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CORRE S PONDENCE

Whole microbiota transplantation restores gut
homeostasis throughout the gastrointestinal tract

To the Editor,
The gut microbiota comprises distinct microbial com-
munities across the small intestine, cecum, and colon
that dynamically interact with the host to maintain
intestinal homeostasis [1]. Fecal microbiota transplanta-
tion (FMT) has emerged as a promising therapeutic
modality for restoring microbial and metabolic balance
in various diseases, particularly recurrent Clostridioides
difficile infection and inflammatory bowel diseases [2].
However, due to the spatial heterogeneity and “homing”
properties of microbes along the gastrointestinal (GI)
tract [3], FMT primarily modulates colonic microbiota
without substantially altering small intestinal bacterial
communities [4]. Consequently, FMT exhibits limited
efficacy in small intestine‐related disorders, including
small intestinal bacterial overgrowth, irritable bowel
syndrome, and short‐bowel syndrome [5].

The small intestine and its microbiota play critical
roles in nutrient absorption, host metabolism, and
immune modulation [6]. Unlike colonic or fecal micro-
biota, the small intestinal microbiota (SIM) harbors a
higher proportion of facultative anaerobic and aerobic
bacteria, such as Lactobacillus, Clostridium, Staphylo-
coccus, and Streptococcus, reflecting distinct luminal
conditions, including pH gradients and oxygen concen-
tration [5, 6]. Recently, SIM transplantation was shown
to favorably modulate mucosal ecosystems and host
metabolic pathways in both murine and human studies
[4], and clinical protocols for SIM transplantation have
been established [7].

Here, we developed a whole microbiota transplantation
(WMT) strategy combining SIM and fecal microbiota to
comprehensively treat intestinal inflammation. In germ‐
free (GF) mice, WMT showed superior efficacy to FMT in
restoring microbiota diversity and composition across the
small intestine, cecum, and colon, enriching beneficial taxa
while suppressing potential pathogens. In a chemotherapy‐
induced intestinal mucositis model, WMT significantly
ameliorated intestinal shortening, attenuated inflammatory

responses, and corrected dysbiosis. To enhance tolerance to
GI conditions, we engineered a chitosan‐alginate nanoshell
for microbiota delivery. In a Salmonella typhimurium
(STm) infection model, nanocapsule‐assisted WMT
(NanoWMT) further augmented the anti‐inflammatory
effects and microbiota restoration achieved by WMT
alone. Collectively, WMT represents a more precise thera-
peutic strategy than FMT, enabling simultaneous regula-
tion of microbial homeostasis throughout the GI tract with
promising clinical applicability.

WMT RESTORES GUT
MICROBIOTA OF GF MICE

To establish a novel microbiota transplantation
approach, we first evaluated WMT in GF mice. GF mice
were orally administered with the equal doses of FMT or
WMT. After 24 h, mice were euthanized, and contents
from the small intestine, cecum, and colon were collected
for 16S rRNA sequencing. In the small intestine, gut
microbiota alpha and beta diversity of the microbiota
were higher in WMT‐treated mice than in FMT‐treated
mice (Figures S1A,B, S2). The relative abundance of the
gut microbiota shifted significantly at both the phylum
and genus levels in the WMT group (Figure S1C).
Compared to the FMT group, Firmicutes abundance
increased markedly in the WMT group (Figure S1D).
Notably, WMT increased Turicibacter levels, which con-
tributes to host bile acid and lipid metabolism [8], while
reducing Enterococcus, a potential pro‐inflammatory
pathogen (Figure S1D) [9].

WMT also substantially increased microbiota diversity
in the cecum and colon, as evidenced by elevated Shannon
indices and principal component analysis of beta diversity
(Figure S1E,F,I,J). Taxa relative abundance shifted at both
the phylum and genus levels in the WMT group
(Figure S1G,K). In the cecum, Firmicutes and beneficial
genera such as Akkermansia, Faecalibaculum, and
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FIGURE 1 (See caption on next page).
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Lachnospiraceae_NK4A136_group increased significantly,
supporting intestinal barrier integrity (Figure S1H)
[10, 11]. In the colon, the Firmicutes/Proteobacteria ratio
and Turicibacter abundance increased, whereas Proteo-
bacteria and Escherichia‐Shigella decreased (Figure S1L).
Linear discriminant analysis effect size (LEfSe) analysis
identified 30 differentially abundant species between the
FMT and WMT groups across all three intestinal segments
(Figure S2). Microbiota function prediction indicated that
WMT significantly upregulated multiple metabolic path-
ways in the colon of GF mice, including those for carbo-
hydrate, lipid, and amino acid metabolism (Figure S3).
These findings indicate that WMT surpasses FMT in
restoring the structure and function of the gut microbiota.

WMT AMELIORATES INTESTINAL
MUCOSITIS AND RESHAPES
MICROBIOTA DYSBIOSIS

To assess the therapeutic potential of WMT, we induced
intestinal mucositis in mice using 5‐fluorouracil (5‐FU)
(Figure 1A) [12]. While FMT displayed limited effect on
reversing intestinal length shortening, WMT significantly
restored intestinal length (Figure 1B,C). Compared with
untreated mice, both FMT and WMT reduced serum
IL‐6; however, only WMT significantly lowered IL‐1β
and TNF‐α (Figure 1D–F), suggesting a stronger anti‐
inflammatory effect than FMT. Histopathological analy-
sis revealed that both interventions efficiently alleviated
inflammatory responses, vacuolization, edema, and
myeloperoxidase (MPO) positive cells in the distal small
intestine (Figure S4). The WMT group exhibited the least
disruption of villus length and crypt depth (Figure 1G–I).
Together, these data support the enhanced therapeutic
efficacy of WMT against intestinal mucositis compared
to FMT.

To further investigate the regulatory effects of WMT
on gut microbiota, we performed 16S rRNA sequencing
analysis of intestinal contents. The results showed that
WMT altered gut microbiota diversity, especially in the
cecum and colon (Figure 1J, Figure S5), as well as the

relative abundance at both the phylum and genus levels
(Figure S6A, Figure 1K). The relative abundance of
Firmicutes and Bacteroidota changed significantly in the
small intestine, cecum, and colon after WMT adminis-
tration, tending towards levels in the normal group
(Figure S6B–D). At the genus level, WMT increased the
abundance of beneficial Lactobacillus and the butyrate‐
producing genus Intestinimonas [13], while significantly
decreasing pro‐inflammatory taxa, such as Desulfovibrio
[14], Lachnoclostridium [15], and Tuzzerella [16]
(Figure S6B–D). LEfSe analysis identified differentially
abundant taxa between the FMT and WMT groups
(Figure S7). In the WMT group, the relative abundance of
beneficial Gram‐positive bacteria increased, while that of
Gram‐negative bacteria, biofilm‐forming bacteria, and
potential pathogens decreased (Figure S8). Overall, these
data indicate that WMT reinstates gut microbiota
homeostasis and alleviates intestinal mucositis.

DESIGN OF MICROBIOTA
NANOCAPSULES AND THEIR
GASTROINTESTINAL ROBUSTNESS

To enhance the therapeutic efficacy of WMT, we engineered
nanocapsules for microbiota delivery. Natural bioactive ma-
terials are biosafe, biodegradable, and widely explored in
tissue engineering and drug delivery systems [17, 18]. As
proof of concept, we assembled microbiota nanocapsules via
electrostatic layer‐by‐layer deposition of bioactive chitosan
(positively charged) and sodium alginate (negatively
charged) (Figure 2A). We first evaluated the feasibility of
nanocapsules using representative gut microbes, including
Escherichia coli Nissle 1917 (EcN) (Gram‐negative bacteria,
an oral probiotic), Pediococcus (Gram‐positive bacteria, used
as bio‐preservatives and probiotic candidates), and Saccha-
romyces (fungus, model organism) [17]. Zeta potentials of
coated EcN, Pediococcus, and Saccharomyces are shown in
Figure 2B. Due to the positive charge of chitosan and the
negative charge of alginate, the zeta potential of coated EcN
rose from −36.30 to −19.78mV, and then dropped to
−25.45mV. Similar trends were observed during the coating

FIGURE 1 WMT ameliorates 5‐fluorouracil (5‐FU)‐induced intestinal mucositis. (A) Experimental timeline for the 5‐FU‐induced
mucositis model (n= 5 per group). (B) Representative macroscopic images of small intestines. (C) Quantification of small intestinal
length. Serum levels of pro‐inflammatory cytokines IL‐6 (D), IL‐1β (E), and TNF‐α (F). Data represent three independent experiments.
Quantification of villus height (G), crypt depth (H), and villus height‐to‐crypt depth ratio (I) in distal small intestinal tissue. (J) PCoA plot
based on Bray–Curtis dissimilarity (n= 4 per group). Small intestine, F value 1.51, p‐value 0.107; Cecum, F value 1.93, p‐value 0.001;
Colon, F‐value 1.56, p‐value 0.005; number of permutations, 999. (K) Circos diagram illustrating the relative abundance of the top 10
genera across treatment groups. Error bars represent standard error of mean. *p< 0.05; **p< 0.01; ***p< 0.001; ****p < 0.0001; ns, no
significance; one‐way ANOVA with Benjamini–Hochberg correction for multiple comparisons.
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process of Pediococcus and Saccharomyces. Transmission
electron microscopy revealed minor morphological changes
after coating (Figure S9). Atomic force microscopy images
highlighted distinct surface microstructures of the coated
microbes compared with the uncoated controls (Figure 2C).
Confocal laser scanning microscopy images demonstrated
that FITC‐labeled sodium alginate and Rhodamine B‐labeled
chitosan successfully coated these representative microbes
and gut microbiota (Figures S10, S11). Thus, microbiota
nanocapsules were effectively formed via sequential alter-
nating polycation‐polyanion deposition.

We next assessed nanocapsule effects on microbiota
gastrointestinal tolerance and colonization. In vitro growth
curves of coated EcN, Pediococcus, Saccharomyces, and
whole microbiota closely mirrored those of uncoated con-
trols (Figure S12A–D), suggesting a negligible impact from
the chitosan‐alginate multilayer on proliferation. In simu-
lated gastric fluid, coated microbiota survived at significantly
higher rates than uncoated forms at 2 and 4h post‐treatment
(Figure 2D), affirming the protective role of nanoshell
against gastric stress. In vivo imaging system analysis dem-
onstrated improved survival of mCherry‐labeled coated EcN
in the GI tract at 2 h and 4 h post‐oral administration
(Figure 2E,G), with the highest fluorescence intensity in the
small intestine (Figure 2F,H). Quantitative counts confirmed
higher numbers of viable coated EcN across the stomach,
small intestine, cecum, and colon compared to uncoated
EcN (Figure S12E–H), thereby validating enhanced micro-
bial colonization via nanocapsules.

EFFICACY OF NANOWMT
AGAINST STM INFECTION

We then examined the synergistic therapeutic effect of
NanoWMT in an STm‐induced colitis model (Figure 2I)
[19]. After treatment with FMT, WMT, and NanoFMT,

colon length increased; notably, NanoWMT most
effectively alleviated colon shortening (Figure S13A,B).
Compared with the control group, all four treatment
groups significantly reduced serum inflammatory
cytokines (IL‐6, IL‐1β, and TNF‐α), with the NanoWMT
group showing the strongest anti‐inflammatory effect
(Figure S14). Hematoxylin and eosin staining and MPO
immunohistochemistry revealed that all treatments
mitigated inflammation, mucosal edema, and MPO
levels in the distal colon tissue, with the NanoWMT
group demonstrating the greatest improvement
(Figure 2J, Figure S15). Immunofluorescence analysis
showed that NanoWMT most effectively reduced the
fluorescence intensity of mCherry‐labeled STm in the
intestinal tract, indicating decreased STm colonization
(Figure 2J, Figure S16).

16S rRNA sequencing showed that NanoWMT sig-
nificantly improved the composition and relative abun-
dance of gut microbiota, and markedly increased the
proportions of Clostridia (butyrate producer) and Bac-
teroides (Figure 2K, Figures S17–19). These bacteria are
beneficial for the treatment of colitis [20]. Importantly,
NanoWMT reduced the abundance of harmful bacteria,
including Proteobacteria at the phylum level, and
Escherichia‐Shigella and Salmonella at the genus level
(Figure 2L, Figures S17–19). The relative abundance of
bacterial phenotypes revealed that NanoWMT markedly
reduced the proportion of biofilm‐forming bacteria and
potential pathogens (Figures S18, S19). Function heat-
map analysis suggested that the gut microbiota in the
NanoWMT group was enriched in pathways related to
replication and repair as well as glycan biosynthesis and
metabolism, which may contribute to intestinal mucosa
repair (Figure S20). Compared to WMT, NanoWMT was
associated with reduced abundance of immune disease‐
related pathways (Figure S21), a critical aspect of
inflammatory bowel disease pathogenesis. These results

FIGURE 2 NanoWMT alleviates Salmonella typhimurium (STm)‐induced colitis. (A) Schematic of nanocapsule synthesis. (B)
Zeta potential of coated EcN, Pediococcus, and Saccharomyces (n = 3). CEcN, EcN coated with chitosan; ACEcN, EcN coated with
chitosan‐alginate; CPediococcus, Pediococcus coated with chitosan; ACPediococcus, Pediococcus coated with chitosan‐alginate;
CSaccharomyces, Saccharomyces coated with chitosan; ACSaccharomyces, Saccharomyces coated with chitosan‐alginate. (C)
Representative AFM images of uncoated and coated microbes. Scale bar, 100 nm (EcN, CEcN, ACEcN, Pediococcus, CPediococcus,
and ACPediococcus) or 200 nm (Saccharomyces, CSaccharomyces, and ACSaccharomyces). (D) Quantification analysis of coated EcN,
Pediococcus, Saccharomyces, and microbiota survival after incubation in SGF (n = 3 independent experiments, each performed in
triplicate). ACMicrobiota, Microbiota coated with chitosan‐alginate. (E, G) Representative IVIS images of EcN in the mouse GI tract
after 2 and 4 h post‐gavage. Scale bar, 2 e9–2 e10 p/s/cm2/sr. (F, H) Quantification of fluorescence intensity (n = 4). (I) Experimental
design and treatment regimen for the STm‐induced colitis model (n = 4 or 5). (J) Representative hematoxylin and eosin (H&E)
staining (scale bar, 50 μm) and Immunofluorescence images of mCherry‐labeled STm in colon tissue (scale bar, 50 μm). (K) Ternary
plot shows genus‐level species distribution in the small intestine and colon. avg_ra, average abundance ratio. (L) Relative abundance
of Salmonella in the colon. Error bars represent standard error of mean. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no
significance; (D), (F), and (H) were assessed using unpaired t‐test (and nonparametric tests); (L) was assessed using one‐way ANOVA
(and nonparametric or mixed) with Benjamini–Hochberg correction.
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underscore the therapeutic potential of NanoWMT in
mitigating inflammation and restoring gut microbiota
homeostasis, thus providing novel strategies for inflam-
matory bowel disease management.

Although FMT and SIM transplantation are effective
and generally well‐tolerated clinically, both have
inherent limitations in comprehensively modulating
intestinal microecology [2, 3, 7]. Here, we developed a
novel WMT strategy that precisely regulates microbiota
homeostasis throughout the entire intestine by simulta-
neously transplanting SIM and fecal microbiota. WMT
demonstrated superior efficacy compared with FMT in
reshaping microbial community structure and diversity
across the small intestine, cecum, and colon of GF mice.
Specifically, WMT enriched beneficial taxa, including
Turicibacter [8], Akkermansia [10], Faecalibaculum [10],
and Lachnospiraceae_NK4A136_group [11], which are
essential for host bile acid, short‐chain fatty acid, and
lipid metabolism. Encapsulation with biocompatible na-
nocapsules further potentiated the therapeutic efficacy of
WMT by enhancing intestinal colonization and bio-
availability of transplanted microbiota. Notably, both
WMT and NanoWMT substantially reduced biofilm‐
forming bacteria in the small intestine and colon, which
may help mitigate bacterial resistance and potentiate
antibiotic effectiveness [19]. While our findings establish
proof‐of‐concept efficacy in murine models, clinical fea-
sibility and therapeutic efficacy warrant evaluation in
future studies.
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Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Figure S1. WMT restores intestinal microbiota in small
intestine, cecum, and colon of GF mice.

Figure S2. The β diversity and LEfSe analysis between
the FMT group and the WMT group in GF mice.

Figure S3. Functional prediction analysis of gut mi-
crobiota using PICRUSt in the colon contents of
GF mice.

Figure S4. H&E staining and MPO immunohistochemistry
of distal small intestine.

Figure S5. Comparison of the alpha‐diversity index (Chao1
and ACE) between the FMT group and the WMT group.

Figure S6. Gut microbiota composition in 5‐FU‐induced
mucositis mice.

Figure S7. LEfSe analysis identified bacterial taxa with
differential abundance between the FMT group and the
WMT group in 5‐FU‐induced mucositis mice.

Figure S8. The heatmap of phenotypic abundance.

Figure S9. TEM images of microbes.

Figure S10. CLSM images of coated EcN, Pediococcus,
and Saccharomyces.

Figure S11. CLSM images of the coated whole microbiota.

Figure S12. Gastrointestinal resistance of encapsulated
microbiota.

Figure S13. NanoWMT treatment significantly alleviated
the shortening of colon length.

Figure S14. Serum levels of IL‐6, IL‐1β, and TNF‐α.

Figure S15. MPO immunohistochemistry of distal colon
tissue.

Figure S16. Immunofluorescence images of mCherry‐
labeled STm in the small intestine and cecum.

Figure S17. NanoWMT reduces the harmful bacteria
abundance in the small intestinal contents of STm‐
induced colitis mice.

Figure S18. Bacterial composition and differential
abundance of the cecal contents in STm‐induced coli-
tis mice.

Figure S19. Bacterial composition and differential
abundance of the colonic contents in STm‐induced coli-
tis mice.

Figure S20. Heatmap of functional abundance.

Figure S21. Functional prediction analysis of gut mi-
crobiota based on PICRUSt in the colon of STm‐induced
colitis mice.
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