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Gut microbiota drives structural variation of exogenous probiotics to enhance 
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ABSTRACT
Probiotics encounter colonization resistance from native gut microbiomes, affecting their effec
tiveness. Genetic engineering of probiotics lacks universal applicability, as gut microbiotas are 
highly individualized. Here, we employed probiotic Lactiplantibacillus plantarum HNU082 (Lp082) 
to test whether Lp082 gut-adapted mutants can resolve colonization resistance in a new gut 
environment. Relying on culture-based methods and metagenomics, two distinct evolutionary 
clades of Lp082 in mice gut were observed, where one clade, which acquired more mutations, 
exhibited a longer survival time. However, these Lp082 isolates carrying many single nucleotide 
variants (SNVs) still exhibited phenotypic inconsistencies, with 13 strains of enhanced acid resis
tance. Thus, nanopore sequencing was proposed to identify structural variations (SVs). Among 
them, 12 strains had the Cro/C1-type HTH DNA-binding domain insertion, which enhanced growth 
and reproduction under bile salt stress, thereby increasing colonization time and quantity in the 
gut. The gut domestication process can drive probiotics to undergo many SNVs and SVs, thereby 
enhancing their colonization ability, which provides new insights into the colonization mechan
isms and offers an ecology-based strategy.
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Introduction

Probiotic bacteria have been widely used to pro
mote gut health, develop the immune system,1–3 

and alleviate chronic diseases.4,5 Successful gut 
microbiota modulation relies on colonizing viable 
probiotic bacteria in the intestine.6 Here, “coloni
zation” refers to establishing a permanent or long- 
lasting (several weeks, months, or years) presence. 
However, the probiotic population still faces chal
lenges in achieving sustained colonization and per
sistence in the gut in vivo. In healthy adults, 
probiotic bacteria colonize the gut, lasting only a 
few days,7 resulting in a gradual decline in their 
numbers and health benefits until re-supplementa
tion. Even in individuals with gut disorders, which 
favor colonization, the gut commensals often 
remain resilient to the establishment of exogenous 
probiotic strains.8 Another important factor asso
ciated with colonization is the gut-individualized 

response to probiotic bacteria, where some indivi
duals, regardless of age (infants or adults), show no 
response to probiotic interventions.9 This can be 
attributed to the highly individual-specificity of the 
human microbiome,10,11 shaped by genetics, diet, 
age, geography, disease status, and intrinsic host 
factors.12 Thus, developing an effective probiotic 
regimen must consider the individual-specific 
basis.

Numerous studies have explored strategies for 
enhancing individualized probiotic treatment,13,14 

including optimizing the type of probiotic bacteria, 
administration timing, and frequency, dietary, 
encapsulation technologies, and engineered 
therapies.15 The approaches show promise for 
improving probiotic effectiveness. For engineered 
natural strain therapies, the natural E. coli strains 
isolated from mice have been genetically engi
neered and reintroduced to the same host, resulting
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in long-term engraftment, stability, and specific 
functions in the mouse gut. However, challenges 
remain: (1) Probiotic bacteria, typically originating 
from fermented foods or human feces, are still 
considered exogenous for consumers’ gut and dif
ficult to colonize.16 (2) Probiotic strains often exhi
bit multifunctional effects, making it challenging to 
identify specific intervention targets and perform 
strain engineering. (3) Off-target effects limit the 
use of genome editing tools, as gene transfer 
between engineered bacteria and gut microbiota 
cannot be artificially controlled.17 Simon 
Carding’s team found that Bacteroides ovatus 
transferred the modified genes to resident bacteria 
and acquired genes enabling survival in the mice 
gut within 72 hours, despite the biological “kill 
switch” that was built to prevent the microbes 
from surviving in vitro.18,19 (4) The complex and 
dynamic interactions between probiotic bacteria 
and the unique composition of an individual’s gut 
microbiome remain a major challenge. Thus, the 
approach may not completely address the coloni
zation resistance issue and the gut-personalized 
environment impact on maximizing the benefits 
of probiotic bacteria. Therefore, there is an urgent 
need to develop safe and effective probiotic treat
ment strategies that can maximize probiotic bene
fits for individuals with diverse gut microbiota 
compositions and health conditions.

Exogenous microbial strains have to adapt and 
evolve within the host throughout their life cycle.10,20 

Such adaptations help these strains better compete 
for limited resources and interact with the host’s 
resident microbiome.21,22 Extensive studies proved 
bacterial pathogens accumulate mutations to com
pete with resident microbiome and host factors 
when entering the host intestines.23,24 After being 
introduced, probiotic bacteria also reasonably 
undergo adaptive evolution. In our previous study, 
we first demonstrated that a probiotic strain, 
Lactiplantibacillus plantarum HNU082 (Lp082), 
rapidly acquired adaptive mutations within the gut, 
significantly enhanced its carbon utilization and acid 
tolerance.25

The next question is whether these in vivo adap
tively evolved probiotic bacteria potentially provide 
novel opportunities to improve their colonization 
duration in the following gut passages. To test this 
hypothesis, we performed a multi-round 

“domestication” experiment (here defined as the 
adaptation of probiotics driven under host-asso
ciated selective pressures) to explore the colonization 
ability of gut-adapted Lp082 strains. Simultaneously, 
we utilized metagenomic sequencing technology to 
investigate the ecological and evolutionary impacts 
of gut-adapted Lp082 strains on native gut micro
biota. This study provided novel insights into the 
generalizable and ecology-based strategy that could 
revolutionize personalized probiotic therapies.

Results

The divergent evolution of probiotic bacteria during 
intestinal domestication in mice

Divergent evolution often refers to a population of 
common ancestors being split into two or more 
groups, leading to the development of different 
traits under their respective selective pressures 
and natural selection.26 We hypothesize that diver
gent evolution also profoundly occurs for probiotic 
strains in the gut. Therefore, we performed a multi- 
round domestication experiment of the probiotic 
bacteria Lp082 in mice. The original Lp082 (Pro00) 
was first introduced into the D-Lp082 group of 
mice for seven days and then obtained offspring 
isolates (Pro01) by isolating bacteria from feces. 
These Lp082 (Pro01) isolates were introduced 
into the same mouse hosts to get a 2nd-generation 
of gut-adapted Lp082 (Pro02). After repeating the 
above procedure, the 3rd-generation Lp082 
(Pro03) isolates were also obtained (Figure 1(a)). 
After identifying the isolates, a total of 112 isolates 
were received across the three stages 
(Supplementary Figure S1a). After that, all the 
SNVs of each isolate were annotated and calculated 
(Supplementary Tables S1-S2). According to the 
SNVs of all isolates, the Lp082 isolates can be 
clustered into two distinct clades based on the 
number of SNVs. There were 48 isolates belonging 
to clade 1, accounting for 42.86%, and 64 belonging 
to clade 2, accounting for 57.14%. In the early stage 
of colonization (first two days), clade-1 isolates 
were dominant. However, over time, clade-2 
strains, which carry more mutations, became 
increasingly prevalent, and by day 24, only clade- 
2 strains could be isolated (Figure 1(b)). Clade-1 
strains had fewer mutations and were closer to the
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Figure 1. Experimental design and divergent evolution of probiotic bacteria. (a) Experimental design. The experiment was divided into 
two groups: the D-Lp082 (domestication-Lp082) and the control groups. In the D-Lp082 group, mice were fed original Lp082 (Pro00) 
for seven days, and then fresh feces were collected each day to obtain offspring Lp082 (Pro01) isolates by isolating bacteria from feces. 
Subsequently, these Lp082 (Pro01) isolates were re-administered into the same mouse hosts for seven days to obtain a 2nd-generation 
of gut-adapted Lp082 (Pro02). After repeating the above procedure, the 3rd-generation Lp082 (Pro03) isolates were also obtained. The 
whole genome of all the isolates was sequenced, and SNVs were identified by comparing them with the original Lp082. Additionally, 
fecal samples were collected before and after gavage at each time point for metagenomic sequencing. (b) The number of SNVs of 
divergent clades was observed in the fitted curve. A loess smoothing curve was fitted with a 99% confidence interval, indicated by the 
shaded area. The sector graph showed the number and proportion of isolates of divergent clades. There were 112 isolates, with 48 
belonging to clade 1, accounting for 42.86%, and 64 belonging to clade 2, accounting for 57.14%. (c) A phylogenetic tree was 
constructed by the number of SNVs in the other isolates to visualize the evolutionary relationships among the isolates. Different color 
branches showed divergent clades, each representing a distinct clade, and the green branch presented as the root strain of Lp082. The 
outer gray circle represented the time of strain isolation, with the color gradually deepening from light to dark, indicating a longer 
period of isolation. (d) The genome circos plot illustrated the distribution of SNVs across the two clades. The outermost circle 
represents the reference genome of Lp082, while the second circle shows GC content as a fluctuating line. Blue lines indicated the 
positions of SNVs, and orange lines marked the genes in which these SNVs were located throughout the genome. (e) The mutation 
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original Lp082. In comparison, clade-2 strains 
acquired more mutations and were genetically dis
tant from the original Lp082 (Figure 1(c)). By calcu
lating the distances between SNV positions in 
different clades of isolates and performing PCoA 
analysis, we found that the two clades clustered sepa
rately, showing significant differences (Anosim, p =  
0.001) (Supplementary Figure S1b). In the early 
stages of colonization, the proportion of clade-1 iso
lates was higher. Still, it was progressively eliminated 
during probiotic bacteria colonization. While the 
proportion of clade-2 isolates increased in the later 
stages, finally, only clade-2 strains were preserved, 
indicating their enhanced colonization ability and 
fitness advantage (Supplementary Figure S1c).

Specifically, the circular genome plot illustrated 
the distribution of mutations in the two clades, 
including the positions of SNVs and the related 
genes. In the genome plot of clade-2 strains, the 
SNVs were more densely distributed, suggesting 
that clade-2 strains have accumulated more muta
tions and also affected a greater number of genes 
(Figure 1(d)). Furthermore, the frequency distribu
tion of mutation types differed between the two 
evolutionary clades. The mutation types were not 
evenly distributed in both clades. A-T to G-C and 
G-C to A-T substitutions occurred at relatively 
high frequencies, suggesting these transitions may 
occur more readily. Clade-1 isolates lacked A-T to 
T-A and G-C to C-G substitutions but exhibited a 
higher frequency of A-T to C-G substitutions com
pared to clade-2 isolates. These differences high
lighted the divergence in mutational patterns 
between the two clades (Figure 1(e)).

Temporal evolutionary dynamics of sub-clades of 
Lp082 isolates

Next, examined the development of sub-clades 
within each clade over time and identified the occur
rence of mutation sites in the two clades. Clade-2 
isolates exhibited significant evolutionary distance 
from the original Lp082 (Figure 2(a)). Mutation E1 

appeared in both sub-clades, but clade-1 isolates 
experienced a transient appearance of mutation 
E1-A-1 (Figure 2(b)). In contrast, clade-2 isolates 
occurred multiple parallel mutations throughout 
colonization (Figure 2(c)). This suggested a potential 
association between these preserved mutations and 
prolonged colonization. Parallel evolutionary genes 
under ramified sub-clades were also identified. In all 
clade-1 isolates, 14 mutant genes occurred, while in 
clade-2 isolates, 339 gene mutations were observed 
(Figure 2(d)). However, not all mutated genes were 
present in their respective clades. Therefore, we 
identified the parallel evolution genes in both clades 
separately and calculated the number of synon
ymous and non-synonymous mutations that 
occurred in these genes across isolates from different 
mice (Table S3). The results showed that clade-1 
isolates had two parallel evolution genes that carried 
the function of transposase and putative transposase 
of the IS4/5 family (Figure 2(e)), while clade-2 iso
lates had 56 parallel evolution genes that carried 
more functions (Figure 2(f)). Among the 56 parallel 
evolution genes identified in clade-2 strains, we 
observed a high frequency of mutations in the 
Transport of potassium into the cell and NLP P60 
protein gene. Potassium homeostasis is essential for 
bacterial survival, playing a key role in osmoregula
tion, pH balance, protein synthesis regulation, 
enzyme activation, membrane potential mainte
nance, and electrochemical signal transduction.27 

Additionally, the MobA MobL family protein, 
which also showed mutations, may be involved in 
plasmid transfer and horizontal gene transfer (HGT) 
among bacterial populations.28 NLP P60 protein 
plays a widespread role in supporting the dynamics 
of the bacterial cell wall or bacterial growth.29

The synergistic adaptation of resident microbiota

The rapid within-host evolution of Lp082 was pri
marily driven by competition with resident gut 
microbiota for ecological niches. Therefore, we 
investigated the impact of repeated interventions

frequencies for different mutation types between clade-1 and clade-2 isolates were compared. Bar plots display the frequencies of 
base substitutions in clade-1 (red) and clade-2 (blue) strains. The x-axis represented specific base substitution types (e.g., A-T to C-G), 
and the y-axis indicated the relative frequency of each substitution type within each clade. Significant differences between clade-1 
and clade-2 strains were indicated by *p < 0.05. The mutation type of A-T to C-G was higher in clade-1 isolates, while the type of A-T to 
T-A and G-C to C-G was higher in clade-2 isolates.
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with Lp082 on the gut residents (Supplementary 
Tables S4). The intervention increased alpha diver
sity and altered the gut microbiota structure 
(Figure 3(a,b)). Using Spearman correlation analy
sis, we identified species that competed (negatively 
correlated) or cooperated (positively correlated) 
with Lp082, employing a screening threshold of r- 
value less than −0.3 or greater than 0.3 (Figure 3(c)). 
The main competitive species belonged to the 
genera Lactobacillus, Bifidobacterium, and 
Bacteroides. Furthermore, we identified and anno
tated the mutation sites of the related species in 
the correlation network and discovered numerous 
mutations in Lactobacillus johnsonii and the 
Bacteroides genera (Figure 3(d)), affecting critical 
physiological functions. According to the calcula
tion, the number of SNVs in the local microbiota 
did not correlate with whether the bacterial spe
cies cooperated or competed with Lp082 through
out the intervention.

Furthermore, We computed the dN/dS values of 
mutant genes in these species at different time 
points and screened for mutant genes in these 
strains that showed increased dN/dS values over 
time (Figure 3(e)). The dN/dS value showed a 
continuous increase in genes of L. johnsonii and 
Bacteroides ovatus during the first four time points. 
The representative genes of L. johnsonii and B. 
ovatus were selected for protein functional annota
tion (Figure 3(f)). Gene 397 of L. johnsonii encoded 
an ABC-F family ATP-binding cassette domain- 
containing protein, crucial for transmembrane 
transport.30 Additionally, gene 1465 of Bacteroides 
ovatus encoded HsdR family type I site-specific 
deoxyribonuclease, which can digest DNA to pro
duce monodeoxynucleotides.31 Nutrient transport 
and monodeoxynucleotides production are 
imperative for bacterial DNA replication and 
reproduction. It was suggested that the resident 

microbiota also underwent mutations in critical 
physiological functions while interacting with pro
biotic bacteria, potentially impacting long-term gut 
health.

Gut microbiome domesticated probiotics to drive 
structural variations

In all clade-2 Lp082 isolates, though many identical 
SNVs occurred, the strains’ acid tolerance 
remained inconsistent. Thirteen strains exhibited 
higher tolerance at pH 3.0 than the original Lp082. 
Thus, we speculated that this phenotype difference 
may be due to SVs with long sequences, which 
cannot be identified by whole-genome resequen
cing. Therefore, we performed nanopore sequen
cing on these 13 gut-adapted Lp082 strains (Figure 
4(a)). After quality control, assembly, and polish, 
the assembled genomes for these 13 strains were 
obtained (Figure 4(b)). The average nucleotide 
identity (ANI) of the 13 gut-adapted strains was 
greater than 99.7%, indicating that they were all 
domesticated from the original Lp082 within the 
gut (Figure 4(c)). The types and quantities of inser
tion sequence (IS) elements showed high consis
tency among these gut-adapted strains, but had 
differences compared to the original Lp082 
(Figure 4(d)). The specific information on IS 
sequences and functional annotations of upstream 
and downstream genes in each strain’s genome 
were provided (Supplementary Tables S5-S8).

Furthermore, using the original Lp082 as a refer
ence genome, SVs annotation revealed different 
types and numbers of insertions, deletions, inver
sions and duplications varied across these 13 gut- 
adapted strains (Figure 4(e)). Upon detailed analy
sis, we further found that, when mapped to the 
original Lp082 sequence, most strains exhibited 
insertions or deletions at the same positions in

different colors) in clade 1 (b) and the 9 branches in clade 2 (c) based on mutational frequency were constructed during the probiotic 
colonization in the gut. (d) parallel evolutionary genes under sub-clades were also identified. The venn diagram summarized the 
overlap of mutant genes between the two clades. The bottom panel visualizes the mutant gene counts within each clade. The black 
dot indicates the number of mutated genes observed within the clade isolates, and the gray dot represents the mutant genes 
detected in an individual isolate from either clade. In all clade-1 isolates, 14 mutant genes occurred, while in clade-2 isolates, 339 gene 
mutations were observed. Bar plots showed the number of mutant genes unique to clade-1 (2 genes), unique to clade-2 (327 genes), 
and shared between both clades (12 genes). (e and f) parallel evolution genes of sub-clades were shown in the heatmap. Cell color and 
number represented the mutation frequency and the number of SNVs in the gene, respectively, of sub-clades. Cyan cells indicated the 
gene mutation frequency from sub-clade isolates in each mouse. The black number in each cell showed the number of synonymous 
mutations in the gene in each mouse, and the red number represented the number of non-synonymous mutations in the gene. (e) 
clade-1 isolates had two parallel evolution genes, while (f) clade-2 isolates had 56 parallel evolution genes.
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the reference genome (Figure 4(f)). Yet, the length 
of the inserted or deleted fragments varied across 
these gut-adapted strains, indicating the insertion 
or deletion of different gene segments. 
Additionally, the pie chart demonstrated that the 
proportion of insertions/deletions in these strains 
was inconsistent, proving that the gut-adapted 
strains’ genomes did not simply undergo gene 
translocations to different positions (Figure 4(g)).

The genes involved in the four types of SVs 
across the 13 strains were annotated 
(Supplementary Figure S2). The genes involved in 
deletion-type and insertion-type structural varia
tions (SVs) across the 13 gut-adapted Lp082 strains 
were shown. Gene functions that were inserted or 

deleted in more than 80% of these strains were 
displayed (Figure 5(a)). The Cro/C1-type HTH 
DNA-binding gene underwent insertion in 12 
strains, resulting in an additional Cro/C1-type 
HTH DNA-binding gene in each of these strains. 
Bacterial toxin-antitoxin (TA) systems are gener
ally stable under normal conditions.32,33 Still, 
under environmental stress (such as bile salts), 
the antitoxin is degraded by proteases, leading to 
toxin release and bacterial death.34 The Cro/C1- 
type HTH DNA-binding gene can substitute for 
the degraded antitoxin by binding to the toxin, 
thus lifting the growth and proliferation limitations 
on the bacteria (Figure 5(b)). The gene sequences 
of the Toxic component of a toxin-antitoxin (TA)

Figure 3. The response and mutations of the related species of the resident microbiome. (a) The alpha diversity of D-Lp082 and the 
control group was shown with the Shannon index, showing the richness and evenness within the group. (b) The shifts of microbiota 
structure based on Bray-Curtis distance in the control and D-Lp082 group after the probiotic engraftment were shown with Adonis. 
p = 0.001. The colored point showed the samples at distinct time points. (c) Correlation network related Lp082 in intestinal microbiota. 
Orange points represented the bacteria positively correlated with Lp082, while blue points represented the bacteria competing 
directly with Lp082. The gray points represented the species indirectly related to Lp082. The r-value threshold was 0.4. The color of the 
line connection between points indicated a correlation. (d) The number of mutation sites of bacteria related to Lp082 at different time 
points after probiotic bacteria intervention. (e) The mutant genes with increased dN/dS value in these strains at different time points. 
(f) The protein structure of gene 1465 of bacteroides ovatus and gene 397 of L. johnsonii. the mutation site was marked in red, and the 
protein conformation, as predicted by the software, did not change significantly before and after the mutation.
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Figure 4. The long sequence structural variation annotation of the gut-adapted Lp082 isolates. (a) Results of acid tolerance 
experiments for each strain of clade-2 isolates showed that thirteen strains exhibited higher tolerance at pH 3.0 than the original 
Lp082 (p < 0.01). (b) The quality control, assembly, and Polish process for the nanopore sequence data of these 13 strains. (c) The 
average nucleotide identity (ANI) of the 13 gut-adapted strains. (d) Characterization of is insertion sequences among these gut- 
adapted strains. (e) SVs annotation across these 13 gut-adapted strains, including different types and numbers of insertions, deletions, 
inversions, and duplications. (f) Genome circle plots visualized the position of SVs occurring in 13 gut-adapted strains on the genome, 
with colors indicating the type of SVs. (g) SVs length distribution of different types in 13 gut-adapted strains. The pie chart 
demonstrates the proportion of insertions/deletions.
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Figure 5. The long sequence structural variation annotation of the gut-adapted Lp082 isolates. (a) The genes involved in deletion-type 
and insertion-type structural variations (SVs) across the 13 gut-adapted Lp082 strains were shown. Gene functions that were inserted 
or deleted in more than 80% of these strains were displayed. Each row represented a specific gene function, and each column 
represented a different gut-adapted strain. Green squares (labeled DEL) indicated gene function deletions, and blue squares (labeled 
INS) represented inserted gene functions in the corresponding strain, white squares (NA) indicated no detected deletion. For the 
specific annotation, see supplementary tables S9-S12. (b) The potential functional mechanisms for the insertion gene Cro/C1-type HTH 
DNA-binding. (c) The protein structures of three genes, the Toxic component of a toxin-antitoxin (TA) module, the antitoxin 
component of a TA module, and the Cro/C1-type HTH DNA-binding protein were predicted, along with the conformations and 
intermolecular interactions of their two distinct protein-protein complexes. (d) Binding energies (kcal/mol) were predicted across 100 
independent simulations for two interaction scenarios: (1) between the Toxic component and antitoxin component of the TA module, 
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module, Antitoxin component of a toxin-antitoxin 
(TA) module and Cro/C1-type HTH DNA-binding 
protein were identified from the Lp082 genome, 
and their corresponding protein sequences were 
obtained. These structures were then used to simu
late protein conformations and intermolecular 
interactions to predict the binding conformations 
and structural stability of protein-protein com
plexes formed via two distinct binding modes 
(Figure 5(c)). For each interaction type, binding 
energies were calculated across 100 independent 
simulations. The results showed that both interac
tion modes yielded favorable docking conforma
tions. The complex between the Toxic component 
and Cro/C1-type HTH DNA-binding protein 
exhibited lower binding energy values, indicating 
greater stability (Figure 5(d)). This mechanism 
might help gut-adapted strains resist bile salts and 
further enhance their colonization ability in the 
gut. Validation through in vitro experiments con
firmed a significant enhancement in bile salt toler
ance in the gut-adapted strains (Figure 5(e)). To 
further validate the functional role of the Cro/C1- 
type HTH DNA-binding gene, this gene was over
expressed and transformed into the original Lp082 
strain. Then, the bile salt tolerance of the original 
Lp082 and the overexpression Lp082 strains were 
assessed. The results demonstrated a significantly 
increased survival rate under bile salt stress in the 
strain overexpressing the Cro/C1-type HTH DNA- 
binding gene (p < 0.001), confirming that this gene 
could play a critical role in enhancing Lp082’s 
resistance to bile salt stress (Figure 5(f)).

Gut-adapted Lp082 has enhanced colonization 
ability and less disturbance to the gut microbial 
community

Then, we verified the colonization ability of these 
gut-adapted Lp082 strains in mice. The original 
and gut-adapted Lp082 were simultaneously admi
nistered orally to mice. Absolute quantification of 

Lp082 in the feces was performed (Figure 6(a)). 
The qPCR analysis showed that the gut-adapted 
strains had a longer colonization time and higher 
abundance (p < 0.001) compared to the original 
Lp082 in the fecal metagenomes (Figure 6(b)). 
Moreover, from the Chao1 index, we found that 
gut-adapted Lp082 had a different impact on the 
intestinal microbiota compared to the original 
Lp082, causing less influence to the intestinal 
microbial community. Specifically, the diversity 
and structure of the native intestinal microbiota 
differed between the two groups. In contrast, the 
Lp082-M group showed lower diversity, with no 
significant difference compared to the Control 
group (Figure 6(c)). There were no significant 
shifts in the overall microbial community structure 
(Figure 6(d)). To assess the impact of the original 
and gut-adapted Lp082 strain on the ecological 
structure of the gut microbiota in mice, we com
pared key ecological indicators of microbial com
munities between Lp082 and Lp082-M group. The 
results showed no significant difference in niche 
breadth between the two groups, indicating similar 
diversity in overall resource utilization within the 
gut microbiota (Supplementary Figure S3a). 
However, in the Lp082-M group, the niche overlap 
between Lp082 and other members of the gut 
microbiota was significantly reduced (p < 0.01), 
suggesting a greater degree of functional differen
tiation within the community (Supplementary 
Figure S3b). This reduced overlap may alleviate 
interspecies resource competition and promote 
ecological coexistence among community 
members.9 In addition, network robustness refers 
to the ability of the microbial network to withstand 
the loss of nodes when subjected to random per
turbations. Compared to the Lp082 group, the 
Lp082-M group exhibited significantly higher 
microbial robustness (p < 0.05), indicating that the 
gut community structure following intervention 
with the gut-adapted Lp082 was more stable and 
resilient in response to environmental fluctuations

and (2) between the Toxic component and the Cro/C1-type HTH DNA-binding protein. The docking energy of the Toxic component – 
Cro/C1-type HTH DNA-binding protein complex was significantly lower (p < 0.05), indicating a stronger binding affinity in this 
interaction. (e) The bile salt tolerance in the gut-adapted strains was verified through in vitro experiments. (f) The bile salt tolerance 
of the original Lp082 and the overexpression of the Cro/C1-type HTH DNA-binding gene of Lp082 strains was assessed. The survival rate 
of the Lp082 strain overexpressing the Cro/C1-type HTH DNA-binding gene was significantly higher than that of the original strain after 
3 hours of incubation in MRS medium containing 0.3% bile salts (p < 0.001).
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Figure 6. Comparison of colonization ability and impact on gut microbiota between gut-adapted Lp082 strains and the original Lp082 
strain. (a) The colonization ability of these gut-adapted Lp082 strains in mice was verified. The original Lp082 and gut-adapted Lp082 
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(Supplementary Figure S3c). Taken together, these 
results demonstrated that gut-adapted Lp082 
enhanced the stability of the intestinal microbiota, 
reduced interspecies competition for resources, 
and may facilitate its long-term adaptation and 
colonization within the host gut environment.

The differential metabolic pathways were impli
cated in pyruvate fermentation, carbohydrate 
degradation, and glycogen biosynthesis (Figure 6 
(e)). To investigate the changes in acid composition 
in the fecal samples, the content of short-chain 
fatty acids (SCFAs) in the fecal contents of the 
Lp082 group and Lp082-M group was measured 
(Supplementary Figure S4). The results indicated 
that the changes in SCFA levels in fecal samples 
were different between the Lp082 and gut-adapted 
Lp082 interventions. Compared to the original 
strain, the gut-adapted Lp082 intervention 
decreased the propionate content but increased 
the levels of butyric acid and caproic acid. In con
trast, Lp082 significantly increased the propionate 
content. This may be due to the fact that Lp082 and 
its gut-adapted Lp082 strain affect the gut micro
biota differently, leading to distinct utilization of 
various carbohydrates, which in turn impacts the 
SCFA levels in the fecal samples.

Also, consumption of the gut-adapted Lp082 
further enriched the carbohydrate pathway abun
dance in the resident gut microbes (Figure 6(f)). 
We further examined the resident species directly 
related to the Lp082 using correlation analysis and 
identified their strain-related SNVs in the Lp082 
and Lp082-M groups. The correlation network 

revealed that the original Lp082 had a greater 
impact on the gut resident microbiota than the 
gut-adapted Lp082 (Figure 6(g)). After consuming 
the gut-adapted strain, the frequency of SNVs in 
the resident bacteria was relatively lower in the 
Lp082-M group, indicating the gut-adapted strains 
had a reduced ecological and evolutionary impact 
on the gut microbiome (Figure 6(h,i)). This lower 
colonization resistance may facilitate the easier 
colonization of the gut-adapted strain in the intest
inal tract. Overall, gut-adapted probiotics not only 
enhance their colonization ability in the gut but 
also cause less ecological and evolutionary 
disturbance.

Discussion

Our past study characterized the within-host adap
tive evolution of probiotic Lp082 and its ecological 
and evolutionary impact on the resident gut micro
biome that was underexplored. Here, we per
formed a multi-round domestication experiment 
of probiotic bacteria Lp082 within hosts. Then we 
explored and verified how the gut-adapted strains 
enhanced gut colonization resistance and stabilized 
the resident gut microbiota.

The divergent evolution of probiotic bacteria within 
the gut may be ubiquitous yet underexplored

We observed the divergent evolution of probiotic 
bacteria in vivo based on the number of SNVs. 
Probiotic mutants can be divided into two clades,

were introduced into the Lp082 and Lp082-M (Lp082-mutant) group mice, respectively. The absolute quantification of Lp082 in the 
feces was performed. (b) The Lp082 content in feces after gavage by qPCR analysis during the bacteria isolation period in Lp082 and 
Lp082-M groups. The light gray background (from D1 to D11) indicated that there was a significant difference in Lp082 content 
between the two groups (p < 0.001), while the dark gray background indicated that the p value could not be calculated. (c) The alpha 
diversity of the Lp082, Lp082-M, and control groups of intestinal microbiota was shown, with the Shannon, Simpson, and Chao1 index 
representing the richness and evenness within the group. The Lp082 group had a higher alpha diversity than the Lp082-M group. (d) 
The shifts of microbiota structure between the Lp082 and Lp082-M groups after the probiotic engraftment were shown, respectively. 
(e) The different metabolic pathways of gut microbiota between Lp082 and Lp082-M groups were compared (p < 0.05). The Log2 
(FoldChange) value less than 0 indicates that the metabolic pathway is less abundant in the Lp082-M group. The p values are 
represented by a blue-green color gradient, and the size of each dot reflects the absolute abundance of the corresponding pathway. 
(f) Carbohydrate pathways were also annotated. The cell color indicated the abundance of samples. Increased abundance in the 
Lp082-M group means the Lp082 mutants could increase the carbohydrate utilization of gut microbiota more than the original Lp082. 
(g) The correlation network map was directly related to the introduced strain in the Lp082 and Lp082-M groups. Correlation network 
related Lp082 in intestinal microbiota. Orange points represented the bacteria positively correlated with Lp082, while blue points 
represented the bacteria competing directly with Lp082. The r-value threshold was 0.4. The color of the line connection between 
points indicated a correlation. More species interacted with the original Lp082. (h and i) the number of SNVs of the species related to 
Lp082 and Lp082 mutants in the Lp082 and Lp082-M groups was identified separately. There were also fewer SNVs of the species 
interacting with the Lp082 mutants in the Lp082-M group.
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where clade-2 strains acquired more SNVs and 
gradually replaced clade-1 Lp082. Mutations 
occur randomly and accumulate over time, leading 
to a divergence between different clades. Certain 
advantageous mutations become enriched in spe
cific clades, allowing individuals with adaptive 
traits to survive and pass on these traits to their 
offspring, resulting in higher survival rates and 
better adaptation to the environment.35 This prin
ciple aligns with Darwinian theory and has been 
observed in various organisms, including patho
gens and our probiotic study. Our preliminary 
results found that the probiotic evolved divergently 
in vivo, with one clade acquiring more mutations 
and exhibiting more prolonged survival than 
another in the gut. Similar observations have been 
proved in pathogens, such as Enterococcus galli
narum, which diverged into independent clades 
due to within-host evolution. Among them, muco
sally adapted strains increased translocation to and 
survival and facilitated the initiation of 
inflammation.36 Additionally, adaptive mutants of 
Staphylococcus aureus spread throughout the entire 
body, and the acapsular USA300 clade of S. aureus 
demonstrated the advantages over capsular strains 
for colonization of nares.37 That may be mutation 
accumulation, and natural selection drives evolu
tionary divergence in microorganisms.

This divergence provides insights into the com
plex interactions between probiotic bacteria and 
the host gut microbiome and their adaptation and 
colonization in the gut, And the theory of micro
biota-driven adaptive evolution of probiotics may 
have general applicability. Our previous research 
has shown that two probiotics (Lp082 and 
Bifidobacterium animalis subsp. lactis V9) can 
both undergo adaptive mutations in the mouse 
gut and have also been observed to exhibit a trend 
toward divergent evolution.38 However, such pat
terns of evolution were not observed in germ-free 
mice. Based on this, we reasonably speculated that 
similar microbiota-driven adaptive evolution of 
probiotics may also occur in the human or other 
mammals’ gut. Moreover, due to strain-specific 
competition with native microbes over diverse 
nutrient resources, different probiotic strains may 
undergo comparable patterns of divergent evolu
tion, this remains to be experimentally validated. 
Understanding these dynamics is crucial for 

optimizing probiotic properties and their beneficial 
effects in the gut environment.

With long fragment SVs, more fitness advantages 
would be gained from probiotic bacteria bypassing 
the gut

Our previous study confirmed that resource com
petition with the gut microbiota drives mutations 
in probiotic bacteria in vivo, suggesting a more 
competitive gut environment promoted adaptive 
evolution. Further, we observed that probiotic 
strains within the gut underwent distinct SVs land
scape, including insertions and deletions of numer
ous genes, thus enhancing tolerance in the intestine 
and promoting intestinal colonization. These 
occurrences of SV had the potential to serve as an 
adaptive strategy for probiotics to improve survival 
and colonization efficiency in their intestines. In 
particular, gene fragments related to stress resis
tance mechanisms, such as the TA system, may 
confer selective advantages under stressful condi
tions of the intestinal environment. Thus, gut 
microbiota can be used to drive the evolution of 
probiotics to obtain the gut-adapted strains.

Gut-adapted Lp082 strain showed less disturbance 
to the gut microbial community

The gut-adapted Lp082 strain exhibited a reduced 
impact on both microbial diversity and the evolu
tion of the native microbiota. This may be attrib
uted to the combined effect of several factors. First, 
due to its enhanced tolerance to the host gut envir
onment, the gut-adapted Lp082 likely experiences 
lower ecological overlap and competition, allowing 
it to coexist more harmoniously with resident 
microbes. Second, the gut-adapted Lp082 strain 
appeared to influence local microbial nutrient uti
lization, particularly in carbohydrate metabolism, 
potentially reducing overlap with existing meta
bolic pathways in the community and thus mini
mizing resource competition. Finally, the reduced 
competition exerted by the gut-adapted Lp082 
strain on gut bacteria may result in weaker selective 
pressure, reflecting a more stable ecological beha
vior and contributing to the observed lower num
ber of SNVs within gut species.
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Why and how are those gut-adapted probiotic 
bacteria in the feces beneficial?

In this study, gut-adapted strains that have under
gone intestinal adaptation demonstrated an 
increase in colonization ability in other mice intest
inal environments without probiotic bacteria inter
vention before, with less disturbance to the local 
microbial community and their mutations, indicat
ing that gut-adapted strains have a higher adapt
ability to the mice gut environments. Adaptive 
evolution of probiotics in the gut can enhance 
their abundance and survival time, indicating 
improved colonization capacity. This facilitated 
the establishment of stable microbial communities 
within the gut, enabling the probiotic strains to 
exert their beneficial effects more persistently and 
contribute to long-term host health. Moreover, 
adaptive evolution may also bring probiotics with 
novel functions, such as increased bile acid toler
ance, thereby maintaining and enhancing their 
functional capabilities and competitive fitness. 
These changes may further influence interactions 
with the native gut microbiota. However, the effec
tiveness of probiotic bacteria varies greatly from 
person to person,39 highlighting the importance 
of selecting appropriate gut-adapted probiotic bac
teria with high adaptability and colonization ability 
for personalized gut health management. This 
research proposed a more targeted and effective 
approach for screening gut-adapted probiotic 
bacteria.

However, the intestinal environments of the 
human gut are complex and dynamic.40 It is not 
clear whether the adaptability gained by gut- 
adapted strains can still be maintained in different 
individuals’ gut environments. From a biological 
perspective, there are three possibilities for apply
ing gut-adapted strains in different gut environ
ments: (1) Gut-adapted strains may show 
universal adaptability in the microbial ecosystem 
of various hosts, then individual differences in gut 
microbiota will not hinder the efficiency. 
Therefore, gut-adapted strains would be used for 
general interventions. (2) If the adaptability of gut- 
adapted strains is only targeted towards specific gut 
environments, i.e., group adaptability. In this case, 
the characteristics of the individual gut environ
ment should need to be acquired and controlled in 

advance, then individuals were classified into dif
ferent groups, thus achieving the development of 
therapies based on the grouped microbiota gut 
types. (3) In contrast, if the application of gut- 
adapted strains is highly host-specific, personalized 
interventions for each individual must be designed 
truly. In this study, we found that the gut-adapted 
strains exhibited enhanced colonization ability 
(both in terms of survival rate and duration) 
when introduced to new mice. This suggested that 
these strains retained their adaptive traits in terms 
of colonization ability, even within a similar but 
non-identical gut environment. Therefore, we pro
pose that this observed adaptability may reflect 
either a form of group-level “universal adaptabil
ity” or host-specific, personalized adaptability in 
certain functional aspects. This finding highlights 
the potential need for future probiotic applications 
to be tailored with personalized (group persona
lized or individual personalized) strategies to 
achieve optimal effectiveness across different hosts.

Functional characteristics are strongly tied to the 
symbiotic relationship different hosts maintain. As 
long as the strain can support its acquired shape, it 
can achieve universal colonization in the microbial 
ecosystem of distinct hosts. For example, Clade VI 
strains of Lactobacillus reuteri exhibit elevated fit
ness in chickens even if isolated from humans.41 At 
the same time, Yersinia pestis enables switching 
hosts with just a few horizontally acquired traits.42 

Therefore, it is reasonable to believe that gut- 
adapted strains after domestication in gut environ
ments may exhibit better adaptability and have 
more universal applications. However, these 
hypotheses need further research to verify the 
scope of gut-adapted probiotic bacteria and their 
feasibility as a treatment strategy. Nonetheless, this 
finding provides new opportunities for gut- 
adapted probiotic bacteria as a potential treatment 
option for people who do not respond to probiotic 
bacteria or with specific medical conditions.

Conclusions

Collectively, we utilized a combination of tradi
tional bacterial isolation and culture methods and 
metagenomics technology to characterize the 
divergent evolution of probiotic bacteria in the 
gut and identify gut-adapted strains that exhibited
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enhanced adaptability and colonization ability in 
the gut. The gut domestication process can drive 
probiotics to undergo many SNVs and SVs, 
thereby improving their prolonged colonization 
ability and stable native microbiota structure in 
the gut. These findings provided new insights into 
the colonization mechanisms of probiotic bacteria 
and offered an ecology-based strategy for develop
ing personalized probiotic therapy using in vivo 
models.

Methods

The study subjects and experimental design

We performed a multi-round domestication experi
ment to explore the evolution law of the probiotic in 
mice. Probiotic bacteria Lp082 was used as an 
experimental object. Lp082 was isolated from 
Hainan Yucha, a traditional fermented food,43 and 
had specific functions, including preventing hyper
lipidemia and regulating neurotransmitter secretion 
disorder.44,45

The mice (C57BL/6J, 10 weeks, Shanghai Slack 
Experimental Animal Co., Ltd., China) were divided 
into two groups, the Control group (n = 6) and D- 
Lp082 (Domestication-Lp082) group (n = 6) were 
kept on a 12-hour light/12-hour dark cycle with 
single cage feeding. The feeding temperature was 
25 ± 2°C, with the humidity was 55 ± 5%. The auto
claved cushion, water, and feed were changed once a 
day. The SPF regular feed was purchased from 
Jiangsu Synergy Pharmaceutical Bioengineering 
Co., Ltd., China, which consisted of corn, wheat, 
imported fish meal, chicken meal, soybean meal, 
and soybean oil, supplemented with essential 
amino acids, vitamins, and minerals. The Ethics 
Committee of Hainan University, China, approved 
the experimental animal protocols (No. 
HNUAUCC-2021-00041). First, about 108 CFU/g 
original Lp082 (Pro00) with the fodder was intro
duced to the mice of the D-Lp082 group each day 
for seven days by gavage. Then, fresh feces from 
mice were collected daily to obtain offspring Lp082 
(Pro01) isolates until no colonies were found. Next, 
Lp082 (Pro01) was reintroduced to its hosts for 
seven days. The isolation operation was then 
deployed to obtain the 2nd-generation Lp082 
(Pro02) isolates. After repeating the above 

procedure, the 3rd-generation Lp082 (Pro03) iso
lates were also obtained. The Control-group mice 
received oral administration of saline. Finally, pro
biotic Lp082 isolates were collected for whole gen
ome resequencing, and the fecal samples were 
conducted with metagenomic sequencing.

The colonization ability of gut-adapted Lp082- 
carrying SVs was evaluated through an in vivo 
verification experiment. The original Lp082 and 
gut-adapted Lp082 were introduced into the 
Lp082 and Lp082-M (Lp082-Mutant) group mice, 
respectively. The Control group received oral 
administration of saline. Then, the Lp082 content 
in the fecal samples of the mice was quantified 
using qPCR, and metagenomic sequencing of the 
fecal samples was performed to assess the impact of 
the gut-adapted strains on the gut microbiota com
pared to the Lp082.

Isolation and confirmation of the ingested probiotic 
strain (Lp082) in the feces

After stopping gavage, fresh fecal samples were 
collected daily for isolation of Lp082. The method 
for isolating and identifying Lp082 from feces has 
been established in previous research.25 Fresh feces 
were collected and diluted with 0.85% sterilized 
normal saline after mixing. Then, the mixture was 
diluted ten times to different concentrations and 
coated on an MRS medium plate with 50 μL 1280  
μg/mL vancomycin solution and norfloxacin solu
tion, respectively. After morphological identifica
tion, the single cultured colony was selected as the 
Lp082 candidates and cultured in a liquid MRS 
medium. After centrifugation to obtain the bacter
ial cells, TE (Tris – EDTA) buffer was added, fol
lowed by DNA extraction. Then, the DNA was 
amplified with specific primers (forward: 5'- 
GCCTTGAACTTTGTGCCTGTC-3'; reverse: 5'- 
GGCTTTGCCTGTTGATGCTTA-3'). The ampli
fication was carried out in a 20 μL reaction system 
with the following PCR program: pre-denaturation 
at 94°C for 5 minutes, followed by 26 cycles of 
denaturation at 94°C for 1 minute, annealing at 
62°C for 45 seconds, extension at 72°C for 20 sec
onds, and a final extension at 72°C for 10 minutes. 
The resulting amplification products were analyzed 
by agarose gel electrophoresis, and the one with 
clear bands at 269 bp was the Lp082 isolates.
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Whole genome sequencing of Lp082 isolates and 
data quality control

After the DNA of a single bacteria was extracted 
and detected, a total amount of 0.2 μg DNA per 
sample was used as input material for the DNA 
library preparations. The NEB Next® Ultra™ DNA 
Library Prep Kit for Illumina (NEB, USA) gener
ated the sequence library. Specifically, DNA was 
randomly interrupted by a Covaris ultrasonic 
crusher, then by repairing the terminal, adding A 
tail and sequencing joint, purification, PCR ampli
fication, etc. The whole library was then prepared. 
After the library passed the test, the Illumina high- 
throughput sequencing platform NovaSeq 6000 
was used for sequencing. Next, the raw sequenced 
reads (NCBI Accession Number: PRJNA934833 
and PRJNA1186832) were performed with primary 
quality control using Fastp (v0.19.7).46 The paired 
reads contained adapter contamination. 10% of 
bases are uncertain, or the proportion of low qual
ity (Phred quality < 5) bases is over 50% would be 
discarded. FastANI (v1.3.1) (https://github.com/ 
ParBLiSS/FastANI.) was used to calculate the aver
age nucleotide identity between the isolated strains 
and the original Lp082,47 ensuring isolates were 
evolved from Lp082 (Supplementary Tables S1).

SNV calling and phylogenetic analysis of probiotic 
mutants

To count the mutation sites of isolates and con
struct the phylogenetic tree, we annotated the 
mutation sites using inStrain (v1.0.0).48 First, the 
genomic function information of the strain was 
obtained by Prodigal (v2.6.3).49 Meanwhile, the 
reference database of the original Lp082 genome 
was built by Bowtie2,50 and the bam file was 
obtained by mapping the reads of single bacteria 
resequencing. Finally, InStrain (https://github. 
com/MrOlm/inStrain) was executed to get the 
SNVs of each sample. The concrete parameters 
include inStrain profile *.sorted.bam *.fa -c 100 -f 
0.49 -o *.profile -p -g ref_genes.fna.48 In particular, 
the sample with the ANI of reads and reference 
genomes less than 95% will be abandoned. As for 
the construction of the phylogenetic tree, the 

mutation sites of all isolates were spliced, and the 
evolutionary distance was calculated by the neigh
bor-joining method to assess the similarity between 
sequences by MEGA-X software.51 After that, the 
evolutionary tree file was generated and beautified 
with iTOL software (v 6.5.8).52

Identification of the genes with parallel evolution 
from divergent clades

Parallel evolutionary genes were initially defined as 
isolates with a common ancestral strain in different 
hosts with multiple mutations in the same gene to 
adapt to the environment. Specifically, a functional 
gene that occurred more than one mutation within 
the 2000 bp region of this gene across individuals 
will be considered a parallel evolutionary gene.20,25 

This study identified two parallel evolutionary 
genes in clade-1 isolates, while 56 were identified 
in clade-2 isolates.

Nanopore sequencing and SVs annotation of gut- 
adapted Lp082 strains

After DNA extraction of 13 gut-adapted Lp082 
strains and verification of sample concentration, 
libraries were constructed using the PromethION 
platform. Following library quality control, 
Nanopore sequencing was performed.53 The 
obtained electrical signal data were decoded into 
bases using a Recurrent Neural Network (RNN) 
algorithm, converting them into raw sequencing 
reads. Then, after data control using NanoPack 
(v1.42.0),54 the ONT reads shorter than 2000 bp 
were filtered using Filtlong (v0.2.1) (https://github. 
com/rrwick/Filtlong). The filtered sequences were 
then assembled using Flye (v2.9.2),55 and the final 
genome assembly was polished three times using a 
combination of Racon (v1.5.0)56 and minimap2 
(v2.26-r1175)57 to obtain the complete genome. 
Gene function annotation was performed using 
Prodigal.58 MUM&Co (v4) was used to detect gen
ome-wide structural variations (SVs) in these gut- 
adapted Lp082 strains, including insertions, dele
tions, tandem duplications, inversions, and 
translocations.59 ISEScan (v17.2.3) was employed 
to identify insertion sequence elements.60
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Quantification of Lp082 in the intestinal tract by 
qPCR analysis

After stopping gavage, daily fecal samples of mice 
were collected to quantify the microbial biomass of 
probiotic Lp082 in feces using real-time quantita
tive PCR. After extracting and purifying fecal DNA 
as a template, the PCR amplification and detection 
were carried out using Lp082 specific primers on 
the CFX Connect Real-Time PCR instrument (Bio- 
Rad) with FastStart Essential DNA Green Master 
(Roche). Forward primer A7F (5‘- 
GCCTTGAACTTTGTGCCTGTC-3‘) and the 
reverse primer A7R (5′- GGCTTTGCCTG 
TTGATGCTTA-3′). In addition, the genomic 
DNA of Lp082 was diluted to make a standard 
curve after the concentration was detected by 
NanoDrop Microvolume Spectrophotometers.61 

Specific settings for PCR were as follows: 95°C for 
30 s; 95°C for 10 s, 60°C for 30 s, and 72°C for 30 s; 
repeated 39 more times. Slowly heated from 60°C 
to 95°C, the signal strength was detected for every 
0.5°C increase in temperature, and then the melt 
curve was obtained by continuous fluorescence 
acquisition. Each sample was run in triplicate, and 
the average Cq value of each sample was normal
ized and converted to the copy number according 
to the standard curve.

Metagenomic DNA extraction and shotgun 
metagenomic sequencing and data quality control

The QIAamp® DNA Stool Mini Kit (Qiagen, 
Hilden, Germany) was used for metagenomic 
DNA extraction from fecal samples. Analysis of 
purity and integrity of DNA was evaluated by 
0.8% agarose gel electrophoresis. Specifically, the 
purity of DNA was detected based on the ratio of 
OD 260/280 by Nanodrop,61 and Qubit® DNA 
Assay Kit accurately quantified the concentration 
of DNA in Qubit® 3.0 Fluorometer (Invitrogen, 
USA).62 All DNA samples were sequenced by 
Illumina HiSeq 2500 instrument in the Novogene 
Company (Beijing, China). Genomic DNA was 
fragmented by sonication to a size of 350 bp. The 
DNA fragments were sequenced after end- 
polished, A-tailed, and ligated with the full-length 

adapter. The data quality control of the raw reads 
was performed based on Fastp.46

Identification of metagenomic species, microbial 
functional genes, and metabolic pathways

The species abundance was annotated by 
MetaPhlAn3 software.63 Functional annotations 
were performed using HUMAnN3 (v3.0.1) 
software.63 More specifically, Gene families were 
identified using DIAMOND (v2.0.15) with the 
UniRef90 database,64 and Metabolic pathways 
were annotated by the MetaCyc database. 
Carbohydrate enzymes of the metagenomic 
sequence data were annotated using dbCAN2 
(v3.0.6).65 Briefly, the reads were assembled into 
contigs using MEGAHIT (v1.2.9).66 After convert
ing the nucleic acid sequence of contigs into a 
protein sequence file by Metagenemark, 
DIAMOND quickly aligned it to the CAZyme 
database to get carbohydrate annotation results. 
The abundance of each carbohydrate function in 
each sample was obtained by comparing the meta
genomic sequencing reads with the genes anno
tated to carbohydrate function by Bowtie2.50

Co-evolution analysis based on shotgun 
metagenomic sequencing data of fecal samples

Based on the correlation between strain Lp082 and 
gut resident microorganisms, we employed 
inStrain software48 to annotate the mutation sites 
for a wide array of gut microbiota. We reason that 
the mutation sites identified from native micro
biota correlated with Lp082 in abundance at the 
baseline should be considered the genetic back
ground for identifying adaptive SNVs during and 
after probiotic ingestion. Namely, we created a 
reference genome database with the representative 
genome of 19 microbial species ecologically related 
to Lp082 from the NCBI database. Then, the meta
genomic sequencing reads of each sample were 
aligned against this reference database to identify 
adaptive SNVs. After removing the background 
mutation according to the baseline samples, the 
adaptive SNV profiles of the native intestinal 
microbes caused by probiotic intake were obtained.
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Determination of short-chain fatty acids (SCFAs) in 
feces

The content of SCFAs in the fecal contents of the 
Lp082 group and Lp082-M group was measured.67 

After lyophilizing the fecal samples, 50 mg was 
weighed and added to a 2 mL EP tube. 500 μL of 
saturated NaCl solution was added, and the mix
ture was incubated for 30 minutes before homoge
nization. Then, 20 μL of sulfuric acid was added to 
the homogenized sample for acidification, followed 
by vortexing for 30 seconds. Next, 800 μL of ether 
was added, and the mixture was vortexed for 30  
seconds before incubating for 30 minutes. The 
extraction process was performed in a fume hood. 
The suspension was centrifuged at 14,000 rpm for 
15 minutes, and the supernatant was transferred to 
a 2 mL EP tube containing 0.25 g anhydrous 
sodium sulfate. After a second centrifugation, the 
supernatant was transferred to a headspace vial for 
analysis. Finally, the SCFA content was analyzed 
using a gas chromatography-mass spectrometry 
(GC-MS) system (Agilent 7890, USA).

Experimental characterization of phenotypic 
changes associated with SNVs in probiotic Lp082

We verified the potential phenotypic changes of the 
strains carrying SNVs in vitro, including acid and 
bile salt tolerance. Cryopreserved strains were acti
vated for verification experiments. Corresponding 
cryopreservation tubes at −80°C were taken out. 
Then, the bacterial liquid was drawn out to a ster
ilized MRS medium tube and cultured in a 37°C 
constant temperature incubator for 48 hours. After 
the bacterial liquid was shaken evenly, 100 μL sus
pension was drawn and transferred in a new ster
ilized MRS medium tube for growth.

The MRS medium with pH values adjusted to 5.7 
and 3.0 was used to verify the acid tolerance. The 
pH value of the culture medium was adjusted by 1  
mol/L HCl solution. Following this, the 2% inocu
lum of activated mutant strains and the original 
Lp082 strain was inoculated in sterilized medium 
tubes of different pH values, recorded as 0 h, and 
the tubes were cultured in 37°C incubators for 3 h. 
Finally, the colonies of 0 h and 3 h were obtained by 
diluting and coating the culture medium to the 
culture plate, and the survival rate was calculated.

The MRS medium, supplemented with bile salts 
to a final concentration of 0.3%, was used to verify 
bile salt tolerance. Following this, the 2% inoculum 
of activated gut-adapted Lp082 strains and the 
original Lp082 strain was inoculated in sterilized 
medium tubes containing bile salts, recorded as 0 h, 
and the tubes were cultured in 37°C incubators for 
3 h. Finally, the colonies of 0 h and 3 h were 
obtained by diluting and coating the culture med
ium to the culture plate, and the survival rate was 
calculated.

Overexpression of Cro/C1-type HTH DNA-binding 
gene via plasmid electroporation

To induce overexpression of the Cro/C1-type HTH 
DNA-binding gene in the original Lp082 strain, the 
P23 promoter and open reading frame·(ORF) of 
the gene were amplified and cloned into the 
pLH01 vector digested with NheI using In-Fusion 
cloning.68 The resulting recombinant plasmid was 
subsequently introduced into Lp082 via electro
poration. The successful integration was confirmed 
by forming colonies on MRS agar plates supple
mented with chloramphenicol, which were selected 
in subsequent experiments.

To facilitate the electroporation of Lp082, a 2 mL 
culture of Lp082 grown for 24 hours was intro
duced into 100 mL of MRS broth supplemented 
with 0.2 M sucrose and 3% glycine. This was fol
lowed by incubation at 37°C in a constant-tem
perature incubator until the culture reached an 
optimal density (OD₆₀₀ = 0.4–0.6). After centrifu
gation, the bacterial cells were washed twice with 1  
mM MgCl₂, followed by a final wash with an elec
troporation buffer composed of 952 mM sucrose 
and 3.5 mM MgCl₂. The cells were then resus
pended in the electroporation buffer. 
Subsequently, 60 μL of the resuspended cells were 
mixed with 200 ng pLH01 plasmid and transferred 
into a 2 mm electroporation cuvette. The 
GenePulser Xcell system (Bio-Rad, USA) was 
employed to carry out the electroporation under 
the following conditions: 2.1 kV voltage, 200 Ω 
resistance, and 25 μF capacitance. Then, 1 mL of 
recovery medium (MRS broth supplemented with 
0.5 M sucrose and 0.1 M MgCl₂) was added into the 
cuvette, and the mixture was transferred to a sterile 
centrifuge tube for a 3-hour phenotypic recovery at
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37°C. After transformation, the bacterial cells were 
plated onto MRS agar plates containing 10 μg/mL 
chloramphenicol and incubated in a 37°C con
stant-temperature incubator. The colonies were 
confirmed successful integration.

Quantification and statistical analysis

All statistical analyses were performed using R soft
ware (v4.0.3). Spearman correlation analysis was 
constructed by the “psych” package, and the visua
lization of the network diagram was realized in 
Cytoscape (v3.7.1) software.69 The genomic 
Circos plot used to annotate the SNVs was drawn 
with the “circlize” package.70 The fitted curve and 
boxplot were constructed by the “ggplot2” 
package.71 The heatmap was drawn using by 
“pheatmap” package.72 Alpha and Beta diversity 
were initially calculated on the species taxonomy 
level. The “vegan” package calculated the Bray- 
Curtis distance between groups.73 CLR transforma
tion of the relative abundance was performed by 
the “zcomposition” package.74 Niche breadth and 
niche overlap were calculated using the “spaa” 
package,75 while robustness was calculated follow
ing the methodology of Yuan et al.76 Wilcoxon 
rank-sum tests were used to test significant differ
ences at p < 0.05 between the two groups. The sig
nificance of the differences among the three groups 
was analyzed using the Kruskal-Wallis test, and the 
Dunn test was used for post hoc pairwise compar
isons. Statistical significance, strong significance, 
and very strong significance were considered for 
*p < 0.05, **p < 0.01, and ***p < 0.001, respectively. 
Phylogenetic tree construction and beautification 
were carried out through MEGA-X and iTOL 
software.51,52 Protein structural predictions were 
carried out using the Phyre2 software.77 The 
experimental design diagram was created using 
BioRender (https://www.biorender.com/). The 
prediction of protein-protein conformations and 
intermolecular interactions was performed using 
the Molecular Operating Environment (MOE) 
software.78
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