abundance 
of Exiguobacterium sp. N4-1P.

Gut-derived bacteria Lachnoanaerobaculum umeaense was the most 
significantly positively associated with 652 host genes in P3 (adjusted 
P < 0.05; Fig. 6c and Supplementary Data 8). Kyoto Encyclopedia of 
Genes and Genomes (KEGG) and Gene Ontology (GO) enrichment 
analysis indicated that these genes were involved in pathways such as 
transcription, DNA repair and cell cycle (adjusted P < 0.05; Supplementary 
Data 8). The RNA-binding gene RBM12B was positively correlated with 

another five bacteria species in P3 including Lactobacillus sanfranciscensis, 
Acinetobacter lwoffii, Acinetobacter schindleri, Actinomyces odontolyticus 
and Staphylococcus hominis (adjusted P < 0.05; Supplementary Data 8). 
There were 72 genes that had correlations above 0.3 with the abundance of 
Lactococcus lactis, and which were enriched for cell cycle-related pathways 
(adjusted P < 0.05; Supplementary Data 8). Lastly, only the soil bacteria 
Nocardioides sp. MMS17-SY207-3 was found to be positively correlated 
with the TMCC1 gene with unknown function.

Among the 183 microbial signatures in P4, only Bacteroides uniformis 
and pathogen Delftia tsuruhatensis each had significant positive cor-
relations with host genes (adjusted P < 0.05; Fig. 6d and Supplementary  
Data 8). More specifically, MBL2, which is a component of innate 
immunity43, was found to be positively correlated with the abundance of 
B. uniformis and D. tsuruhatensis in our study. MIR802, a glucose metabo-
lism regulator44, was more positively correlated with the abundance of 
D. tsuruhatensis.

Discussion
Although rats are commonly used in laboratory settings, little information 
is available regarding the composition and diversity of their microbial 
communities. In our study, we systematically investigated the spatial 
and longitudinal microbial patterns in different body compartments of 
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single star (*), and P values <0.01 are marked with two stars (**). f, 357 species-
level three-dimensional view PCoA of Bray–Curtis dissimilarity between microbial 
communities colored in four different colors according to each community of 
microbes. Pairwise multilevel comparisons using adonis with the Bonferroni 
correction were used to test for beta diversity differences between communities. All 
pairwise comparisons were significant (P < 0.05), and are marked with a single star 
(*) at the top right position. g,h, Taxa composition bar plots illustrate the microbial 
relative abundance (%; y axis) of the top 12 most abundant microbes at the phylum 
(g) and the order (h) level based on the 357 pattern-specific species’ microbial 
profile. i, A balloon plot to summarize and compare the tissue distributions (rows) 
for each pattern (columns), where each cell contains a dot whose color and size 
reflect the magnitude of a numerical value (Freq.).
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healthy rats and at different developmental stages. Across the four major 
life-history stages of rats, we found lung microbial composition changes 
in taxa such as Lactobacillales and Ortervirales (Supplementary Fig. 5), 
and that liver and muscle exhibit the lowest microbial alpha diversity as 
compared with other organ systems. The lung, testes, thymus, kidney, 
adrenal and muscle microbial habitats were found to have 1–52 species that 
changed their abundances as the rats got older. Moreover, potential nega-
tive correlations between the abundance of Lactobacillales and immune 
system maturation during lung aging were inferred from our study.

Species in the order of Lactobacillales are commonly called lactic 
acid bacteria (LAB). LAB are a group of Gram-positive lactose fermenters, 
which have long been known for contributing to the health-promoting 
properties of milk. Previous studies have shown that microbial coloniza-
tion of mucosal intestinal tissues during the suckling period shapes the 
infant’s immune system14. Accumulating evidence indicates that, at this 
stage, microbes (that is, LAB and Bifidobacterium) are transmitted from 
mother to offspring, mainly through breast milk14,45,46. In addition to fun-
damental nutrients and bioactive compounds, human breast milk features 
a unique microbiome, including mutualist, commensal and probiotic 
potential bacteria species47. The Food and Agriculture Organization of 
the United Nations and the World Health Organization defines probiotics 
as ‘live microorganisms which when administered in adequate amounts 
confer a health benefit on the host’48. Thus, previous studies have estab-
lished a link between immune-enhancing properties and LAB in the gut. 
In our current study, we found members of immune-related LAB (that is, 
L. murinus and L. animalis), were positively correlated with a large number 
of host genes involved in cell migration and proliferation, especially in 
the lungs. A gradual decline in lung LAB abundance was strongly associ-
ated with older age (Supplementary Fig. 5), suggesting that LAB could be 
potentially used as an anti-aging probiotics.

Following this finding, we sought to identify more microbial signa-
tures that reflect the intertissue microbial heterogeneity, irrespective of 
the developmental stages, in this spatially and temporally heterogeneous 
data. Compared with core species, uncommon and rare microbes were less 
observed, but their overall numbers was still considerable with important 
ecological roles individually or in groups49. We have previously used a 
microbial prevalence threshold at 1% to eliminate rare and potentially 
contaminated species in two human-associated microbiome studies50,51. 
Given that rodent microbiomes are more likely to be contaminated with 
fecal matter, and more than two technical replicates are available in the 
discovery dataset, we increased the threshold to 10% to mitigate the 
effects of contamination. We initially used the beta diversity for estimating 

(dis)similarity between microbial communities, and found minor and 
low beta diversities, which supports the high similarities in tissue-level 
microbiomes. The lung microbiome was distinct from other tissue micro-
biomes, only at specific taxa such as Lactobacillus and Pasteurellales. 
Unsupervised clustering was then used to automatically group similar 
communities together from their shared signature microbes. On the basis 
of the 2,829 species identified as global-level microbiome constituents, 
four intertissue microbial heterogeneity patterns (P1–P4) were identified 
in an unsupervised fashion (Supplementary Fig. 5), with a total of 357 
pattern-specific microbial signatures among the different patterns. The 
357 microbial signatures include 71 different orders in 18 different phyla. 
Proteobacteria, Firmicutes, Actinobacteria, Viral and Bacteroidetes were 
the top five most abundant phyla. There were 12 Halobacteria in the 357 
microbial signatures, which are members of the Archaea domain and 
are capable of surviving in both low and high salt environments52. Using 
culture-dependent and culture-independent techniques, various halophilic 
archaea have been identified in salted food products such as fish sauce 
and table olives53. Moreover, the existence of enteric halophilic archaea 
in the human microbiome is now generally accepted54,55. Thus, it is likely 
that the Halobacteria spp. we identified are food-borne microbial species 
in rats. The 12 Halobacteria, together with another 2 Archaea species, 
namely Methanocaldococcus infernus and Candidatus Nitrosocosmicus 
franklandus, were all microbial signatures from the P4. Four Ortervirales 
spp. plus one Leucania separata nucleopolyhedrovirus from P1 and P2, 
were the only five viral species in the 357 signatures. Microbial signatures 
in each pattern were selected to investigate the potential microbe–host 
gene interactions. Since Archaea species account for smaller proportions, 
and have fewer correlations with host genes compared with the remaining 
signatures, we focused our attention on the composition and diversity of 
338 bacteria and five viral species in each pattern.

More than 93% of the samples in P1 were lung samples (Supplementary 
Fig. 5). The relative proportion of Lactobacillales in Firmicutes and 
Pasteurellales in Proteobacteria in P1 account for more than 85% of all 357 
microbial species. The relative abundance of Actinobacteria was notably 
decreased in P1 compared with the remaining three patterns. P2 and P3 
contained all 11 tissue types, and no lung samples were found in P4. P2 
was the largest pattern representing 41.1% (n = 310) of all rat samples, but 
only 17 species were considered as markers for this pattern. The relative 
abundance of Bifidobacteriales and Ortervirales in P2 were much higher 
than in the other patterns. Pseudomonadales and Enterobacterales were 
notably increased in P3 compared with the other patterns. P4 had higher 
abundance of Burkholderiales, Micrococcales and Clostridiales compared 

Table 5 | The distributions and characteristics of the intertissue subtypes and microbial signatures

Subtype/microbial 
community

Number of 
components

Major types Number of tissue/
order types

No. of correlated 
genes

Correlated host gene 
pathways

P1

S1 44 Lung 3

657
ECM organization
Angiogenesis
Cell proliferation

M1 117 Lactobacillales
Pasteurellales

22

P2

S2 310 Testes
Brain
Thymus

11

>8,000
RNA processing
Nervous system
Cytokine productionM2 17 Environmental species

Ortervirales
11

P3

S3 212 Liver
Muscle

11

653
DNA transcription
DNA repair
Cell cycleM3 40 Pseudomonadales

Clostridia
20

P4

S4 94 No lung 10

2 –M4 183 Archaea
Burkholderiales

45

Total
Sample 660 – 11

– –
Microbial signature 357 – 203
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with the other patterns. Microbial signatures in each pattern were mostly 
positively correlated with different host genes in different metabolic and 
biological functions. For example, 20 LAB and four other species in P1 
were correlated with genes involved in ECM organization, cell migration 
and proliferation signaling pathways. L. umeaense in P3 was positively 
associated with DNA transcription and cell cycle. B. uniformis in P4 was 
associated with innate immune signaling. The microbial signatures in 
P2 largely came from environmental sources such as soil and water sedi-
ment. Most environmental species are free living and widely distributed 
in multiple habitats, which are capable of colonizing and/or causing 
infections in mammals56–58. Compared with germ-free rats, conventional 
rats are exposed to enriched environments. Thus, it is not surprising 
that there are several environmental microorganisms within the 23 core 
species identified in the study. Of particular interest are S. meliloti and 
Exiguobacterium sp. N4-1P; they are two of the microbial signatures in P2 
that showed high abundance in the P2 host samples but low abundance in 
most liver and muscle tissues. The majority of the correlated host genes 
and pathways for the two species in P2 samples were positive. For exam-
ple, S. meliloti was notably positively correlated with thousands of genes 
involved in RNA processing and DNA damage repair. Cilium-related genes 
and signaling pathways were positively correlated with the abundance 
of Exiguobacterium sp. N4-1P. Therefore, species from environmental 
sources contribute to host microbial diversity and strongly interact with 
host genes in various cellular functions.

Our study has limitations, including a lack of controls and paired 
GI samples. Controls for laboratory and experimental contaminants are 
critical in microbiome studies involving low-biomass samples. However, 
we did not include control samples because we did not consider the 

issue at the time of experiments. In the public F344 database, we used 
a relatively higher prevalence threshold (10%) to mitigate the effects of 
contamination. Some rare microbial species may therefore have been 
present but not detected. The GI microbiome is among the most studied 
and best characterized microbial niche to date. GI microbiota are distinct 
between wild and laboratory-kept rodents59. In laboratory settings, a 
wide variety of symbiotic microorganisms are present in the rat digestive 
tract and the gut microbiome is primarily composed of Firmicutes and 
Bacteroidetes phyla60. Previous studies using 16S amplicon sequencing 
and RT–PCR have shown that LAB (within the Firmicutes phylum) are the 
most abundant bacteria in the rat gut microbiota40,61,62. In addition, LAB 
have a protective effect, and are one of the most predominant microbes 
in the feces of the breast-fed neonatal rats19. Laboratory rodent diets can 
be a major source of microbial communities in the GI tract63. Rats are 
omnivorous, eating a variety of plant and animal food items. Grain-based 
and purified diets represent two of the major commercially made diets 
used in laboratory rodent studies63,64. Grain-based diets contain cereal 
grains, wheat middling, animal byproducts, many nonnutrients and 
contaminants, and show batch-to-batch variability. By contrast, purified 
diets are made with highly refined ingredients, and have many other 
advantages that make them a more suitable choice63. Various prebiotic and 
probiotic supplements have been tested for modulating the gut microbiota 
in healthy rats, often leading to an increase in LAB65. It is possible that 
LAB are transmitted from the gut to the lungs via the gut–lung axis. Our 
future rat studies should be carefully designed to include GI samples and 
use purified diets with and without supplements. Other limitations in our 
study include inadequate evaluation of the SD rat microbiomes, and the 
use of a retrospective and largely single-center study design.
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Fig. 6 | Pattern-specific microbe–host gene interactions. a–d, Heat maps of 
the Spearman’s correlation coefficients between the pattern-specific species (in 
columns) with the host genes (in rows and in human gene symbols) in P1 (a), 
P2 (b), P3 (c) and P4 (d). Red indicates positive correlations and blue represents 
negative or low-positive correlations. The genes and species were hierarchically 
clustered (complete linkage, Euclidean distance), and their associated 

characteristics (such as taxonomic ranks and pathway categories, if any) are shown 
on the right hand of the corresponding heat map. Gene cluster memberships 
(C1–C4) are shown in a and gene cluster numbers are shown in b. A. sp. BL5, 
Aquimarina sp. BL5; MBL2, gene mannose-binding lectin 2; MIR802, microRNA 
802; N. sp., Novosphingobium sp. THN1; UBC, gene ubiquitin C.
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For ethical reasons, stage-wise multisampling in humans is mostly 
not feasible. Consequently, rodents may serve as a valuable tool to enhance 
sampling and handling in microbiome studies66. Unlike humans, labora-
tory rats are small nocturnal caged animals; therefore, gaps and challenges 
exist in translating research findings gained from rat studies to human 
situations. Moreover, it is estimated that more than 111 million of mice 
and rats are killed in US laboratories each year67. Understanding labora-
tory rodents’ social life68 and maintaining an adequate amount of ‘good’ 
bacteria in lungs is vital to overall health and animal welfare69.

Conclusions
We systematically investigated the spatial and longitudinal structures 
of the microbial community in 11 body compartments and across four 
life-history stages of healthy F344 rats. The abundance of LAB in the lungs 
declined from breastfed newborn to adolescence/adult and was below 
detectable levels in elderly rats. Bioinformatics analyses indicate that the 
abundance of LAB may be modulated by the lung–immune axis. The lung, 
testes, thymus, kidney, adrenal and muscle microbial habitats had 1–52 
species that changed their abundances as the rats got older. The liver and 
muscle exhibit the lowest microbial alpha diversity compared with other 
organ systems across the four major developmental stages. Four intertissue 
microbial heterogeneity patterns were identified and characterized by inte-
grating microbial abundance with host transcriptomic data. Breastfeeding 
and environmental exposure influenced microbiome composition and 
host health and longevity. The inferred rat microbial biogeography, and 
the 357 pattern-specific microbial signatures, especially the LAB, should 
be useful for advancing human microbiome research.
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Methods
Ethics approval and consent to participate
For human data: the study was performed in accordance with the 
Declaration of Helsinki. The Ethics Committees of Stanford Health 
Care approved the study protocol. For animal data: the study had ethical 
approval from the Ethics Committee of the VA Palo Alto institutional 
animal care and use committee (NIM2008).

Consent for publication
All three human participants signed a written informed consent.

Human lung tissue collection, DNA extraction and PCR
Our study included three male participants who were lung donors at the 
Stanford Hospital in the year 2022, and all participants signed a written 
informed consent. The study was performed in accordance with the 
Declaration of Helsinki. The Ethics Committees of Stanford Health Care 
approved the study protocol. Demographic data including age, ethnicity 
and BMI are summarized in Table 2. Right lung tissues were sampled and 
embedded in formalin-fixed paraffin-embedded blocks. Genomic DNA 
was isolated from archived formalin-fixed paraffin-embedded using the 
DNeasy Blood and Tissue Kit (Qiagen) following the manufacturer’s 
protocols. DNA concentration and purity were measured by a Nanodrop 
ND-1000 spectrophotometer.

The DNA was then subjected to conventional PCR using JumpStart 
REDTaq ReadyMix PCR Reaction Mix (Sigma) and genus-specific prim-
ers for bacteria detection in human lung tissues. The primers were taken 
from Delroisse et al.40, which allow for the detection of a wide range of 
Lactobacillus spp. (15 species) and Bifidobacterium spp. (30 species) 
through PCR amplification. Only forward and reverse primers were used 
and synthesized by Elim Biopharmaceuticals. PCR reactions without 
primer served as negative controls. The PCR amplification protocol was 
described in ref. 40, and PCR products were evaluated by 2% agarose gel 
electrophoresis.

Rat lung tissue collection, real-time PCR and RNA-seq
Six SD rats, including three males and three females, from Charles River 
were housed at the VA Palo Alto Health Care System facility under a 
12 h light/dark cycle in standard conditions. Rats were fed with a normal 
grain-based chow diet and water ad libitum. The rats were sacrificed at 
7.5 weeks to collect lung, heart and thymus tissues. Tissues were snap 
frozen in liquid nitrogen immediately after excision and stored at –80 °C. 
Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen) fol-
lowing the manufacturer’s instructions. The study had ethical approval 
from the Ethics Committee of the VA institutional animal care and use 
committee (NIM2008).

RNA qualities were measured by Agilent 2100 Bioanalyzer. The RNA 
integrity numbers (RINs) of the 12 RNA samples for lungs and hearts were 
all above 7.5. RIN scores for the five thymus samples varied from 4.6–7.0 
(average RIN of 6.3; one sample with low RIN was excluded). Reverse 
transcription for lung samples was performed using the High Capacity 
cDNA Reverse Transcription Kit with RNAse Inhibitor and random 
primers (Applied Biosystems) under the manufacturer’s recommended 
conditions. Single-stranded complemntary DNAs were then subjected 
to SYBR Green RT–PCR using primers from ref. 40 for the detection 
and quantification of Lactobacillus and Bifidobacterium spp. in rat lungs. 
The rat Actb gene was used as the housekeeping reference, and reactions 
without cDNA template served as negative controls. RT–PCR reactions 
(all samples were run in triplicate) were carried out on the QuantStudio™ 
7 Flex system (Applied Biosystems), and the results were calculated by 
the delta–delta Ct (∆∆Ct) method.

PolyA-enriched, 150 bp paired-end mRNA-Seq libraries were pre-
pared and high-throughput sequencing was performed on Illumina 

NovaSeq platform by Novogene. Sequencing data have been deposited 
to the European Nucleotide Archive (ENA) under accession number 
PRJEB57257.

RNA-seq data acquisition and processing
Raw RNA-seq data were downloaded from the ENA database under 
accession number PRJNA238328. The longitudinal data was generated 
by the SEQC consortium from 11 organs of both sexes of F344 rats7. More 
specifically, the 11 organs were brain, lung, heart, liver, muscle, spleen, 
thymus, kidney, adrenal gland, uterus and testes; four developmental 
stages from newborns (2 weeks old), adolescents (6 weeks old), adults 
(21 weeks old) to seniors (104 weeks old) were included in our analyses. 
Rats were fed with a cereal-based NIH-31 diet (ad libitum). Details on 
housing, necropsy, organ collection and sequencing can be found in the 
original article7. A total of 660 samples were collected and sequenced from 
32 healthy female and male rats. which were pair housed (two per cage)7. 
There were four females and four males in each organ and age group with 
two to four technical replicates. The sample sizes and grouping categories 
are summarized in Table 1.

Sequences including the PRJNA238328 and our newly generated 
RNA-seq data were mapped to the Rnor 6.0 reference genome (Ensembl 
release 104) using STAR (v2.7.9a). Uniquely mapped reads were counted 
to each gene and converted to transcripts per million for subsequent 
correlation analysis. The unmapped reads were subjected to re-mapping 
against a Kraken database, which was built from complete Bacterial, Viral 
and Archaeal reference genomes from RefSeq51.

Kraken (v2.0.8-beta) species-level taxonomic assignments for all 
samples were combined, and the phyloseq R package (v1.36.0) (ref. 70) 
was used for the phylogenetic and diversity analyses. Core microbial 
species were identified using a prevalence threshold of 1.0 (presence in 
all samples). Rare species that were not present in at least one read count 
in 10% of the samples were removed from further consideration. Median 
sequencing depth normalization was used for correcting sequencing depth 
differences between samples. Microbial count data were log2-transformed 
before statistical analyses. The scripts in this study are available in:  
https://github.com/lz711/Rat-Microbiome.

Statistical analyses of microbial community data
Differences in microbial communities within groups (alpha diversity) 
and between groups (beta diversity) were evaluated and compared at 
phylum, order and species levels, respectively. Alpha diversity within a 
sample was measured using the Shannon index, and the diversity differ-
ences between groups were assessed using the pairwise Wilcoxon rank 
sum tests. Benjamini–Hochberg (BH) correction was used to adjust for 
multiple comparisons. An adjusted P value <0.05 was considered statisti-
cally significant. PCoA and permutational multivariate analysis of variance 
(PERMANOVA) were performed using the Bray–Curtis distance with 
999 permutations to evaluate differences in beta diversity of microbial 
communities. The analysis was carried out using adonis in the vegan 
package71. Diversity differences between groups were assessed by the 
pairwise multilevel comparison using adonis with the Bonferroni correc-
tion, and P values of less than 0.05 were considered significant. The PCoA 
was visualized interactively in three-dimensions with the rgl package72.

Kruskal’s test with FDR adjustment for multiple comparisons was 
used to evaluate the correlation between microbial species and grouping 
variables, such as age groups and tissue groups. Statistical significance 
was set as P < 0.05.

Identification of rat intertissue microbial heterogeneity 
patterns
Microbial species that were present in at least one read count in 10% of the 
total samples (n = 660; discovery dataset) were used for the subsequent 
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unsupervised clustering. cNMF (v1.3), which enables the identification 
of biologically meaningful patterns in high-dimensional datasets41, was 
applied with Kullback–Leibler divergence to identify the intertissue 
microbial heterogeneity patterns and signatures in the study.

cNMF clustering was run on values of K from 2 to 10, and the value 
of K that maximizes stability was selected as the optimal cluster number. 
Outliers were filtered out based on KNN imputation, and the ‘Max’ 
method73 was used for microbial signature selection for each pattern.

Construction of microbe–host gene interaction networks
A microbe–host gene interaction network consists of a collection of 
microbial species and their correlated host genes. Spearman’s correlation 
analyses were performed to examine the correlations between microbial 
abundance of each species in each pattern with host transcriptomes. 
FDR-adjusted P values of <0.05 were considered statistically significant. 
The union of all selected significantly correlated genes in each pattern were 
used to construct a microbe–host gene heat map, respectively, for each 
pattern. Hierarchical clustering of microbes and genes was done using 
the complete method with Euclidean distances (default settings) in the 
pheatmap package in R74. Absolute Spearman’s correlation coefficients 
no less than 0.3 were considered further for the following functional 
enrichment analysis.

Functional enrichment analysis
BiomaRt75 was used to perform gene nomenclature and rat–human 
ortholog conversions. Kyoto Encyclopedia of Genes and Genomes and 
Gene Ontology enrichment analysis of the selected genes (in human gene 
symbols) significantly correlated with microbial species were analyzed by 
using Enrichr76, and the resulting adjusted P values of smaller than 0.05 
were considered significant.

Reporting summary
Further information on research design is available in the Nature Portfolio 
Reporting Summary linked to this article.

Data availability
The discovery dataset is available from the ENA database under accession 
number PRJNA238328. The newly generated rat data have been deposited 
to the ENA database under accession number PRJEB57257.
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