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Abstract
Background  Plants are increasingly considered as secondary reservoirs for enterics. However, little is known about 
their population dynamics and the genetic mechanisms during plant colonization. Clostridium butyricum is a gut 
symbiont of humans and animals and, rarely, a pathogen. Here, 55 strains of C. butyricum isolated from the roots of 
Paris polyphylla var. yunnanensis provided a new model for understanding plant-host adaptation of enterics.

Results  These strains, along with 67 non-endophytic C. butyricum strains (nECB), were examined for population 
structure, revealing that they diverged into four well-defined lineages, whereas endophytic C. butyricum strains (ECB) 
from different sources were scattered across two lineages. The population diversity estimate confirmed the genetic 
distinctiveness among four lineages and uncovered distinct evolutionary processes that might drive the divergence 
of ECB-related lineages. Frequent gene flow between ECB and nECB suggested that plant-host colonization does 
not lead to genetic isolation. Extensive recombinations within and between lineages demonstrated the major 
role of recombination in shaping population genetic structure and diversification in C. butyricum. Additionally, the 
endophytic variance analysis identified several genes associated with CRISPR, defense systems, and metabolism that 
contribute to endophytic colonization by C. butyricum.

Conclusion  This study provides novel insights into the ongoing adaptation of C. butyricum to plant hosts and 
illuminates the genetic mechanisms underlying this host transition. By elucidating population structure, gene flow, 
recombination patterns, and candidate adaptive genes, our findings advance the understanding of host-associated 
evolution in enteric bacteria.
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Background
The gut microbiota and its effect on host health are 
increasingly relevant and supported by many investiga-
tions in model systems and proof-of-concept clinical tri-
als. Recently, fresh produce-associated gastrointestinal 
disease outbreaks have remained a pressing issue for con-
sumers and researchers [1]. Despite increased awareness 
among producers and consumers and advances in sanita-
tion protocols and technology, these outbreaks still recur 
[2, 3]. One explanation is that some enteric pathogens, 
such as nontyphoidal Salmonella spp. and enteroviru-
lent Escherichia coli, can persist on and, in some cases, 
colonize plant tissues, thereby facilitating transmission 
via raw produce. However, host switching is not neces-
sarily unidirectional: plant- and soil-associated bacteria 
may also acquire the capacity to colonize animal intes-
tines [4]. Recent comparative and functional genomic 
studies reveal that certain common metabolic capabili-
ties, such as nitrogen-fixing genes, contribute to the fit-
ness of enteric bacteria in plants [5, 6]. While horizontal 
gene acquisition from endophytes may boost plant-colo-
nization abilities in specific isolates, these adaptations are 
not consistently present across all genotypes associated 
with plant environments [7]. Besides these enteric patho-
gens, various human and animal gut commensal bacteria 
can colonize plants as alternative hosts [7–9]. Therefore, 
uncovering the genetic mechanisms that underpin host 
switching from different perspectives will advance our 
understanding of microbial adaptive evolution.

Clostridium butyricum is a strictly anaerobic, Gram-
positive, spore-forming bacillus known for its high 
butyric acid production [10]. Studies have shown that C. 
butyricum is present in 10‒20% of human fecal samples 
and is among the earliest colonizers in infants, highlight-
ing its role as an essential human gut symbiont [11, 12]. 
Several strains have excellent potential to benefit host 
health through several mechanisms [13]. One crucial 
mechanism for conferring health benefits is the short-
chain fatty acids (SCFAs)-mediated homeostasis of the 
gut microbiota, although the precise pathways underly-
ing these benefits are not fully understood [14]. Conse-
quently, this bacterium has been used as a probiotic in 
Asia (mainly Japan, Korea, and China) for decades [15]. 
On the other hand, some C. butyricum strains detected 
in stool samples have also been implicated in pathologi-
cal conditions such as botulism in infants and necrotizing 
enterocolitis in preterm neonates [16, 17]. In addition, 
distinct toxigenic C. butyricum strains have been impli-
cated in foodborne botulism, where toxin production 
occurs in contaminated foods rather than via gut colo-
nization. Recently, several studies have also explored dif-
ferences among C butyricum strains from the standpoint 
of functional genes associated with the benefit and toxic 
traits at the molecular level [18, 19]. Besides humans, 

C. butyricum has been associated with the guts of vari-
ous animals and is frequently found in the environment, 
including soil, fermentation products, freshwater, and 
marine sediments [20, 21].

Molecular phylogenetics based on the DNA sequences 
of bacterial strains found in different hosts is a typical 
way to analyze host-adaptive population structure. Tra-
ditionally, the clustering of clades corresponding to hosts 
was explained by natural selection in a given environment 
(ecotype), whereas the opposite was genetic drift (neutral 
diversification) [22]. However, genome sequence-based 
population genetics highlight the limitations of simple 
theoretical models and provide more complex evolution-
ary models to explain host-associated population struc-
ture, including neutral diversification with and without 
transmission barriers, ecotype model, divided genomes, 
introgression between strains, and negative frequency-
dependent selection [23]. Furthermore, mutation and 
recombination could lead to DNA sequence variations 
that affect gene expression during transcription and 
translation processes [24]. Ultimately, these changes have 
implications for the ability of the host-associated organ-
ism to adapt. Thus, genome-wide population-level stud-
ies are powerful tools for revealing the genetic basis of 
host adaptation.

Despite the recent increase in reports of plant colo-
nization of human gut microbes, the evolutionary 
mechanisms underlying the plant-associated lifestyles 
remain poorly understood. In this work, we isolated and 
sequenced a batch of endophytic C. butyricum strains 
(ECB) and collected 67 genome sequences of strains from 
other habitats (nECB) to reveal the evolutionary trajec-
tory of its adaptation to the plant host. We performed the 
population genomic analysis to investigate the popula-
tion structure and genetic diversity of these C. butyricum 
strains. Four genetically distinct lineages were detected, 
two of which were associated with endophytic C. butyri-
cum strains and exhibited distinct evolutionary pat-
terns. We explored the gene flow pattern of C. butyricum 
strains, suggesting unrestricted gene exchanges between 
ECB and nECB. We also highlighted recombination as a 
primary driver in shaping the population dynamics and 
diversification of C. butyricum strains. Furthermore, 
comparative genomics identified genes and pathways that 
may underlie habitat adaptation and link genomic and 
ecological variation.

Methods
Strain isolation and identification
Paris polyphylla var. yunnanensis is a critical medicinal 
plant species valued for its hemostatic, analgesic, and 
anti-inflammatory properties and is in colossal demand, 
mainly from the Chinese and Indian pharmaceutical and 
traditional medicine industries. The present healthy roots 
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of P. polyphylla var. yunnanensis were sampled from 
two different herbal medicine planting bases in Cheng-
gong and Fengyi counties (Yunnan Province, southwest 
China). The anaerobic endophytes were isolated from 
surface-sterilized root tissues using the procedure pre-
viously described by Li et al. [25]. Genomic DNAs were 
extracted from endophytic strains using the Genomic 
DNA Rapid Isolation Kit for bacterial cells (BioDev-
Tech, China) following the manufacturer’s instructions. 
The 16S rRNA genes were amplified using the universal 
bacterial PCR primers 27F (5′-​A​G​A​G​T​T​T​G​A​T​C​C​T​G​
G​C​T-3′) and 1492R (5′-​G​G​T​T​A​C​C​T​T​G​T​T​A​C​G​A​C​T​
T-3′). Sequencing of the 16S rRNA gene amplicons was 
performed using the BigDye Terminator Cycle Sequenc-
ing Ready Reaction kit (Applied Biosystems) on an auto-
mated DNA analyzer system (PRISM 3730XL DNA 
analyzer, Applied Biosystems) at SinoGenoMax Corpora-
tion (Beijing, China). The 16S rRNA gene sequences were 
compared against those of recognized type strains using 
the EzTaxon server (​h​t​t​p​​:​/​/​​e​z​t​a​​x​o​​n​-​e​​.​e​z​​b​i​o​c​​l​o​​u​d​.​n​e​t​/) 
[26]. 55 strains identified as C. butyricum were selected 
for subsequent analysis.

Genome sequencing, assembly, and annotation
Purified genomic DNA was sent to Wuhan Benagen 
(Wuhan, China) for genome sequencing using an Illu-
mina MiSeq system. Briefly, genomic DNA was randomly 
sheared using a Bioruptor ultrasonicator to construct 
libraries for paired-end (2 × 150  bp) sequencing. Low-
quality reads were filtered from the sequencing data-
sets using Fastp v0.22.0 [27]. The remaining reads were 
de novo assembled using SPAdes v3.13.0 [28], and the 
contigs or scaffolds shorter than 1000 bp were excluded 
from the assembly. The 55 assembled genomes, together 
with an additional 67 genomes available in the NCBI 
GenBank Assembly database, were selected based on 
genome quality to obtain strain-level C. butyricum rep-
resentatives (Table S1). We used CheckM v1.2.0 [29] and 
FastANI v1.33 [30] to estimate genome quality and select 
genomes with completeness ≥ 95%, contamination ≤ 5%, 
and average ANI values (relative to type strain DSM 
10702  T) ≥ 95%. Gene prediction and functional annota-
tion were conducted using Prokka v1.13 [31] with default 
options. Protein-coding genes were assigned Kyoto Ency-
clopedia of Genes and Genomes (KEGG) orthology (KO) 
and Clusters of Orthologous Genes (COG) category by 
using EggNOG-mapper v2.1.8 [32] with “–evalue 1e-5” 
option (eggNOG DB version: 5.0.2). The mobile genetic 
elements (plasmids and prophages) in genomes were 
identified using geNomad v1.8.0 [33].

Phylogenomic analysis and lineage definition
Predicted proteomes for all C. butyricum strains 
included in this study were inferred for orthology using 

OrthoFinder v2.2.2 [34] with default parameters. The 
1,383 single-copy orthogroups were aligned individu-
ally using Clustal Omega v1.2.4 [35]. Then, the resultant 
alignments were concatenated, and ambiguous sites were 
trimmed by trimAL v.14.rev22 [36]. A maximum likeli-
hood (ML) species tree was constructed of a concatena-
tion using IQ-TREE v2.1.2 [37] with model selection by 
ModelFinder [38] and visualized by FigTree v1.4.4 (​h​t​t​p​​
:​/​/​​t​r​e​e​​.​b​​i​o​.​​e​d​.​​a​c​.​u​​k​/​​s​o​f​t​w​a​r​e​/​f​i​g​t​r​e​e​/) and iTOL (https://
itol.embl.de/).

A genome-relatedness network was constructed from 
pairwise genomic ANI values, with genomes represented 
as nodes and the genome-relatedness as edges. Accord-
ingly, the genome-relatedness between two genomes was 
quantified as the average ANI value between them and 
used as the edge weight in the network. After filtering 
edges with ANI values below 98.5%, four connected com-
ponents were detected in the network, of which each was 
defined as a C. butyricum lineage. The network was visu-
alized by Cytoscape v3.9.0 [39].

Uniform manifold approximation and projection 
(UMAP) ordination analysis was conducted to determine 
the grouping of C. butyricum isolates based on flexible 
gene sets (inferred by ROARY v3.12.0) [40]. In addition, 
using the pipelines, the phylogenomic tree of the genus 
Clostridium was constructed to examine the phyloge-
netic status of the 122 strains [41]. Briefly, all genomes 
of the type strains of the genus Clostridium by the NCBI 
assembly database (accession date, 24 March 2024) were 
downloaded from the NCBI genome FTP site (​h​t​t​p​​s​:​/​​/​w​w​
w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​e​n​o​m​e​s). After quality control, 108 
genomes, together with the 122 C. butyricum genomes, 
were subjected to the PhyloPhlAn workflow v3.0.67 [42] 
to identify the set of 400 marker genes, which was then 
used to generate the phylogeny of the genus Clostridium.

Population diversity analysis
Demographic changes within each C. butyricum lineage 
were explored by calculating neutrality statistics. Tajima’s 
D (TD) neutrality statistic was assessed using the pack-
age PopGenome v2.7.5 [43] in R. We used three genetic 
parameters to estimate the intra- and interpopulation 
genetic differentiation of C. butyricum lineages. We 
calculated nucleotide diversity (π), the fixation index 
(FST), and absolute divergence (DXY) using the PopGe-
nome package. All statistics were estimated from whole-
genome alignment in overlapping 5  kb sliding windows 
with a 2.5 kb step.

Gene flow pattern and recombination estimation
All assembled C. butyricum genomes were provided 
as input to PopCOGenT [44] to determine population 
structure based on the gene flow. Herein, “gene flow” is 
inferred as homologous recombination events resulting 

http://eztaxon-e.ezbiocloud.net/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://itol.embl.de/
https://itol.embl.de/
https://www.ncbi.nlm.nih.gov/genomes
https://www.ncbi.nlm.nih.gov/genomes
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from horizontal genetic transfer (HGT) between strains, 
as opposed to vertical inheritance. It identifies gene flow 
between each pair of genomes by detecting regions of 
higher-than-expected similarity (termed length bias) 
under a null model of clonal descent [44]. Then, genomes 
connected by gene flow are grouped into populations, 
and clusters within populations are defined by genomes 
that share relatively higher gene flow [44]. Meanwhile, 
genomes with nucleotide diversity below 0.0355% should 
be classified into a single clonal complex, as insuffi-
cient mutations prevent the identification of gene flow. 
Genomic recombinations in C. butyricum isolates were 
analyzed using Gubbins v2.3.4 [45]. SNPs (single nucleo-
tide polymorphisms) in whole-genome alignment were 
identified using the reference-based method Snippy v3.1 
(​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​t​s​e​e​​m​a​​n​n​/​s​n​i​p​p​y), with the ​c​o​m​p​l​e​t​
e genome of strain JKY6D1 as the reference.

Endophytic relevant variants analysis
A comparative genome analysis was conducted between 
endophytic C. butyricum strains (ECB) and non-endo-
phytic C. butyricum strains (nECB) to uncover the 
genomic variation of C. butyricum strains for endophytic 
adaptation. The annotated KOs (KEGG orthology) for all 
genomes were mapped to the corresponding prokary-
otic pathways as defined by the KEGG database. Mann–
Whitney U tests were used to assess enrichment and 
depletion of KEGG pathways and COG categories across 
the whole genome of ECB and nECB strains. The number 
of genes associated with a specific pathway or category 
was converted to the relative abundance. Notably, in the 
whole-genome comparison, pathways and COG catego-
ries were found to be significantly enriched in either ECB 
or nECB strains when the Benjamini-Hochberg-adjusted 
P value in the Mann–Whitney U test was less than 0.05, 
thereby ensuring robust statistical validation of these 
functional distinctions.

Pan-GWAS was performed using a presence/absence 
matrix of orthologous gene clusters generated by ROARY, 
where zero denoted absent gene clusters and one denoted 
present gene clusters. The association analyses were cal-
culated using SCOARY v1.6.9 [46], supplied with the 
phylogenetic tree generated in this study. Associations 
were considered significant if the Bonferroni adjusted 
P < 0.05 and sensitivity and specificity were greater than 
80%. All parameters for the prior bioinformatics software 
were set to default unless otherwise stated.

Results
Plant host-associated C. butyricum were mainly distributed 
in specific lineages
The genomes of 55 endophytic C. butyricum strains 
(ECB; isolates recovered from surface-sterilized inter-
nal root tissues were defined as the endophytes) isolated 

from the root of Paris polyphylla var. yunnanensis were 
sequenced and subjected to phylogenomic analysis with 
67 non-endophytic C. butyricum (nECB) genomes avail-
able from the public database. Detailed information for 
these 122 genomes is provided in Table S1. On average, 
the genomes of C. butyricum were 4.55  Mb in length 
and contained 4,104 predicted protein-coding genes. 
We also summarized mobile genetic element–associated 
sequences (putative plasmid contigs and predicted inte-
grated prophage regions) across all genomes. The mean 
pairwise genome-wide average nucleotide identity (ANI) 
among 122 strains was 98.29%, with the lowest ANI of 
97.14% observed between strain AGR2140 (lineage L1) 
and strain INCQS635 (lineage L4). The type strain, DSM 
10702 T of C. butyricum, shared an average ANI of 98.74% 
with the other 121 strains. All these ANI values were 
greater than 95 ~ 96%, the threshold for demarcating pro-
karyotic species [47]. Furthermore, these strains formed 
a stable monophyletic cluster in the phylogenomic tree 
of the genus Clostridium (Fig. S1) and shared ANIs < 95% 
with other Clostridium species (data not shown). These 
results support the idea that the 122 strains form a cohe-
sive unit descending from a last common ancestor.

To construct the phylogeny of C. butyricum, a concat-
enated alignment involving 1,383 single-copy core genes 
and covering 401,442 unambiguous amino acid sites was 
used to generate a maximum likelihood phylogenetic 
tree. Meanwhile, we devised a simple network cluster-
ing algorithm that identified well-delineated phylogenetic 
clusters of C. butyricum based on the ANI value (see 
Methods, Table S2). This algorithm extracted the con-
nected components from the network where edges rep-
resent ANI values greater than or equal to 98.5%, and 
nodes represent each genome. Four robust lineages 
(L1–L4) were identified by both phylogenomic analysis 
(Fig. 1A) and network clustering analysis (Fig. 1B) despite 
the high genetic relatedness of C. butyricum strains. 
Moreover, examination of the flexible gene content 
(UMAP methods to cluster C. butyricum strains based 
on gene presence and absence) shows a pattern similar 
to the phylogeny of core genes (Fig. S2). The majority of 
novel endophytic isolates distributed into lineages L1 
(32/37, 86.5%) and L2 (22/26, 85.6%), whereas non-endo-
phytes mainly exhibited in lineages L3 (5/5, 100%) and 
L4 (53/54, 96.4%). Remarkably, the isolates from samples 
collected at two locations (Chenggong and Fengyi) were 
distributed across the three major phylogenetic branches, 
which contained only endophytes. These observations 
indicated that C. butyricum contained at least two phy-
logenetically close lineages associated with plant endo-
phytic habitats, suggesting that its adaptation to plant 
hosts was a continuous evolutionary process rather than 
an isolated event.

https://github.com/tseemann/snippy
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Two ECB-related lineages experienced distinct 
evolutionary processes
To assess genetic diversity at the lineage level, we calcu-
late the genome-wide nucleotide diversity (π), Tajima’s D 
(TD), fixation index (FST), and absolute nucleotide diver-
sity (DXY) based on whole genome alignment. All four 
lineages showed some genetic divergence among indi-
viduals within each lineage. The estimates of mean nucle-
otide diversity (π) of each lineage range from 0.00094 
(L2) to 0.00268 (L3) (Table S3). Furthermore, there 
were significant disparities (Wilcoxon test, P < 2e-16) 
in genetic diversity between L1 and L2, where ECBs are 
prevalent. L2 showed the lowest nucleotide diversity 
(mean π = 0.00094); L1 exhibited more than two times 
these levels (mean π = 0.00202). In addition, L1 and L4, 
which exhibited higher levels of intra-lineage nucleo-
tide diversity, showed nearly zero TD values (−0.00496 
for L1 and −0.10226 for L4). However, in L2 and L3 with 
lower intra-lineage nucleotide diversity, we observed the 
negative TD values (−1.43045 for L2 and −1.15956 for 
L3). Because these statistics are estimated at the lineage 
level and lineages include isolates from multiple sources, 
the observed patterns are compatible with differences 
in demographic history and population structure (e.g., 

recent expansion after a bottleneck and/or increased 
clonality), but they do not uniquely distinguish selection 
from demography.

The mean fixation indices (FST values) in all inter-lin-
eage comparisons spanned 0.25 to 0.53 (Fig. 2). The wide 
range of calculated FST values implied that lineage pairs 
represent distinct stages across the divergence contin-
uum of C. butyricum. The high genome-wide FST (> 0.25) 
values in all inter-lineage comparisons indicated dis-
cernible divergence between any two lineages. Notably, 
about 18% (268/1526) of regions with FST values equal 
to zero were identified in all lineage pairs. The SNP dis-
tribution pattern analysis revealed that the sites of these 
regions were invariant across all C. butyricum strains. 
Comparison of two ECB-related lineages (L1 and L2) 
revealed the overall pattern of high heterogeneity along 
the genome and less evident peaks of elevated divergence 
in the genome, suggesting strong genetic differentiation 
(Fig. 2). Moreover, compared to intra-lineage nucleotide 
diversity, absolute nucleotide diversity at the inter-lineage 
level (DXY) between any two lineages was higher (Table 
S3), highlighting the lineage differentiation between C. 
butyricum.

Fig. 1  Phylogenetic diversity of Clostridium butyricum strains. A The maximum-likelihood phylogeny of 122 assembled C. butyricum genomes based on 
concatenated alignments of 1,383 core genes. Bootstrap values above 70% were reported. Colored stars and rings outside the tree depict the isolation 
sites and sources. Colored corresponding branches on the trees indicated the division of lineages. B The genome network of 122 C. butyricum strains. 
Genomes are represented as nodes, with edges indicating the pairwise average nucleotide identity (ANI) between genomes (edges with ANI < 98.5% 
were filtered). The source data are provided in Table S2
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In summary, the two ECB-enriched lineages (L1 and 
L2) show markedly different diversity patterns. L1 has 
higher nucleotide diversity and Tajima’s D close to zero, 
whereas L2 has lower diversity and a more negative 
Tajima’s D (Table S3). These lineage-level statistics are 
consistent with distinct demographic histories and popu-
lation structures (e.g., differing degrees of recent clonal 
expansion or bottlenecks), but they do not uniquely dis-
tinguish selection from demography given the mixed 
sampling sources within each lineage (Table S1). More-
over, the comparison of DXY and FST across the whole 
genome highlighted the divergence between L1 and L2. 
Meanwhile, there was a higher divergence between ECB-
related and nECB-related lineages. These observations 
implied that the two ECB-related lineages might have 
undergone different evolutionary patterns.

Evident gene flow existed between clonal complexes of 
ECB and nECB
To reveal more details about the differentiation of ECB-
related and nECB-related lineages, we investigated gene 
flow patterns among C. butyricum strains. We employed 
PopCOGenT to characterize gene-flow discontinui-
ties and delineate gene-flow-based clusters (genetically 

isolated subpopulations). Based on 55 ECB and 67 nECB 
genomes, this approach identified four genetically iso-
lated subpopulations (labeled from I to IV, Fig.  3A). In 
our dataset, lineage L1 is split into subpopulations I and 
II, whereas lineages L3 and L4 are grouped into sub-
population IV, reflecting stronger within-cluster gene-
flow connectivity than between clusters. This pattern 
reflects PopCOGenT’s gene-flow–based clustering, in 
which genomes show denser inferred recent homologous 
exchange within subpopulations than across subpopu-
lation boundaries. Based on the identities among indi-
vidual genomes, all 122 genomes were grouped into 45 
clonal complexes (CCs; each CC represents a set of near-
identical genomes collapsed for network construction) 
(Table S1). Of these 45 CCs, 33 were singletons (involved 
only one genome). Four subpopulations accommodated 
4, 4, 5, and 32 CCs.

The division of these subpopulations basically cor-
responded to four phylogenetic lineages. Lineage L1 
corresponded to subpopulations I and II; lineage L2 cor-
responded to subpopulation III; and lineages L3 and L4 
constituted subpopulation IV. The structural differences 
between subpopulations L1 and L2 were consistent with 
their differences in genetic diversity and phylogenetic 

Fig. 2  The values of FST (A) and number of SNPs (B) within a 5-kb sliding window with a 2.5-kb overlap along the genome. The blue broken lines show 
the average number of SNPs or FST values per 5 kb
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divergence (Fig.  3). Moreover, the endophytic isolates 
from Paris polyphylla var. yunnanensis were mainly dis-
tributed in subpopulations I, II, and III. Because the 
endophytic genomes analyzed here are derived from a 
single host species and include clonal expansions, we 
interpret habitat–subpopulation patterns within the lim-
its of this sampling. Frequent genetic exchanges have 
been observed between ECBs and nECBs (Fig. 3B). Espe-
cially for subpopulation I, the level of gene flow between 
ECB and nECB was even higher than that within the 
ECBs. In subpopulation IV, although there was only one 
ECB strain (YIM B08210), it still had a high rate of gene 
flow with other nECB members (Fig.  3A). Therefore, 
the rampant genetic fluidity between ECB and nECB 
genomes demonstrated that no gene flow boundaries 
existed between nECB and ECB strains, thus indicating 
the habitat switch of C. butyricum occurred recently. In 
other words, C. butyricum has not formed a distinct and 
universally unique ecotype within the plant endophytic 
environment. This suggests that its endophytic adapta-
tion may stem from pre-existing genetic variation in the 
soil environment, with the plant host primarily acting to 
selectively expand these already-adapted clones rather 
than driving entirely new genetic differentiation.

Recombination played a crucial role in the population 
differentiation of C. butyricum
Frequent gene flow across the genomes of C. butyricum 
strains reveals evolutionary processes in the presence 
of recombination. Therefore, to conduct an overall and 

contemporary recombination analysis, we employed 
Gubbins to infer recent (which affected only a subset of 
recipient lineages after lineage differentiation) and ances-
tral (which were shared by all strains within lineages 
before lineage differentiation) recombination events. 
Notably, we identified the 826 ancestral recombination 
events that contribute significantly to the genesis of four 
lineages (Fig. 4A). Out of these recombinations, 386 have 
occurred at the last common ancestors (LCAs) of each 
lineage, with the number of events being 67 (L1), 94 (L2), 
102 (L3) and 126 (L4), respectively. The total recombi-
nant fragment lengths of the core genome were 419  kb 
(~ 11%, L1), 498  kb (~ 13%, L2), 251  kb (~ 6%, L3), and 
420  kb (~ 11%, L4), respectively (Table S4). In addition, 
more ancient recombinations were detected in the LCA 
of L3 and L4 (246) as well as in the LCA of L2, L3, and L4 
(191) (Fig. 4A), with recombinant fragment lengths being 
252  kb (~ 6%) and 334  kb (~ 9%). Ancestral recombina-
tions occurred more frequently in lineages L3 and L4, 
where the nECB strains were dominant. However, this 
pattern should be interpreted cautiously for lineage L3, 
given its small number of non-redundant genomes and 
narrow sampling.

Recent recombination was a common phenomenon 
across four lineages and was much more frequent than 
ancestral recombination (Fig.  4A). Lineage L4 exhibited 
over 4000 recent recombination events. For 54 strains of 
L4, the average number of recent recombination events 
was 406 (one recent recombination event involving mul-
tiple strains will be counted multiple times when we 

Fig. 3  Gene flow network and population structure identified by PopCOGenT. A Gene flow network. Edges indicate evidence of recent homologous 
DNA exchange (gene flow, consistent with homologous recombination) between any two genomes, quantified by the length-bias statistic (observed 
length-bias fraction); thicker edges indicate stronger inferred connectivity. Edges with a length bias fraction < 100 were filtered out. Genomes belonging 
to the same clonal complex (clonal complex consists of redundant members that do not contribute to the gene pool of a population) are collapsed into 
a single node. Node outlines are colored by isolation source, and nodes are colored by lineage assignment. The Arabic numerals labeled in the node 
represent the serial number of the clonal complex that contains multiple genomes. B The distribution of length bias fraction within ECB and nECB, as well 
as between ECB and nECB
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calculate the average number of recent recombination 
events that occurred for each strain) (Table S4). How-
ever, the total (284) and average (122) number of recent 
recombination events in lineage L3, which exclusively 
consists of nECB strains, was much lower than that of L4 
(Fig. 4B and Table S4). Within lineages L1 and L2, recent 
recombination events occurred frequently, with a total 
(average) number of 966 (377) and 843 (294), respectively. 
The frequency of recombination events that occurred in 
ECB strains was significantly higher than that in nECB 
strains in both lineages L1 and L2 (Fig. 4B). Furthermore, 
these recent recombinations had led to highly mosaic 
genomes, with the overall genomic fraction of recombi-
nant segments varying from 10 to 57% amongst strains 
of different lineages (Fig. 4C and D). Interestingly, in each 
lineage, both unique recombinant sequences were seen 
in only one isolate, and shared recombinant sequences 
were seen in multiple isolates. It indicated that recombi-
nation events might occur at different stages during the 
diversification of lineages (Fig. 4D). Remarkably, remov-
ing the SNPs present in the recent recombinant regions 
significantly decreased the genetic distance between 
C. butyricum strains, demonstrating the importance of 
recombination in the diversification of C. butyricum (Fig. 
S3, Table S5).

Endophytic C. butyricum exhibited signs of functional 
divergence
To uncover the molecular mechanisms driving adapta-
tion to the endophytic environment in C. butyricum, 
we evaluated the differentiation of functional gene com-
position between ECB and nECB strains. Analysis using 
the COG database revealed that the categories involved 
information storage and processing of translation, ribo-
somal structure and biogenesis (COG J), transcrip-
tion (COG K), and metabolism of nucleotide transport 
and metabolism (COG F) were enriched in ECB strains 
(Fig.  5A and Table S6). Conversely, none of the COG 
categories were significantly higher in nECB strains 
than in ECB strains. On the other hand, KEGG annota-
tion results showed that pathways related to metabolism 
(amino acid metabolism, glycerophospholipid metabo-
lism, carbohydrate metabolism, and energy metabolism) 
and biofilm formation were significantly enriched in ECB 
strains (Fig. 5B and Table S7).

We also perform pangenome-wide association studies 
(pan-GWAS) using the Scoary algorithm to identify vari-
ants associated with endophytes, further revealing poten-
tial mechanisms of adaptation of C. butyricum strains 
to endophytic environments. This approach identified 
72 genes that were positively or negatively associated 
with endophytic habitat, with adjusted P values < 0.05; 

Fig. 4  Genomic recombination and its contribution to the divergence of C. butyricum. A Total frequencies of recent and ancestral recombinations within 
individual lineages and the common ancestors of corresponding lineages. B The frequency of recent recombinations between ECBs and nECBs. C The 
maximum-likelihood phylogeny of C. butyricum was inferred by the core genome alignments in which the recombinant mutations were excluded. The 
color strips outside the tree indicate the isolate source and lineages, as in Fig. 1. D Genomic pattern and proportion of recent recombinations for indi-
vidual strains
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47 were enriched in ECB strains, and the other 25 were 
enriched in nECB strains (Fig.  6A and Table S8). Most 
of the enriched genes in ECBs were undocumented. The 
remaining genes were distributed across 14 KEGG path-
ways, including defense systems, transporters, bacte-
rial chemotaxis, bacterial motility, and the metabolism 
of folate, glycan, and nucleotide (Fig.  6A). Interestingly, 
two CRISPR-associated cas proteins (cas 5 and cas 8) 
were found to be associated with ECB strains. More-
over, the total length of the integrated prophages differed 

significantly between the nECB and ECB genomes but 
not the plasmid (Fig.  6B). Given that CRISPR-asso-
ciated proteins are under intense pressure in plant-
associated microorganisms [48], it is suggested that 
bacterium–bacteriophage, interbacterial, and host–bac-
terium interactions might govern plant colonization of 
ECBs. Consistent with previous studies of plant-asso-
ciated bacteria [49, 50], we found ECB-associated genes 
involved in environmental sensing and host/environ-
ment navigation (transporters, two-component systems, 

Fig. 5  Functional comparison among ECB and nECB strain genomes using COG categories (A) and KEGG pathways (B). The bar charts in the plot rep-
resent the relative abundance of COG categories or KEGG pathways. Bars represent mean ± SD. Statistical significance was evaluated using two-sided 
Mann–Whitney U tests on per-genome values with Benjamini–Hochberg correction (FDR)
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chemotaxis, and motility), which may contribute to rec-
ognizing root-derived cues and accessing microhabitats 
during colonization.

Discussion
Clostridium butyricum is widely distributed in soil and 
other environmental reservoirs and has been reported 
from diverse host- and food-associated settings, includ-
ing silage, vegetables, cultured milk products, and 
human and animal gut [51]. Regarding plant-associated 
C. butyricum, an investigative study using pure culture 
techniques conducted in the United Kingdom found a 
high detection rate of C. butyricum in fresh and canned 
vegetables, especially potato skins [52]. Combining the 
currently available genomic data of C. butyricum with its 
anaerobic physiology, the studied isolates are predomi-
nantly from habitats associated with human and animal 
intestinal tracts. In this work, we examined the popula-
tion genomics of C. butyricum isolated from the root of 
Paris polyphylla var. yunnanensis and compared them 
to public genomes from other environments. Four reli-
able lineages (L1–L4) of C. butyricum strains were iden-
tified based on core and accessory genome analysis and 
were broadly associated with habitats. The endophytic 
strains were mainly distributed in lineages L1 and L2. 
These two lineages contained plant endophytic strains 
and strains derived from other habitats, including human 
and animal gastrointestinal tracts (e.g., infant, poultry, 
swine), various environmental sources (e.g., soil, sludge, 
sediments), and industrial fermentation ecosystems 
(e.g., liquor pit mud, ABE fermenters). Given that these 
medicinal planting bases typically employ organic fertil-
ization practices, the soil microbial community, including 
C. butyricum, may have been influenced by such amend-
ments. It implied that these endophytic strains isolated 

from the roots of P. polyphylla var. yunnanensis probably 
originated from the soil treated with fertilizer. However, 
the exact environmental source cannot be definitively 
determined from our current data. In addition, the rel-
evant root samples were obtained from two geographi-
cally distinct planting sites. The phylogeny also indicates 
that the endophytic collections in L1 and L2 are domi-
nated by one to two clonal expansions, consistent with 
local proliferation of a limited number of genotypes after 
entry into the plant environment. This pattern suggests 
that the divergence between L1 and L2 likely predates 
the endophytic lifestyle and may have arisen in a broader 
environmental reservoir such as agricultural soil, where 
opportunities for recombination and gene exchange are 
expected to be higher than within the endophytic niche.

Genetic diversity analysis revealed that four C. butyri-
cum lineages were genetically distinct, and two ECB-
enriched (L1 and L2) show contrasting lineage-level 
diversity patterns. At the lineage level, L1 displays higher 
nucleotide diversity (π) and Tajima’s D close to zero, 
whereas L2 shows markedly lower π and a more nega-
tive Tajima’s D. There are compatible with differences 
in demographic history and population structure—such 
as differing degrees of recent clonal expansion and/
or bottlenecks—rather than uniquely indicating selec-
tion. Lineage L3, which contained toxigenic strains with 
infant botulism cases, showed lower π and a more nega-
tive Tajima’s D. However, given the sampling bias, the 
genetic diversity in lineages L2 and L3 may not be fully 
represented, and thus diversity and recombination esti-
mates for L3 are expected to be low and should be inter-
preted cautiously. More generally, “gut-associated” labels 
in available genomes largely reflect isolation source, and 
functional assays would be required to test whether gut 
environments impose consistent adaptive differences 

P P

Fig. 6  Enrichment analysis of functional genes associated with ECB. A Pan-GWAS analysis results showing typical genes associated with endophytic 
environments; B The detection of mobile genetic elements among genomes of 122 C. butyricum strains
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relative to the endophytic niche. Despite these limita-
tions, our data suggest that most genetic diversity in C. 
butyricum is generated in broader environmental reser-
voirs (e.g., soil and other mixed habitats), whereas the 
endophytic niche is characterized by the local expansion 
of a limited number of genotypes rather than the emer-
gence of a deeply diverged, plant-restricted ecotype. In 
line with this, the ECB and nECB genomes remain con-
nected by frequent gene flow signals, indicating limited 
long-term genetic isolation (Fig. 3).

Relative rates of mutation and recombination shaped 
the population genetic structure of bacteria [53, 54]. 
We found extensive recent and ancestral recombina-
tion events among strains of C. butyricum, thereby sug-
gesting recombination as a major driver of population 
structures and subsequent diversification in C. butyri-
cum (Fig.  4). Lineage L4 with higher genetic diversity 
(π = 0.00268) displayed more frequent recent recombina-
tions (NR, the average number of recent recombination 
events per genome, was 406); whereas lineage L3 with 
lower genetic diversity (π = 0.00148) displayed less fre-
quent recent recombinations (NR was 122). A higher fre-
quency of recent recombination leads to greater genetic 
diversity. However, the frequency of recent recombina-
tion differed between lines L2 and L3, which also show 
low genetic diversity. In addition, the recent recombi-
nation occurred with relatively high frequency in lin-
eages L1 (NR = 377) and L2 (NR = 294), but they showed a 
remarkable disparity in genetic diversity (π = 0.00203 in 
L1; π = 0.00094 in L2) (Figs. 2 and 4). It can be seen that 
the effect of recent recombination on genomic variation 
varies in different lineages. When we focused on endo-
phytic clonal complexes within these lineages, we found 
that recombination frequencies varied, and the frequency 
of recent recombination among them differed signifi-
cantly. Within lineage L1, the strains of CC2 exhibited 
the highest frequency of recombinations (mean num-
ber of recombination events = 478), with ~ 50% traced to 
their last common ancestor. In contrast, strains of CC1 
showed the lowest frequency of recombinations (mean 
number of recombination events = 154), with only 12% 
derived from their LCA (Table S9). CC3, another clonal 
complex of ECBs in lineage L2, displayed 305 recombi-
nations with ~ 30% derived from its LCA. Recombination 
had different effects on genome reshaping in other lin-
eages and clone complexes under similar environmental 
pressures (Fig. 4D).

Plant-associated bacteria have evolved genes that 
allow them to thrive in plant environments [55]. To 
understand how genetic mechanisms have contributed 
to host adaptation, it is essential to identify adaptation 
features in bacterial genome sequences and to test their 
functional consequences [23]. In this study, by using 
the pan-GWAS analysis, several candidate genes (47 

genes) predominantly in the ECB strains were identified 
to be significantly associated with C. butyricum endo-
phytic lifestyle and perhaps contributed to their success 
in colonizing the root of P. polyphylla var. yunnanensis. 
Unfortunately, most of them (63.83%, 30 genes) were 
uncharacterized. The remaining well-documented genes 
were scattered in 14 pathways (Fig.  6A, Table S8), with 
the annotations related to the prokaryotic defense sys-
tem, primarily modules involved in phage and mobile 
genetic element defense, whereas a small subset of hits 
mapped to peptidoglycan biosynthesis pathways (4 
genes), likely reflecting variation in specific genes rather 
than differential presence of this conserved pathway. It 
was inconsistent with a recent large-scale comparative 
genomics analysis, which showed that plant-associated 
bacteria encode more carbohydrate-metabolism func-
tions and fewer mobile elements than related non-plant-
associated genomes [55]. This difference may reflect that 
our comparison is within a single species and based on 
root endophytes from one host plant, whereas the pre-
vious study summarizes broader taxa and plant-asso-
ciated lifestyles. In addition, several ABC transporters, 
which play an essential role in bacterial immunity [56], 
were identified as positively associated with endophytes. 
Combined with the lower sensitivity to bacteriophages 
(Fig. 6B), it demonstrated that the ECB possesses uncom-
mon mechanisms for endophytic adaptation and that the 
entire defense system may play a critical role. While our 
comparative and population genomic analyses identify 
candidate genetic features associated with the endophytic 
lifestyle, in planta colonization and competition experi-
ments will be required to determine whether ECB strains 
indeed show a colonization advantage over nECB strains 
in Paris polyphylla var. yunnanensis.
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