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Abstract

Postnatal growth retardation (PGR) frequently occurs during early postnatal development of piglets and induces high mortality. To
date, the mechanism of PGR remains poorly understood. Adipose tissue-derived microbes have been documented to be associated
with several disorders of metabolism and body growth. However, the connection between microbial disturbance of adipose tissue
and pig PGR remains unclear. Here, we investigated piglets with PGR and found that the adipose tissue of PGR piglets was charac-
terized by metabolism impairment, adipose abnormality, and specific enrichment of culturable bacteria from Proteobacteria. Gavage
of Sphingomonas paucimobilis, a species of Sphingomonas genus from the alphaproteobacteria, induced PGR in piglets. Moreover, this
bacterium could also lead to metabolic disorders and susceptibility to acute stress, resulting in weight loss in mice. Mechanistically,
multi-omics analysis indicated the changes in lipid metabolism as a response of adipose tissue to abnormal microbial composition.
Further experimental tests proved that one of the altered lipids phosphatidylethanolamines could rescue the metabolism disorder
and growth retardation, thereby suppressing the amount of Sphingomonas in the adipose tissue. Together, these results highlight that
the microbe-host crosstalk may regulate the metabolic function of adipose tissue in response to PGR.
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Introduction found that child stunting is usually related to changes in the
morphology and function of adipose tissue [8-10]. For example,
under acute malnutrition, signals from adipose tissue could
suppress the metabolic activity of the body and promote energy
mobilization [10]. However, the metabolic role of adipose tissue
in PGR remains largely unknown.

Few studies have indicated that gut and environmental
microbes can be translocated into the adipose tissue and play a
regulatory role in whole-body metabolism [11-15]. Enrichment
of microbes in the adipose tissue from individuals has been
reported to be associated with metabolic disorders such as
chronic inflammation, obesity, diabetes, and creeping fat from
Crohn’s disease [11-13]. Interestingly, viable microbes in human
adipose tissue were found to polarize macrophages and promote
adipogenesis, thereafter resulting in the formation of creeping fat
[15]. Besides, the translocated microbes were found to affect the
transcriptome and metabolome of human mesenteric adipose
tissue to exacerbate the Crohn’s disease in a mouse model [14].

As one of the most important livestock species in the world, pigs
are an important source of meat, as well as serve as a good bio-
model for research on human diseases [1, 2]. During the early
life of pigs, postnatal growth retardation (PGR) with low growth
rate and lifelong deficits in growth and development is associ-
ated with metabolic disorders, leading to high mortality in pig
production [2, 3]. Moreover, PGR also increases feed disappear-
ance by 10%-30% and production cost [2, 3]. In humans, millions
of children not only fail to achieve adequate bone development
and immune system but also have deficits in whole-body meta-
bolic homeostasis, resulting in perturbed linear growth and low
body weight (BW) [4]. However, the mechanism of PGR remains
poorly understood. Adipose tissue is a well-known organ for
both energy storage and endocrinal regulation and functions
by secreting adipokines into the circulation system and mod-
ulating glucose uptake and insulin resistance, thereby regulat-
ing the whole-body development in early life [5-7]. It has been
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Figure 1 Differences in adipose tissue metabolic function and histological structure between the Ctrl and PGR piglets. (a) Diagram of the experiment
design. (b) Initial BW. (c) Cumulative BW of the Ctrl and PGR piglets. (d and e) Histological score of sWAT in the Ctrl and PGR piglets. The magnification is
100 (upper) and 200 (under). (f-i) Levels of leptin (f), adiponectin (g), insulin (h), and HOMA-IR (i) in the Ctrl and PGR piglets. (j-m) Conn. Dens. tibias (j),
stiffness (k), load at break (1), and bone mineral content (M) of the Ctrl and PGR piglets. (n) mRNA levels of genes related to inflammation (TNFa, IL-1,
and IL-10), adipogenesis (PPARy, C/EBPa, AdipoQ, and FABP4), lipolysis (HSL and ATGL), and glucose uptake (GLUT4) in sWAT were assessed by qgPCR. The

statistical significance is denoted as: P < 0.05, "P < 0.01, "P < 0.001

In both obese individuals with and without healthy metabo-
lism, the main bacteria derived from adipose tissue belong to
the phylum of Proteobacteria, a phylum causing high motility
[12, 14], which might explain the presence of microbes in sev-
eral organs and blood [16]. Nevertheless, some critical ques-
tions remain to be answered, including whether certain adipose
tissue-derived microbe is associated with chronic malnutrition
and the role of microbe in metabolic function of adipose tissue
in PGR.

Animal models are important and essential tools for trans-
lational and clinical research on human growth, development,
and diseases [4, 17]. Compared with other primate and lab ani-
mal models such as mice and rats, pigs have many advantages
in anatomy and physiology, making them an ideal model for
translational biomedical research on metabolic diseases [1, 18].
Several piglet models have been established for studies of dis-
eases during early life, including bacterial infection [19], diar-
rhea [20], and malnutrition [21]. To further develop potential
interventions for child patients [22], piglet models are preferably
used in translational and pre-clinical research on early-life mal-
nutrition [23, 24]. Recently, an intergenerational pig model of diet
restriction mimicking undernutrition children was employed
to clarify the regulatory role of gut microbes in ponderal
growth [25]. Besides, models for metabolic syndromes, includ-
ing chronic inflammation, insulin resistance, and diabetes, have
also been successfully established in pigs [26, 27]. Previously,
researchers have employed piglets as models to understand the
mechanisms and therapeutic methods of PGR and intrauterine
growth retardation in humans [20, 21, 25, 28, 29]. Therefore, pigs
may serve as an extensive and vital large animal model due to

the advantages such as consistent genomes and growth pheno-
types, large litters, and highly efficient reproduction.

In the present study, we established a piglet PGR model and
analyzed its growth and metabolic characters. A well-defined
microbe derived from the adipose tissue was gavaged to reestab-
lish the phenotype of metabolic disorder and growth retardation
in pigs. In addition, the effect of phosphatidylethanolamine (PE), a
key metabolite likely secreted from the adipose tissue in response
to microbes, on the growth retardation was investigated.

Results

Characteristics of a piglet postnatal growth
retardation model

To investigate the mechanism of PGR, we generated 30 litters
of newborn piglets from 30 sows, with a total of 370 newborns
(average 12 newborns per litter) of the same genetic background
(Fig. 1a). PGR piglets were selected with the following criteria:
(i) birth weight higher than 1.1 kg, with no difference in birth
weight relative to control (Ctrl) piglets (Fig. 1b); (ii) BW less than
70% average BW of Ctrl piglets on Day 60; (iii) no obvious char-
acteristics of injury [30]. All the piglets were raised together, and
one Ctrl piglet and one PGR piglet were randomly selected in the
same litter and sacrificed on Day 60 (Fig. 1c). We carefully col-
lected samples of fat from different deposits including subcuta-
neous white adipose tissue from the back (sSWAT) and abdominal
white adipose tissue (aWAT), which play different metabolic
roles [31], as well as whole blood and liver under sterile condi-
tions. The samples were assessed with different omics datasets,
including metagenomics, transcriptomics, and metabolomics.
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The BW of PGR piglets was remarkably smaller than that of
the Ctrl group from Day 7 after birth (Fig. 1c). Consistent with
the final BW, the PGR group exhibited a lower weight gain
in the whole test period (Supplementary Fig. S1a). To determine
whether the PGR group was clinically relevant to growth retarda-
tion, the bone morphology and density were compared between
the Ctrl and PGR groups by dual-energy X-ray absorptiometry. As
a result, the thighbones of the PGR group showed shorter length
(Supplementary Fig. S1b) and lower bone strength and density
(Fig. 1j-m), demonstrating high similarities to the phenotype of
growth retardation [32].

To explore the impact of adipose tissue on PGR, a histology
analysis with hematoxylin and eosin (H&E) staining on the
adipose tissue was performed. The results revealed significant
differences in adipose morphology between the Ctrl and PGR
groups: the PGR group had a large number of smaller adipocytes
(Fig. 1d and e). Since the metabolic function of adipose tissue in
homeostasis is closely related to its morphology [31], it could be
speculated that metabolic disorders occurred in the PGR group.
To identify the metabolic distinction between the two groups, we
further compared the adipokine levels in serum [6]. The results
demonstrated that the PGR group had a significantly lower level
of leptin while a significantly higher level of adiponectin than
the Ctrl group (Fig. 1f and g). Compared with the Ctrl group,
the PGR group showed an increasing tendency (P=0.0512) in
fasting insulin level (Fig. 1h), but there was no difference in
the level of fasting glucose (Supplementary Fig. S1c). The PGR
group developed insulin resistance as indicated by the increased
HOMA-IR (homeostasis model assessment insulin resistance)
index calculated from fasting glucose and insulin [33] (Fig. 1i).
Furthermore, the key genes related to adipogenesis and glucose
uptake in adipose tissue were down-regulated in the sWAT of
the PGR group (Fig. 1n). In addition, nearly all genes related to
inflammation showed no difference between the two groups,
except for an increase in nuclear factor-kB (NFkB) and interleu-
kin 10 (IL-10) and a decrease in IL-8 in the sSWAT of the PGR group
(Fig. 1n). These results suggested that the abnormal morphol-
ogy and metabolic dysfunction of the adipose tissue are associ-
ated with PGR, indicating the potential role of adipose tissue in
growth retardation.

The relative abundance of bacteria from the
phylum Proteobacteria in adipose tissue is
negatively associated with body weight of piglets

Previous studies have demonstrated that the translocation
of certain bacterial members from the gut to adipose tissue is
linked to metabolic dysfunction [12]. In the above experiment, we
observed abnormal morphology of adipose tissue and metabolic
dysfunction in PGR piglets. It could be hypothesized that microbe
from the adipose tissue may be associated with PGR by affect-
ing whole-body metabolic homeostasis. To test this hypothesis,
catalyzed reporter deposition fluorescence in situ hybridization
(CARD-FISH) test was employed to detect the number of microbes
in adipose tissue. To reduce contamination from environment
during processing and exclude false-positive findings of CARD-
FISH, adipose tissue collected from germ-free mice was sectioned
for CARD-FISH analysis. As expected, no positive signals were
found, which is consistent with the results detected without
probes (negative control), indicating the reliability of this method
(Supplementary Fig. S2). Subsequently, a significant increase in
the numbers of both total bacteria and alphaproteobacteria was
observed in the adipose tissue of PGR piglets (Fig. 2a—d). Taken
together, these results revealed the presence of microbes in the
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adipose tissue of the PGR group, which may be related to growth
retardation.

A defined intra-tissue genus Sphingomonas in
alphaproteobacteria class is enriched in adipose
tissue of postnatal growth retardation piglets

Tissue-resident microbiota samples are easily contaminated by
host and environmental noise [13, 34|. Thus, it is necessary to
carefully check the contamination from environment and host
genome. As shown in Supplementary Fig. S3, four groups were
set up for amplifying V3-V4 region of bacterial 16S rRNA gene
to detect the contamination from the DNA extraction kit, envi-
ronment, and host genome. As expected, no band was found in
these three groups and a clear band was observed in the positive
group with bacterial DNA as a template (Supplementary Fig. S3a),
providing evidence to exclude contamination in this study. Next,
PCR amplicons with a clear band were purified and quantified for
further 16S library construction (Supplementary Fig. S3b). Thus,
the contamination from host genome could be excluded.

To verify the specific microbial signature in the adipose tissue
of PGR piglets, 16S rRNA gene sequencing of sWAT, aWAT, liver, and
blood was performed to examine the differences in intra-tissue
microbes between the Ctrl and PGR groups (Fig. 3; Supplementary
Fig. S3b). Interestingly, significant variations of bacterial com-
munity were found in different tissues by B-diversity analysis,
suggesting that different tissues showed specific characteristics
of bacterial community. This might also indicate low contami-
nation from the environment in these tissues (Supplementary
Fig. S4). In addition, the bacterial community structure of the
microbes in sWAT was small, but there were significant differ-
ences between the Ctrl and PGR groups (Fig. 3a; Supplementary
Fig. S5a). Compared with that of the Ctrl group, the microbial
a-diversity of the PGR group was higher in the sWAT and blood
but had no difference in the liver and aWAT (Fig. 3a-h). Bacterial
community composition analysis at the phylum level demon-
strated that Firmicutes and Proteobacteria were the dominant phyla
in the adipose tissue (Supplementary Fig. S5a-d), relative to the
other top five bacteria. Interestingly, we further analyzed the
Proteobacteria with high motility and alphaproteobacteria showed a
significant increase in SWAT (Supplementary Fig. S5e). To further
clarify the microbial differences, we compared the bacteria at the
genus level. As shown in Supplementary Fig. Séa and b, a num-
ber of genera were significantly upregulated in sWAT and aWAT.
Because of large variations within groups, there was no remark-
able difference in the liver and blood, indicating main bacterial
translocation in adipose tissue.

Next, to detect the key microbes at the low taxonomic level
responsible for the difference between the PGR and Ctrl groups, a
selection strategy was designed for identifying targeted microbes
(Fig. 4a). We first compared the top 50 genera with the highest rel-
ative abundance from sWAT, aWAT, liver, and blood (Fig. 4b). Then,
a total of 20 genera were overlapped by four tissues, implying the
potential translocation of these bacteria in the body (Fig. 4c). The
relative abundance of overlapped 20 genera from blood and sWAT
was determined (Fig. 4c and d; Supplementary Fig. S6c and d). We
subsequently focused on genera in the alphaproteobacteria class
and found 12 genera in the blood and 8 genera in sSWAT, aWAT,
and liver (Fig. 4e and f; Supplementary Fig. S6e and f). Although
the relative abundance of microbes was low in both the blood and
SWAT, we focused on the top three microbes with high relative
abundance. As shown in Fig. 4g, we compared the relative abun-
dance of these three microbes between the Ctrl and PGR groups
in adipose tissues. Interestingly, only Sphingomonas derived from
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Figure 2 CARD-FISH analysis for piglet adipose tissue. (a) CARD-FISH on adipose tissue section from the Ctrl and PGR piglets: total bacteria and DAPI
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and PGR piglets: Alphaproteobacteria (green) and DAPI staining (blue). Magnification is 200. (d) Positive dot number per section for Alphaproteobacteria by
CARD-FISH. The statistical significance is denoted as: P < 0.05, "P < 0.01.
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the adipose tissue significantly increased in the PGR group, while
that derived from the blood and liver showed no change (Fig. 4g;
Supplementary Fig. S7a—-d). Another microbe Shigella decreased in
the adipose tissue of the PGR group (Supplementary Fig. S7a and
b). Then, we tried to culture bacteria belonging to Sphingomonas
from adipose tissue. Based on the work flow shown in Fig. 4h, we
cultured and quantified the adipose tissue-resident bacteria by
culturing the homogenized adipose tissue on Columbia blood agar
base plate [34]. The results showed a median of 25 colony-forming
units (CFU) for adipose tissue for the Ctrl group and 118 CFU for
the PGR group (Fig.4i and j). Subsequently, the isolated bacteria
were detected by specific PCR primers for Sphingomonas and clear
bands were observed, suggesting that the culturable bacterium
may belong to Sphingomonas (Supplementary Fig. S8). Notably, this
culturable bacterium can also be successfully amplified by prim-
ers for Sphingomonas paucimobilis (S. paucimobilis, ATCC 29837),
which acts as a standard bacterium from Sphingomonas [35, 36].
Furthermore, whole genome sequence (WGS) was performed for
analyzing the similarity of cultivated and commercial S. pauci-
mobilis. As shown in Supplementary Fig. S9a and b, the average
nucleotide identity (ANI) values were 99.98%, which is considered
to be the most relevant comparative parameter used for bacte-
rial species delineation, suggesting high similarity between the
two stains. Then, comparative genomics revealed that there were
3849 operational gene units that comprise the conserved core
of S. paucimobilis genome, and 193 unique genes were detected.
The Kyoto Encyclopedia of Genes and Genomes (KEGG) and the
Clusters Of Orthologous Genes (COG) function analysis indicated
that S. paucimobilis may be related to lipid metabolism and energy
metabolism (Supplementary Fig. S9c and d). Together, these data
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indicated a close association between microbe and growth retar-
dation, suggesting that the retardation of piglet growth may be
related to adipose tissue-derived microbe, particularly those from
the Sphingomonas genus.

Gavage of Sphingomonas leads to postnatal
growth retardation in piglets

To test whether bacteria from the Sphingomonas genus play a role
in inducing PGR in piglets, one isolate of Sphingomonas, S. pauci-
mobilis (ATCC 29837), was cultured for further study. Piglets were
daily gavaged for 6 weeks with freshly prepared live S. paucimobi-
lis, which was washed and diluted by saline (1 x 10° live bacteria/
day/piglet; 6 weeks from Day 7 after birth to Day 49) (Fig. Sa).
S. paucimobilis-colonized piglets (Sphingomonas group) exhibited
a comparable weight gain to the PGR piglets, but significantly
lower weight gain relative to the Saline group (Fig. 5b and c;
Supplementary Fig. S10a and b). Consistently, the Sphingomonas
group showed lower bone strength and bone density (Fig. 5d-g)
and thighbone length (Supplementary Fig. S10c). To further test
whether the Sphingomonas group had similar phenotypes in
metabolism of adipose tissue to the PGR group, adipokines were
measured in SWAT. The same changing pattern of leptin and adi-
ponectin was found in the Sphingomonas group and the PGR group
(Fig. Sh and i; Fig. 1f and g). Also, the Sphingomonas group had sim-
ilar fasting insulin and glucose levels to the PGR group, as well as
same insulin resistance as indicated by the HOMA-IR index (Fig. 5j
and k; Supplementary Fig. S10d). In addition, the administration
of S. paucimobilis significantly downregulated the expression of
CEBPa and Glut4 (Fig. 51). To further confirm the translocation of
S. paucimobilis in the adipose tissue, we performed CARD-FISH
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using alphaproteobacteria-specific probes under sterile conditions
and quantitative real-time PCR (QPCR) using Sphingomonas-specific
primers. The results showed a higher abundance of Sphingomonas
in sWAT in the Sphingomonas group (Fig. Sm-o). These findings
suggested that Sphingomonas might be a potential contributor to
the formation of PGR in piglets.

S. paucimobilis-colonized mice exhibit metabolic
disorders and body weight loss under acute
stress

To further explore the biological role of S. paucimobilis in met-
abolic regulation in different animal species, mice were daily
gavaged with freshly prepared live S. paucimobilis (1 x 10° live
bacteria/day/mouse) and PBS for 5 weeks after the depletion of
intestinal microbes using broad range antibiotics (Abx) admin-
istered in drinking water for 1 week (Fig. 6a). There was no
significant difference in BW between the two groups (Fig. 6b),
which was different from the results in piglets. Interestingly, the
S. paucimobilis-colonized mice showed significant decreases in
oxygen consumption rate at room temperature during both the
light and dark phase, indicating that the gavage of S. paucimobilis
led to metabolic dysregulation (Fig. 6¢c-e).

To further test the metabolic status of these mice, an oral
glucose tolerance test (OGTT) was performed. As a result,
S. paucimobilis-colonized mice showed a decrease in glucose
peak after 15 min of glucose administration and the area under
the curve was significantly lower than that of the PBS group
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(Fig. 6f and g). Interestingly, no difference was observed in the
initial glucose peak under intraperitoneal administration of glu-
cose (Fig. 6h), indicating that the S. paucimobilis-colonized mice
might have weak absorption of glucose, which was consistent
with the remarkable increase in fecal caloric content (Fig. 6i)
and a significant decrease in the length of small intestine and
colon (Fig. 6j) in S. paucimobilis-colonized mice. In addition, the
S. paucimobilis-colonized mice had a pronounced decrease in
the weight of tibialis anterior (TA) muscle (Fig. 6k and 1). Thus,
it could be hypothesized that the S. paucimobilis-colonized mice
with metabolic disorder may be susceptible to weight loss. To test
this hypothesis, glucocorticoid-induced mouse atrophy was used
as an acute stress. As a result, a more significant weight loss was
observed in the Sphingomonas group (Fig. 6m and n). These results
suggested that the gavage of S. paucimobilis may reduce the length
of the intestine to decrease glucose and energy absorption, lead-
ing to metabolic disorders and susceptibility to weight loss in
mice, which might help to uncover the regulatory mechanism of
S. paucimobilis on homeostasis and growth retardation.

Adipose tissue is responsive to resident
microbes in transcriptome and metabolome

To understand how adipose tissue responds to the enrichment
of specific bacterial taxa, RNA sequencing and lipidomics were
performed. As shown in Fig. 7a, the transcriptome patterns of the
Ctrl and PGR groups were significantly separated. As expected,
genes enriched in lipid metabolism were significantly altered in
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the PGR group, which was consistent with the morphology of
the adipose tissue (Fig. 7b—d). Interestingly, a number of genes
clustered in the pathways of extracellular matrix (ECM) receptor
interaction and focal adhesion were significantly upregulated in
the sWAT of the PGR group (Fig. 7b, ¢, and e). Several intracellu-
lar metabolic pathways were also upregulated in the PGR group
(Fig. 7b and c). Although the greatest transcriptional change did
not occur in energy metabolism or lipid metabolism, the genes
with the greatest fold changes were related to ECM receptor
interaction, indicating a crosstalk between the adipose tissue and
resident microbes [15] in the PGR group. However, no significant
difference in muscle was found between the two groups, and lipid
metabolism and ECM-related biological events were significantly
changed as expected. The predominant pathways were related
to skeletal system morphogenesis, microtubule-based protein
transport, and transport along microtubule, suggesting that the
main changes in protein synthesis and transportation occurred
in the muscle (Supplementary Fig. S11a—c).

The adipose tissue has highly dynamic lipid metabolism and
it is interesting to know whether the adipose tissue in the PGR
group was responsive to resident microbes to affect lipid metabo-
lism. To further dissect the response of adipose tissue and screen
the differential metabolites, a lipidomics analysis was performed
for the sWAT, serum, and muscle samples of the Ctrl and PGR
groups (Supplementary Fig. S11d-f). Under growth retardation,
a variety of lipid metabolites were significantly altered in the
serum and sWAT (Fig. 7f and g). According to fat morphology in
the PGR group shown in Fig. 1, the metabolites with significant
decreases in SWAT and serum were related to triglycerides (TGs)
and diacylglycerols (Fig. 7f and g), which are the main compo-
nents of lipid droplets in adipose tissue. In the muscle, one kind
of TGs decreased in the PGR group (Fig. 7h). Thus, the significant
decrease in TGs may be a consequence of PGR.

To identify the functional lipids associated with growth perfor-
mance, we analyzed the main lipids in SWAT, serum, and muscle.
Except TG and diglyceride (DG), the main components of phos-
pholipid, namely PE and phosphatidylcholine (PC), were found
altered in PGR pigs. Consistent with TG and DG, a number of PE
was shown to decrease in the three sources (Fig. 7i). Phospholipid
on cellular membrane might be one of the main mediators for
extracellular signals, which was in accordance with the activa-
tion of ECM receptor in the results of RNA sequencing (Fig. 7j
and k). Therefore, we combined RNA sequencing and lipidom-
ics (Fig. 71). Key genes in the upstream of TG and PE synthesis
decreased in the PGR group. Glycerol 3-phosphate dehydrogenase
2 (GPD2) converts dihydroxyacetone-P into glycerol-3-phosphate
and cytidinediphosphate diacylglycerol synthase 2 (CDS2) con-
verts phosphatidic acid into DG, which is the precursor for PE and
TG. Consistently, some genes related to fatty acid (FA)-acetyl-CoA
such as fatty acid synthase (FASN) also decreased, which pro-
vided a low level of substrate for lysophosphatidic acid. Together,
upstream genes related to DG, TG, and PE decreased in the PGR
group, indicating the low levels of these lipids in the PGR group in
response to microbes’ residence. Thus, PE may act as a lipid target
in regulating pig growth.

The key metabolite phosphatidylethanolamine
rescues growth retardation by suppressing the
number of Sphingomonas

To further test the above hypothesis, we used PE + PGR model of
piglets to clarify the role of PE in rescuing BW loss in the piglets
(Fig. 8a). Intriguingly, PE could significantly improve BW (Fig. 8b—d)
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and bone development of the PGR piglets (Fig. 8e-h). To assess
whether these effects could be attributed to the improvement
of metabolic function in the adipose tissue, we determined the
levels of adipokines and hormones and the expression of related
genes. The administration of PE reversed the changes in adi-
ponectin and leptin (Fig. 8 and j). Accordingly, PE administration
decreased the levels of fasting insulin and the HOMA-IR index,
indicating that PE may improve the insulin sensitivity of the PGR
piglets (Fig. 8k-m). However, we only found a few differentially
expressed genes (DEGs) for inflammation, but not for adipogene-
sis or glucose uptake (Fig. 8n). Next, to further elucidate whether
PE is involved in decreasing the number of microbes, gPCR was
carried out to detect Sphingomonas. As expected, the number of
Sphingomonas decreased in sWAT in the PE-administrated group
(Fig. 80). These data suggested that the role of PE in regulating
metabolism to promote pig growth may involve suppressing the
number of Sphingomonas in sWAT.

Discussion

Pigs have also been well recognized as an important biomedical
model for studying human pediatric nutrition, including fetal,
newborn, neonatal, and all other stages of early development [1],
which offers several advantages in translational medical research.
The role of the adipose tissue, a major endocrinal regulator of
the whole body, in the development and metabolic regulation
of PGR remains elusive [10]. Here, we employed the piglet PGR
model to further demonstrate the function of the adipose tissue
in PGR, suggesting a potential therapeutic target and strategies
for growth retardation.

Our results revealed that PGR piglets had metabolic impair-
ment with a smaller adipocyte size. In domestic pigs, the adipose
tissue is taken as a vital index for meat quality, particularly the
backfat, while few studies have been focused on the metabolic
role of the adipose tissue [17]. Previously, we have demonstrated
that the adipose tissue may act as an endocrinal regulator for the
excellent reproductive performance of sows during pregnancy,
indicating the importance of adipose tissue in the metabolism of
pigs [37]. During growth and development, the metabolic function
of adipose tissue has been largely ignored. Our results demon-
strated that the key adipokines excreted by the adipose tissue
under PGR showed a similar trend to those excreted under star-
vation [10]. Adiponectin, the most extensively studied adipokine,
showed a significant increase in PGR and Sphingomonas-induced
PGR models, while a remarkable decrease in the PE + PGR group.
The role of adiponectin has been well documented in the metab-
olism of adults but not in young animals yet. In some weight
loss models, the level of adiponectin increased in children [38].
Notably, adiponectin has been identified as a positive regulator
of insulin in animal models and humans [6]. Considering the low
glucose uptake and insulin resistance of the PGR piglets, adi-
ponectin may decrease the level of circulating glucose, which
may help to increase insulin sensitivity. These results together
with previous findings in children and pigs demonstrate the met-
abolic role of adipose tissue in the PGR model.

Some studies have reported the presence of bacteria in adi-
pose tissue in chronic inflammation, obesity, and diabetes [12, 13].
Recently, it was reported that Proteobacteria and Firmicutes are the
predominant bacterial phyla in the adipose tissue [14]. Similar
results were also obtained in pig adipose tissue, and the top three
phyla were Proteobacteria, Firmicutes, and Bacteroidetes in both the
adipose tissue and blood. In the four tissues analyzed by 16S
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by gPCR. The statistical significance is denoted as: P < 0.05, P < 0.01.

rRNA gene sequencing, Proteobacteria was a common intra-tissue
bacterium, which is similar to the findings in previous studies
[12, 14]. The predominance of Proteobacteria indicated its specific
function in the adipose tissue. Thus, we further focused on the
class and genera in Proteobacteria to find the microbe with top
relative abundance, namely Sphingomonas, which was then con-
firmed by CARD-FISH and gPCR. To discover the key microbes
related to metabolism in the adipose tissue, we had attempted
but failed to isolate and culture Sphingomonas from pig and mouse
adipose tissue, due to the small number of the bacteria and the
high abundance of fat in this special tissue. A previous study
has reported the role of one defined species of Sphingomonas,
S. paucimobilis, in inflammatory bowel disease [35], suggesting the
functional link between S. paucimobilis and gut health. Further,
S. paucimobilis isolated by other groups [39] was used here for
establishing bacteria-induced PGR model, which might be a
limitation of this study. Surprisingly, Sphingomonas-induced PGR
showed high similarity to the PGR model including bone mor-
phology, adipose morphology, and metabolic index in the serum,
indicating the role of S. paucimobilis in restricting BW gain. These
data suggest the presence of microbes in adipose tissue and their
metabolic function in regulating piglet growth.

Next, we attempted to understand the response of adipose
tissue to microbes in PGR piglets. RNA sequencing revealed that
the ECM-related genes were the most highly expressed in tran-
scriptome, implying a crosstalk between the adipose tissue and
microbes, which has also been reported by other studies [15].
As a primary organ for energy storage in the body, the adipose

tissue undergoes lipolysis and lipogenesis for a balance all the
time [31]. The metabolism of lipids may function as a signal
from the adipose tissue to regulate whole-body homeostasis [6].
PE is a positive regulator of humoral immunity [40], cell prolife-
ration [41], and insulin sensitivity [42, 43], which is still largely
unknown to us. PE administration could improve the metabolic
function of adipose tissue at least in terms of adiponectin level
and HOMA-IR index. Besides, microbiology analysis in the adipose
tissue revealed that PE administration decreased the abundance
of Sphingomonas in the PGR group as detected by qPCR. These
results suggest that variations in the key metabolites in the adi-
pose tissue are the result of host-microbe crosstalk under PGR,
indicating that “metabolite-bacteria-organ development-whole
body” may be a novel route to ameliorate pig growth retardation
as well as human growth restriction. However, which PE would be
the valuable molecule for precision medicine in growth promot-
ing will be the next complex questions to answer. Although com-
mercial availability is an immense obstacle for further exploring,
the functional phospholipids may provide a novel avenue for the
treatment of metabolic diseases.

Overall, the present study highlights the relationship between
the adipose tissue-derived microbe and piglet growth, and pro-
vides the therapeutic target and potential way to rescue PGR
(Fig. 9). However, there are still some limitations here. An inter-
esting and challenging question is to clarify where Sphingomonas
is derived from. Both intestine and lung are connected to the
exterior of the body [16], which may be two distinct ways for
microbe translocation. The specific molecular mechanisms of
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Figure 9 Schematic illustration of PGR-induced S. paucimobilis resided in the adipose tissue. S. paucimobilis residing in the adipose tissue decreases the
morphology of the adipose tissue, leading to abnormal lipidomes and metabolic disorders and exacerbating pig growth retardation.

microbe-induced imbalance of metabolism and the PE-induced
increase in BW remain elusive, which need to be elucidated by
further experiments.

Materials and methods

Study design

For piglet trial 1, crossbred piglets (Landrace x Yorkshire), which
are widely used in commercial pig production, were raised in
this study. As a result, 30 litters of newborn piglets were gene-
rated from 30 sows, with a total of 370 newborns (average
12 newborns per litter) of the same genetic background. All piglets
were fed with sow milk during a suckling period (before Day 26)
and weaned on Day 26. Then, they were separated from sows, and
fed with a nursery diet during the post-weaning period. During
the post-weaning period, all piglets were housed together. Water
and feed were provided ad libitum. All piglets were raised together
and received enough feed, which were adequately supported, and
would not compete for feed during any growth stage.

BW of these piglets was recorded on Day 1, 7, 14, and 21 before
weaning, and Day 28, 35, 42, 49, and 60 after weaning. All diets
were antibiotics-free, and the dietary nutrients met the NRC
(2012) recommendation. Water was provided ad libitum from nip-
ple drinkers. On Day 60, 30 Ctrl piglets and 30 PGR piglets were
sacrificed for sampling. sWAT, aWAT, whole blood, and liver were
taken under sterile conditions and assessed using different omics
datasets, including 16S rRNA gene sequencing, RNA sequenc-
ing, and metabolomes (lipidomics). Preoperative preparation of
the piglets and surgical facility was performed as described pre-
viously [44] using a standardized procedure by a team of trained
technicians. Samples were collected as previously described [45]
by pathology-trained personnel wearing surgical masks and
sterile gloves and using sterile disposable surgical instruments.

Neck vein blood was sampled using a sterile needle and syringe
and stored at -80°C. The piglets were removed to a chemical and
ultraviolet sterilized, class II B2 biosafety cabinet and placed into
an autoclaved and blaze-disinfected salver. The piglets were then
euthanized, and the subcutaneous and abdominal fat were col-
lected with sterile scalpel and forceps.

For piglet trial 2 (bacterial transplantation), newborn piglets
from 8 litters were recorded to validate the discovery from trial 1.
Piglets were divided into two groups with oral administration
every day from the ages of 7 to 49 days (n=8 in each group):
healthy piglets received normal saline (Saline group); healthy
piglets gavaged with 1 x 10° live bacteria per day per piglet for
6 weeks from Day 7 after birth to Day 49 (Sphingomonas group). On
Day 49, the piglets were sacrificed for sampling.

For piglet trial 3 (validation), newborn piglets from 8 litters in
trial 2 were recorded to validate the discovery from trial 1. Piglets
were divided into four groups with oral administration every
day from Day 7 to Day 49 (n= 8 in each group): healthy piglets
received normal saline (Ctrl + Saline); healthy piglets received PE
(Ctrl + PE); PGR piglets received normal saline (PGR + Saline); PGR
piglets received PE (PGR + PE). Piglets were orally administrated
every day with 0.78 g PE dissolved in normal saline during suck-
ling period and 2.11 g PE during post-weaning period. On Day 49,
piglets were sacrificed for sampling. The dosage of PE was calcu-
lated by the supplementation of PC [46].

For both trials 2 and 3, the BW of piglets was recorded on Day
7,17, 26, 38, and 49. Piglets were sacrificed on Day 49 for sam-
pling. The relative weight of each organ was calculated as the
organ weight divided by BW (g/kg). Blood samples (serum) were
collected from a jugular vein and stored at -80°C for further pro-
cessing. The sWAT samples were fixed in 4% paraformaldehyde.
Femur bones were collected for determination of bone density
and bone strength with dual-energy x-ray absorptiometry.
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For transplantation in mice, all specific pathogen free male
C57BL/6] mice were fed in 12 h light/12 h night cycle in the ani-
mal center of Huazhong Agricultural University (Wuhan, China),
and provided with a standard laboratory diet and clean water.
Each group of mice was kept in separate cages. All mice were
allocated to experimental groups based on their BW to ensure
equal starting points. Bacterial transplantation experiment was
conducted on 3-week-old weaned mice by oral gavage with
S. paucimobilis (10° CFU/day). Before transplantation, antibiotic
treatment was employed for mice as follows. Mice were treated
with antibiotics (1 g/L metronidazole, 1 g/L neomycin, 1 g/L ampi-
cillin, and 0.5 g/L vancomycin) dissolved in the drinking water
for 1 week. S. paucimobilis (ATCC 29837) [39] was purchased from
China General Microbiological Culture Collection Center (Beijing,
China). Dexamethasone gavage, which contributes to the onset of
muscle atrophy to inhibit growth rate [47], was performed to see
the effect of S. paucimobilis in susceptibility to acute stress in mice.

16S rRNA gene sequencing analysis

The tissue microbes were analyzed as previously described [15].
Briefly, total bacterial DNA was extracted using the DNA stool
mini kit (Tiangen, Beijing, China). The V3-V4 region of bacte-
rial 16S rRNA gene was amplified and sequenced by Shanghai
Personal Biotechnology Limited Company (Shanghai, China)
using an Illumina MiSeq ([llumina, USA) sequencing platform.
The sequencing reads were analyzed by QIIME2 (quantitative
insights into microbial ecology, via QIIME2 website) analysis pipe-
line as previously described [48]. In brief, paired-end reads were
joined, demultiplexed, and quality controlled with DADA2 plugin,
and then the ASV table was obtained [49]. The taxonomic assign-
ment of ASV table was performed with the g2-feature-classifier,
which was trained for the used primers using the 99% OTU data
set of the SILVA Release 138 [50]. All samples were then rarefied
for subsequent diversity analysis.

a-diversity was calculated with R package “vegan” [51].
B-diversity was calculated with PCA (principle component anal-
ysis) performed with function princomp in R, and permutational
multivariate analysis of variance (PERMANOVA) was carried out
with ANOSIM (analysis of similarity) [52]. Microbial enrichment
analysis was performed with linear discriminant analysis (LDA)
effect size (LEfSe) with the LDA threshold of 3 [53].

RNA sequencing analysis

RNA extraction and RNA sequencing analysis were performed
by Majorbio Bio-pharm Technology as previously described [54].
Total RNA of sSWAT was extracted using the total RNA extractor
(Trizol) kit (B511311, Sangon, China) according to the manufac-
turer’s protocol, and treated with RNase-free DNase I to remove
genomic DNA contamination. A total of 2 pg RNA per sample
was used as input for RNA sequencing library construction.
Sequencing libraries were generated using VAHTSTM mRNA-seq
V2 Library Prep Kit for Illumina®, following the manufacturer’s
recommendations, and index codes were added to attribute the
sequences to each sample. The libraries were then quantified and
pooled. Paired-end sequencing of the library was performed on
the HiSeq XTen sequencers (Illumina, San Diego, CA). FastQC (ver-
sion 0.11.2) [55] was used for evaluating the quality of sequenced
data. Raw reads were filtered by Trimmomatic (version 0.36) [56].
Clean reads were mapped to the reference genome by HISAT2
(version 2.0) [57] with default parameters. RSeQC (version 2.6.1)
[58] was used to run statistics on the alignment results. Gene
expression values of the transcripts were computed by StringTie
(version 1.3.3b) with parameters: -e [59]. RSEM (via the website
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of "RSEM (RNA-Seq by Expectation-Maximization)") [60] was
used to quantify gene abundance. DESeq2 (version 1.12.4) [61]
was used to determine DEGs. Genes were considered as signifi-
cantly differentially expressed when P value < 0.05. In addition,
function-enrichment analysis including gene ontology (GO) and
KEGG was performed to identify DEGs significantly enriched in
GO terms and metabolic pathways at P value < 0.05 compared
with the whole-transcriptome background. GO functional enrich-
ment and KEGG pathway analysis were carried out by Goatools
and KOBAS [62]. The data were analyzed on the free online plat-
form of Majorbio Cloud Platform.

Lipidomics assay

Lipid extraction and mass spectrometry-based lipid detection
were performed by Applied Protein Technology. A separate sample
was taken from each group and mixed equally to create a pooled
QC sample. QC samples were inserted into the analysis queue
to evaluate the system stability and data reliability during the
whole experimental process. LC-MS/MS analysis was performed
on a Q Exactive plus mass spectrometer (Thermo Scientific) cou-
pled to a UHPLC Nexera LC-30A (SHIMADZU). Full-scan spectra
were collected in mass-to-charge ratio (m/z) ranges of 200-1800
and 250-1800 for positive and negative ion modes, respectively.
The mass-to-charge ratio of lipid molecules to lipid fragments
was collected with the following method: after each full scan,
10 fragment patterns (MS2 scan, HCD) were collected. Lipid
identification (secondary identification), peak extraction, peak
alignment, and quantification were performed with LipidSearch
software (version 4.1, Thermo Scientific™). In the extracted ion
features, only the variables with more than 50% of the nonzero
measurement values in at least one group were kept.

qPCR

gPCR was carried out as previously described [29]. For gene expres-
sion analysis, total RNA was extracted from the adipose tissue
using Trizol reagent (Thermo Fisher Scientific), and reverse tran-
scribed using random primers and M-MLV reverse-transcriptase
(Thermo Fisher Scientific). For S. Paucimobilis analysis, total DNA
was purified from sWAT. B-actin and 18S were used as the inter-
nal references for qPCR respectively. SYBR premix EX Taq (Takara)
was used for gPCR analysis, which was performed on a Roche 480
real-time PCR system (Roche). The primers used for gPCR analysis
are listed in Supplementary Tables S1 and S2.

CARD-FISH

Visualization of bacterial cells in the tissues was carried out
using CARD-FISH as previously described [12, 35, 63]. Briefly, the
tissues of mice and pigs were fixed in 4% paraformaldehyde, and
then embedded in paraffin and sectioned. De-paraffinized sec-
tions were sequentially treated with permeability mixture buffer
(Proteinase K buffer, SDS buffer, lysozyme buffer, and achromo-
peptidase buffer) for 1 h at 37°C to achieve permeabilization. The
slides were incubated in hybridization buffer with HRP-labeled
CARD-FISH probes (0.17 ng/mL) for 3h at 37°C in a humidified
chamber and then washed gently for three times in wash buffer
and 1 x PBS for 15 min at room temperature. CARD-FISH was per-
formed by incubating the sections for 20 min at 37°C in an ampli-
fication buffer. The samples were then washed for three times
with 1 x PBS and stained with DAPI (1 pg/mL) for 10 min at room
temperature. Images were acquired on a Leica inverted fluores-
cence microscope. The probes used for CARD-FISH are listed in
Supplementary Table S2. The top 100 of the relatively abundant
microbes are listed in Supplementary Tables S3-S6.
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Measurement of serum hormone levels

The porcine plasma levels of leptin, adiponectin, insulin, and glu-
cose were determined using commercial ELISA kit according to
the manufacturer’s protocol (Jiangsu Meimian industrial Co., Ltd.,
Jiangsu, China).

Bacteria culture and identification

In brief, for the isolation of bacteria, pig adipose tissue pieces
(~0.05 g) were homogenized with glass homogenizer in 1 mL cold
PBS under sterile conditions. PBS was treated with the same pro-
cess to evaluate contamination from environment. Homogenized
tissue samples were filtered by 70 pm cell strainer (Biosharp,
BS-70-CS), and 100 pL of the samples were subsequently plated
on Columbia blood agar base plate (Columbia blood agar
(OXOID, CM0331B) + 5% sheep blood (Solarbio, TX0030)) at 37°C
[34]. For further identification of bacteria, colonies were picked
and streaked to get single colonies. Next, the single colony was
picked into the liquid medium with 20 pL and run PCR using
specific primers for Sphingomonas and S. paucimobilis (listed in
Supplementary Table S2) [36]. The PCR product was identified by
gel electrophoresis and sequencing [34].

Whole genome sequence analysis of bacteria

Single colonies were picked from streaked plates and inoculated
into LB broth. After overnight culture, bacterial DNA was extracted
using a soil DNA Kit (OMEGA, D5625) according to the manufac-
turer’s instructions. Sequencing libraries were prepared using the
NEBNext® Ultra™ DNA Library Prep Kit for [llumina (NEB, USA) fol-
lowing the manufacturer’'s recommendations, and index codes were
added to attribute sequences to each sample. The quality of libraries
was analyzed using the Agilent Bioanalyzer before pooling. S. pauci-
mobilis isolates derived from the PGR piglets were sequenced on the
NovaSeq 6000 sequencing using a 2 x 150 bp v2 kit (Illumina).

Oral glucose tolerance test and intraperitoneal
glucose tolerance test

Mice were fasted overnight for about 16 h and orally loaded with
glucose (2.5 g/kg BW). The blood was collected from the tail vein
at-15,0, +15, +30, +45, +60, +90, and +120 min to measure plasma
glucose levels [64]. For intraperitoneal glucose tolerance test
(ipGTT), each mouse was weighed and intraperitoneally injected
with glucose at 2.5 g/kg BW [65].

Metabolic cage analysis

All mice had a 3-day adaption to single caging. Air-tight cages
were designed for metabolic phenotyping in an open-circuit indi-
rect calorimetric system. The sampling interval for each cage was
2 min, with repetition every 18 min. A total of 72 data points for
food intake, O, consumption, and CO, production were measured
using a 2-dimensional infrared light-bean. Energy expenditure (EE)
and oxygen consumption (V,,) were calculated using the manu-
facture’s software and values were corrected for body mass [66].

Bomb calorimetry

Feces were all collected for 24 h, and dried to constant weight at
60°C. Fecal energy content of every mouse was measured by a
bomb calorimeter (IKA C200, Staufen, Germany) [66].

Histology

Adipose tissue samples were fixed immediately in 4% paraform-
aldehyde. Paraffin-embedded adipose tissues were sectioned into
6-pum slides and stained with H&E.
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Statistical analysis

Data were presented as means = SD. Paired and unpaired two-
tailed Student’s t-test and two-way ANOVA were used to calculate
statistical significance. P<0.05 was considered as statistically
significant. Outliers were tested by the Grubbs outlier test and
excluded below a threshold of P =0.001 [67]. One outlier of serum
insulin level in the PGR group (Grubbs G =2.75) was excluded,
and the result of Student’s t-test changed from 0.060 to 0.0512 in
Fig. 1. Similarly, one outlier value of AdipoQ mRNA expression
level in Sphingomonas group was removed (Grubbs G = 1.733). The
result of Student’s t-test changed from 0.049 to 0.006 in Fig. 5.
An outlier in the serum glucose level of PGR + Saline group was
excluded (Grubbs G = 2.32) in Fig. 8. The result of Student’s t-test
changed from 0.951 to 0.399. Statistical calculations were per-
formed using GraphPad Prism 8.

Supplementary data

Supplementary material is available at Life Metabolism online.
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