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Core gut microbes Cloacibacterium 
and Aeromonas associated with different 
gastropod species could be persistently 
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Abstract 

Background Studies on the gut microbiota of animals have largely focused on vertebrates. The transmission modes 
of commensal intestinal bacteria in mammals have been well studied. However, in gastropods, the relationship 
between gut microbiota and hosts is still poorly understood. To gain a better understanding of the composition 
of gut microbes and their transmission routes in gastropods, a large‑scale and long‑term experiment on the dynamics 
and transmission modes of gut microbiota was conducted on freshwater snails.

Results We analyzed 244 microbial samples from the digestive tracts of freshwater gastropods and identified Proteo‑
bacteria and Bacteroidetes as dominant gut microbes. Aeromonas, Cloacibacterium, and Cetobacterium were identi‑
fied as core microbes in the guts, accounting for over 50% of the total sequences. Furthermore, both core bacteria 
Aeromonas and Cloacibacterium, were shared among 7 gastropod species and played an important role in deter‑
mining the gut microbial community types of both wild and cultured gastropods. Analysis of the gut microbiota 
at the population level, including wild gastropods and their offspring, indicated that a proportion of gut microbes 
could be consistently vertically transmitted inheritance, while the majority of the gut microbes resulted from horizon‑
tal transmission. Comparing cultured snails to their wild counterparts, we observed an increasing trend in the propor‑
tion of shared microbes and a decreasing trend in the number of unique microbes among wild gastropods and their 
offspring reared in a cultured environment. Core gut microbes, Aeromonas and Cloacibacterium, remained persistent 
and dispersed from wild snails to their offspring across multiple generations. Interestingly, under cultured environ‑
ments, the gut microbiota in wild gastropods could only be maintained for up to 2 generations before converging 
with that of cultured snails. The difference observed in gut bacterial metabolism functions was associated with this 
transition. Our study also demonstrated that the gut microbial compositions in gastropods are influenced by develop‑
mental stages and revealed the presence of Aeromonas and Cloacibacterium throughout the life cycle in gastropods. 
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Based on the dynamics of core gut microbes, it may be possible to predict the health status of gastropods dur‑
ing their adaptation to new environments. Additionally, gut microbial metabolic functions were found to be associ‑
ated with the adaptive evolution of gastropods from wild to cultured environments.

Conclusions Our findings provide novel insights into the dynamic processes of gut microbiota colonization in gas‑
tropod mollusks and unveil the modes of microbial transmission within their guts.

Keywords Gastropod, Gut microbiome, Microbiome dynamics, Vertical transmission, Horizontal transmission, 
Developmental stage, Biomphalaria, Intermediate host, Vector, Snail‑borne diseases

Introduction
Virtually, all animals harbor a diverse gut microflora 
that greatly influences host health and diseases [1, 2]. 
Within the animal kingdom, the phylum Mollusca is the 
second largest, with gastropods being the most diverse 
class, comprising over 75,000 snail species worldwide. 
Gastropods, such as Pomacea canaliculata and Biom-
phalaria straminea, have gained global attention as 
invasive species originating from South America [3–5]. 
Some invasive freshwater gastropods not only serve as 
carriers for parasites but also pose a potential threat 
to agricultural products worldwide, thus jeopardizing 
human health and national security [6–8]. Concerns 
have recently been raised about the potential transmis-
sion risk of parasites such as Schistosoma mansoni and 
Angiostrongylus cantonensis by B. straminea, Biompha-
laria glabrata, Biomphalaria pfeifferi, P. canaliculata, 
or Physa acuta [3, 5, 9–11]. Consequently, there is a 
call for alternative strategies to prevent such parasite 
transmission. The gut microbiota plays a crucial role in 
enhancing host immunity and nutrient digestion and 
regulating various metabolic pathways of the hosts. 
Therefore, understanding the involvement of gut bacte-
ria in host health is essential to develop potential con-
trol strategies and gain a better understanding of the 
biological characteristics of gastropods. However, there 
is a limited amount of in-depth research regarding the 
“core” gut microbes of freshwater gastropods.

Previous studies have demonstrated that the major-
ity of gut microorganisms in mammals are inherited 
vertically from their parents [12–14]. However, certain 
groups of gut microbiota, such as Bacilli and obligate 
aerobes, are predominantly acquired horizontally. In 
the case of plants, many microorganisms (bacteria and 
fungi) associated with the mother organism are trans-
mitted vertically, for example, among Glechoma heder-
acea individuals [15]. While there have been studies 
focusing on describing the gut bacteria of gastropods 
in recent years [16–19], the transmission routes of the 
gut microbiota in gastropods have mostly been over-
looked. By investigating the gut microbiota of gastro-
pod species, we can gain a better understanding of the 

relationships between gastropod hosts and their com-
mensal and/or symbiotic gut microorganisms.

Studies on adaptive evolution have mainly focused 
on the host genome or phenotypic diversity in ani-
mals [20–24], often disregarding the role of the gut 
microbiota, which also contributes to host functions 
and adaptations by providing essential resources dur-
ing adaptive evolution. The convergent gut microbiota 
observed in African cichlid fish and mammalian spe-
cies has been shown to contribute to host adaptation 
to diverse environments through the production of 
various compounds such as volatile fatty acids, high-
lighting the fundamental role of the microbiota in 
driving host adaptation processes [25, 26]. However, 
these studies have mostly examined the convergence 
of gut microbiota at a time point when the hosts have 
already fully adapted to the environment [25–27]. The 
dynamic process from initiation to convergence of host 
gut microbiota remains poorly understood. There-
fore, a central ecological question remains: how have 
the long-term dynamic changes and convergence of 
the gut microbiota in gastropods occurred during host 
evolution?

In this study, our objective is to investigate key infor-
mation about the “core” bacteria and transmission 
routes of the gut microbiota in gastropods. Specifically, 
we aim to answer the following questions:

 i. What are the “core” bacteria present in the gut 
microbiota of both wild and cultured populations 
of freshwater gastropods?

 ii. How does the gut microbiota of gastropods change 
across developmental stages?

 iii. What are the transmission modes of the gut micro-
biota in gastropods? How are the “core” bacteria 
transmitted between habitats, and how do they 
persist over a generational time scale?

 iv. Do the long-term dynamic changes in the gut 
microbiota follow the path of gastropod evolu-
tion? If so, can shifts in the gut microbiota serve as 
potential predictors of the time frame for gastro-
pod adaptation to a new environment?
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Results
Overview of collected and sequenced sample information
A total of 244 samples were collected from 7 wild or cul-
tured freshwater gastropods: Biomphalaria straminea 
(n = 190), Bellamya aeruginosa (n = 14), P. acuta (n = 10), 
Planorbarius corneus (n = 12), B. glabrata (n = 7), B. 
pfeifferi (n = 8), and P. canaliculata (n = 3). The sam-
ples were investigated via the 16S rRNA gene (V3–V4 
regions). Details about the number of samples sequenced, 
species, and generation information are shown in Addi-
tional file  1. After sequence quality control, an average 
of 48,670 (± 1101 SEM), 46,707 (± 1134), 46,651 (± 1137), 
46,384 (± 1138), 45,330 (± 1124), and 42,153 (± 1085) 
sequences were classified into kingdom, phylum, class, 
order, family, and genus, respectively, per sample.

Core Aeromonas and Cloacibacterium are common gut 
microbes and associated with different gastropod species 
and sample types
Over 50 genera of gut bacteria were identified from wild 
and cultured freshwater gastropods, with two dominant 
phyla, Proteobacteria and Bacteroidetes (Table S1; Figs. 
S1, S2). Among them, Cloacibacterium, Aeromonas, and 
Cetobacterium were consistently identified as the domi-
nant gut microbes in both cultured and wild populations. 
The top 10 gut microbes from 7 wild-caught or cultured 
gastropod species are shown in Fig. S2.

To further understand the difference between wild and 
cultured populations, we examined the “core” microbes. 
This study showed that Aeromonas, Cloacibacterium, 
and Cetobacterium were the common dominant gut 
microbes across the different gastropod species (Fig. 1a; 
Figs. S1, S2). While Aeromonas belonged to the Proteo-
bacteria phylum and Cloacibacterium belonged to Bac-
teroidetes, Cetobacterium belongs to the nondominant 
phylum Fusobacteria (Fig. S1). The median number of 
the top 20 operational taxonomic units (OTUs) belong-
ing to a unique microbe in gastropods is shown in Fig. 1b. 
A genus-level analysis revealed that Aeromonas, Cloaci-
bacterium, and Cetobacterium accounted for the major-
ity of the sequences in the gut microbiota, indicating 
their dominance in both wild and cultured populations 
(Fig.  1b; Fig. S3a). The number of OTUs belonging to 
these three genera was generally higher in cultured snails 
compared to wild snails (Fig. 1c).

Comparing the gut microbial communities at the 
genus level, this study found that wild freshwater snails 
exhibited a similar level of microbial richness as cul-
tured gastropods (Fig.  1d). The PCoA plot demon-
strated distinct clustering of gut microbial community 
structures between wild and cultured snail populations 
(Fig.  1e). Several gut microbes, such as Proteobacteria, 

Desulfovibrio, and Aeromonas, were identified as bio-
markers for distinguishing between wild and cultured 
snails using a linear discriminant analysis (LDA) and 
effect size (LEfSe) analysis (Fig. S3b). Furthermore, 
there were genus-level differences in gut microbial com-
munities of wild and cultured populations (Fig.  1c, f–i), 
although no significant difference was observed based on 
the Cetobacterium data (Fig. 1j, k).

The core microbes Aeromonas and Cloacibacterium can be 
transmitted across different habitats
The gut microbiota composition between wild and cul-
tured snails was found to differ, but they still shared core 
Aeromonas and Cloacibacterium microbes. However, 
changes in the gut microbiota of snails following trans-
fer to new habitats are not well understood. In this study, 
we investigated the changes in the gut microbiota of wild 
B. straminea gastropods (Wild) after transfer to a labora-
tory environment (WildT) within 50  days and analyzed 
the horizontal transmission of gut bacteria in freshwater 
gastropods (Table S2). We then compared the shifts in 
gut microbiota diversities and community structures of 
wild B. straminea after breeding in the laboratory. No sig-
nificant differences were found in OTU number (Fig. 2a) 
or alpha diversity (Fig. 2b) between the Wild and WildT 
groups. However, regardless of sampling locations (site 
1 or site 2), WildT snails harbored a gut microbiota that 
was compositionally distinct compared to that in wild B. 
straminea snails (Fig. 2c, d; Table S3).

At the genus level, certain bacterial taxa, such as poten-
tial pathogenic Pseudomonas and Flavobacterium, were 
more prevalent in the WildT B. straminea snails com-
pared to the wild snails (Fig. S4). However, the relative 
abundances of Aeromonas and Cloacibacterium sharply 
declined in the gut microbiota of WildT snails after they 
were transferred to the laboratory. We discovered that 
about 51.83% of the total OTUs present in the gut micro-
biota of wild B. straminea could be transmitted to the 
WildT snails (Fig. 2e). Interestingly, over 63% of the total 
OTUs observed in the Wild1T group could not be traced 
to wild snails (Fig. 2e). This suggests that the majority of 
gastropod gut microbiota undergo horizontal transmis-
sion, and a large portion of microbes originating from the 
environment or unknown sources may play a role in this 
transmission after snails are transferred to a new habi-
tat. Additionally, we identified 517 core OTUs (10.1% of 
the total OTUs) in the gut microbiota originating from 
both wild-type and WildT snails using the Venn diagram 
(Fig.  2f ). Some shared OTUs, such as OTU_1, OTU_2, 
and OTU_3 (belonging to the genera Aeromonas, Cloaci-
bacterium, and Cetobacterium, respectively), were found 
among both wild-type and WildT snails (Fig. 2g, h).
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The core microbes Aeromonas and Cloacibacterium can be 
vertically transmitted across multiple generations
In this study, we conducted experiments to investigate 
the vertical transmission of the gut microbiota in gas-
tropods. We collected wild gastropods and bred them 
in the laboratory, producing F1, F2, F3, and F4 genera-
tions. Additionally, we aimed to explore the potential 

relationship between the gut microbiota and host adapta-
tion (Figs. 3 and 4; Table S4).

We quantified the abundance, alpha diversity, and 
community structure of the gut microbiomes, revealing 
dynamic variances in the gut microbiota through verti-
cal transmission over 4 generations. No significant dif-
ference was observed in the alpha diversities of the gut 

Fig. 1 Comparison of the gut microbes in wild and cultured gastropod samples. a Venn diagram of the “core” microbes shared in wild‑caught 
and cultured freshwater gastropods. At the genus level, 3 microbes that were shared among all snail species were defined as core microbes. b Rank 
abundance plot of the top 20 OTUs in wild and cultured gastropods. Core indicates sequences of core microbes. Noncore indicates sequences 
of noncore microbes but without unknown sequences. c Comparison of the OTU number of “core” microbes between wild and cultured samples. 
d Shannon diversity. e Distances shown in the PCoA plot are based on binary Jaccard. f–g Relative abundance and PCA are based on Aeromonas. 
h–i Relative abundance and PCA are based on Cloacibacterium. j–k Relative abundance and PCA are based on Cetobacterium. Cultured snails refer 
to the laboratory snail reared under laboratory conditions
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microbiota between the F1 and F2 generations and the 
wild snails (maternal snails) (P > 0.05) (Fig. 3a–d). How-
ever, significant shifts in bacterial community structures 
were observed in the offspring (Fig. 3e, f and Table S5).

Notably, the alpha diversities and community struc-
tures of the gut microbiota changed significantly in 
the F3 and F4 generations, gradually resembling those 
observed in cultured populations (Fig. 3b, d, e, f ). Inter-
estingly, the wild, F1, F2, and F3 populations exhib-
ited significantly different gut bacterial compositions 
(P < 0.05), while the F4 and the combination of the F3 and 
F4 generations showed a gut microbiota similar to that 

of the laboratory gastropods (P > 0.05) (Fig.  3a–e; Table 
S5). Furthermore, UPGMA cluster analysis demonstrated 
convergent gut microbial structures in the F3, F4, labo-
ratory B. straminea (BSlab), and laboratory P. corneus 
(PlClab) populations, distinct from the clusters of the F1, 
F2, and wild gastropod clusters (Fig. 3g, h). In addition, 
there was a significantly different gut microbiota com-
position in WildT snails compared to the wild and BSlab 
snails (Fig. 3i; Tables S3 and S5).

We then analyzed the shifts of microorganisms from 
wild to cultured gastropod populations and investigated 
the differences in gut bacterial composition between 

Fig. 2 Horizontal transmission of the gut microbiota in gastropods. a Rarefaction analysis of observed OTUs for the gut microbiota of Wild 
and WildT populations. b Shannon index. c–d PCoA of the gut microbiota among populations. e Shared and unique OTUs between Wild and WildT 
populations, between Wild1 and Wild1T, and between Wild2 and Wild2T. f Venn diagram showing shared and unique OTUs among the populations. 
g Sankey diagram showing the core microbes among the populations. h Shared OTUs belonging to core microbes. Wild, wild‑caught snails. WildT, 
WildT1, and WildT2, wild‑caught snails being transferred to the laboratory. Wild1 and Wild2 represent sampling site 1 and site 2 in field studies
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mothers and offspring. For this part, we defined gut 
microbes in wild gastropods as the “wild” microbiome, 
while features in the gut of cultured snails were defined 
as “cultured” microbes. We observed an increasing trend 
of shared bacteria in snails reared in a cultured environ-
ment and a decreasing trend in the number of unique 

bacteria (Fig.  4a). Except for the F1 generation (the 
maternal of F2), less than 50% of the total OTUs harbored 
in maternal gastropods are vertically inherited by the off-
spring (Fig. 4b, Fig. S5), indicating that only a proportion 
of the gut microbiota in gastropods is vertically transmit-
ted from mother to offspring. Notably, the number of 

Fig. 3 Overview of vertical shifts of gut microbes in gastropods over generations. a–b Rarefaction analysis of observed OTUs. c–d Shannon index. 
e–f PCoA was conducted based on the binary Jaccard dissimilarity among groups. g–h UPGMA analysis was conducted based on Bray–Curtis 
distance. i PCoA was conducted based on the binary Jaccard dissimilarity among groups. Cultured snails refer to the laboratory snails cultured 
under laboratory conditions
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total and unique gut bacteria in mothers and offspring 
declined sharply, while there was a small change in the 
shared microbes (Fig. 4c). Furthermore, the proportion of 

shared OTUs in the gut microbiota between mothers and 
offspring became increasingly similar to that of cultured 
snails, while the percentage of unique OTUs gradually 

Fig. 4 Overview of the vertical transmission of the gut microbiota among wild‑caught and laboratory‑bred individuals among gastropod lineages. 
a Overview of vertical shifts of gut microbes in gastropods. b Percentage of OTUs transmitted to offspring snails. For example, the left frame shows 
that 37.7% of total OTUs from wild snails can be transmitted to the F1 generation population. c–d The number and proportion of OTUs are shared 
or unique to sample types, compared with cultured BSlab snails. e Percentage of OTUs among populations that can be traced to maternal snails. 
f–g The number and proportion of OTUs are shared or unique to sample types, compared with wild‑caught snails. h Percentage of OTUs shared 
with wild snails. i Sankey diagram showing the core microbes among populations. j Ridgeline chart showing the distribution shifts among the top 
gut microbes in gastropods over generations. Cultured snails refer to the laboratory snails cultured under laboratory conditions
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decreased (Fig.  4d). Over successive generations, only 
44.3 to 70.7% of OTUs harbored by offspring could be 
traced back to mother snails, with an increasing trend 
(Fig. 4e).

To further evaluate the transmission routes of gut 
microorganisms in gastropods, we compared the 
dynamic shifts of gut bacterial composition in snails 
reared in laboratory environments with those of wild-
caught populations. The number of shared and unique 
OTUs housed in the gut of offspring snails was sharply 
reduced compared to that of wild gastropods (Fig.  4f ). 
Conversely, the unique microbes increased in wild snails 
compared to their offspring. However, the percentage of 
gut microbes in offspring decreased gradually, which dif-
fered from the proportion of shared OTUs in descend-
ants (Fig. 4g, h). Finally, we found that the distribution of 
the gut microbes Aeromonas and Cloacibacterium was 
more persistent and dispersed from wild snails to their 
offspring, while other microbes, such as Cetobacterium, 
only appeared at certain generations with a high relative 
abundance but were not persistent (Fig. 4i, j).

The evolution and shifts of gut microbiota through vertical 
transmission over multiple generations are associated 
with distinct bacterial signatures
While some offspring of wild snails were able to success-
fully adapt to new habitats, others were unable to adapt 
to the cultured environment and became sick, eventually 
dying [28]. We found that nonadaptable snails harbored 
compositionally distinct gut microbiota compared to 
adaptable offspring and cultured snails (Fig. 5a, b; Table 
S6). However, the Shannon diversity value of gut micro-
biota in nonadaptable snails was similar to that of the 
adaptable group (Fig.  5c, d). Additionally, we observed 
significant variations in the abundance of certain bac-
terial taxa in nonadaptable B. straminea, such as Aero-
monas, Cloacibacterium, Bacteroides, and Acinetobacter 
(Fig. 5e, f ).

Nevertheless, it remains unclear how the gut micro-
biota of gastropods undergoes changes from the wild to 
cultured environments. Therefore, we further examined 
the potential metabolic functions of the gut microbiota 
in wild and cultured populations using FAPROTAX 
[29]. Our findings showed that after being moved from 
the wild into the laboratory, OTU functions in cultured 
gastropods converged and became enriched over genera-
tions, leading to their metabolic compositions becoming 
similar to those of cultured snail gut microbiota (Fig. 5g, 
h). Nonadaptable populations exhibited a more diverse 
microbial flora with lower diverse metabolic functions 
than adaptative snails. The microbial metabolic composi-
tion of the F2, F3, and F4 generations, as well as cultured 
snails, clustered under the same branch, which showed a 

higher metabolic functional abundance of animal micro-
flora including possible parasites or symbionts, nitrate 
reducers, chemoheterotrophs, and fermenters (Fig.  5i). 
The F1 generation, as well as wild and nonadaptable gas-
tropods, harbored similar microbial metabolic function 
collections. Despite the fact that nonadaptable snails 
harbored a similar array of dominant taxonomic micro-
bial metabolites compared to cultured hosts (Fig. 5h), the 
relative abundance of other gut microbial functions, such 
as human pathogens, nosocomial organisms, and chlo-
rate reducers, was similar to that of wild samples (Fig. 5i). 
Furthermore, we found that the balance of microbial 
interactions of core microbes in nonadaptable snails was 
disrupted, with the highest ratio of positive/negative 
edges (15.7) in their gut microbiota (Table S7).

The core microbes Aeromonas and Cloacibacterium are 
transmitted across different developmental stages
We utilized the gastropod B. straminea as a model to 
conduct a longitudinal investigation of gut microbiomes 
across different life stages, collecting a total of 58 sam-
ples from 0-day-old (egg) to 450-day-old individuals. Life 
stages of B. straminea were defined as egg, youth, adult, 
and older groups based on age and reproductive capacity. 
Details of collected samples from important life stages 
are presented in Table S8.

Our analysis revealed an overall increasing trend of 
bacterial diversity from the egg stage to the older stage 
(Fig.  6a, b), as well as from 0  days old to 450  days old 
(Fig. S6). The gut microbiota from older snails exhib-
ited the highest diversity, followed by the adult stage and 
youth stage, while the egg stage had the lowest richness 
(P < 0.05). The PCoA plot revealed a significant shift in 
community membership and structure from egg samples 
to the older stage, with older snails displaying a more dif-
fuse distribution of gut bacterial communities (Fig. 6c, d; 
Table S9).

To examine core microbes across life stages, we ana-
lyzed the relative abundances of the predominant taxa. 
Proteobacteria was identified as the most abundant phy-
lum in the microbiome across developmental stages, fol-
lowed by Bacteroidetes, which together accounted for 
over 80% of the total sequences belonging to these two 
phyla (Fig. S7a). The prevalent microbial families and 
genera within B. straminea microbiota communities are 
presented (Fig. S7b, c). Notably, the genera Aeromonas 
and Cloacibacterium were consistently distributed 
across important developmental stages. Interestingly, the 
genus unidentified Rhizobiaceae dominated specifically 
in the egg stage, with a relative abundance greater than 
60% compared to other stages. In addition, various gut 
microbial markers exhibited variations in different devel-
opmental stages (LDA score > 4; Fig. S8). For instance, 
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among the top 20 microbes in the youth stage, the genera 
Aeromonas, Cloacibacterium, Dechloromonas, Hydrog-
enophaga, Phreatobacter, and Pedobacter were identified 
as stage dependent.

We further investigated the distribution of microbes 
during different developmental stages in gastropods and 
examined the longitudinal and life cycle shifts of core gut 

microbes. Additionally, we compared the composition 
of the gut microbiota between maternal snails and their 
offspring to gain a more comprehensive understanding. 
In our analysis, we found that, on average, 110 shared 
OTUs were identified in the egg stage when compared to 
maternal snails (Fig. S9a). Furthermore, we observed 352 
shared OTUs between maternal snails and their offspring 

Fig. 5 Shifts of gut microbiota are associated with metabolism over generations in gastropods. a–b PCoA on gut microbiota. c Shannon index 
of gut microbiota. d OTUs analysis of gut microbiota. e Gut microbiota showing at the genus level. f Differential gut bacterial taxa analyzed 
by LEfSe analysis with LDA score > 4 between groups. g PCoA on metabolism composition of gut microbiota among groups. h Relative abundance 
at metabolism levels in gut microbiota among groups is observed using FAPROTAX. i A heatmap of the relationship between metabolic 
functions and evolutionary process of gut microbiota enriched in gastropod populations. Cultured snails refer to the laboratory snails cultured 
under laboratory conditions
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across life stages (Fig. S9b). The proportion of shared 
OTUs derived from maternal samples was approximately 
48.2% in eggs and 40.16% in different-age snails (Fig. 6e, 
f ). Interestingly, the proportion of shared OTUs in older 
snails was lower than that in younger ones (Fig. 6f ).

We then investigated what types of gut microbes 
were consistently transmitted across generations and 
life cycles. The presence (with a relative abundance 
greater than 1%) and absence of gut microbiota are 

shown (Fig.  6g). The genera Aeromonas and Cloacibac-
terium were present in both maternal and egg samples 
and consistently appeared at all stages of the gastropod 
life cycle. This indicates that these two genera could be 
vertically and longitudinally transmitted during the gas-
tropod life cycle. However, other microbes, such as uni-
dentified Rhizobiaceae and Rheinheimera, only appeared 
at certain stages, such as the egg stage, and were absent 
in subsequent stages. We referred to these microbes 

Fig. 6 Overview of the longitudinal shifts of gut microbes across developmental stages in gastropods. a Rarefaction analysis of observed 
OTUs. b Shannon index. c–d PCoA based on the binary Jaccard dissimilarity among groups. e–f Percentage of OTUs that were unique 
or shared between snail population. g Longitudinal investigation patterns of gut microbes in gastropods with > 1% relative abundance. h 
OTUs belong to Aeromonas. i OTUs belong to Cloacibacterium. The blue and white frames represent the presence and absence of microbes 
during developmental stages or age points, respectively. Cultured snails refer to the laboratory snails cultured under laboratory conditions
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as stage-associated organisms. Additionally, certain 
microbes, such as Dechloromonas, Thermus, and Eliza-
bethkingia, appeared only at specific stages, further sup-
porting their classification as stage-associated organisms.

By analyzing the 114 shared OTUs depicted in the 
Venn diagram (Fig. S9c), we conducted a more detailed 
examination of the order and timing appearance across 
developmental stages for the shared OTUs belonging to 
the genera Aeromonas and Cloacibacterium (Fig.  6h, i). 
For example, OTU_2, 16, 2094, and 2364 clustered under 
the genus Aeromonas and were consistently observed 
across generations and life cycles. In contrast, other 
OTUs, such as OTU_46 and 8290, appeared only at spe-
cific stages or during different ages.

A predictive model for gastropod adaptation utilizing gut 
microbiota signatures
We observed a convergence of the gut microbiota of 
cultured snails (Mollusca:Gastropoda), with increasing 
similarity in alpha diversities (Fig. S10a) and convergent 
bacterial community structures (Fig. S10b). To explore 
the relationship between snail species, we constructed 
a nearest neighbor tree using CO1 gene sequences of 
snail species collected from South China or referenced 
on NCBI (Fig. S10c). We identified thirty bacterial gen-
era as potential predictors for distinguishing nonadapt-
able B. straminea from locally cultured snails using a 
random forest model (Fig. S10d–g). Among these, spe-
cific gut bacterial biomarkers such as OTU_2094 (genus: 
Aeromonas) were considered independent variables. In 
general, our findings may suggest that changes in the gut 
bacterial signatures across generations are associated 
with the snail’s adaptation to the new environment.

Discussion
The diversity and community of the gut microbiota are 
extremely important for host development and health 
[12, 30]. Currently, our knowledge about gut microbiota 
transmission mainly derives from studies on mammals 
[14, 31]. Gastropoda comprises the largest number of 
species among mollusk classes. In recent years, scien-
tists have focused on the bacterial diversity and microbial 
community composition in gastropods [16, 17, 32]. How-
ever, our understanding of the comprehensive role of the 
gastropod gut microbiota remains insufficient.

Our study showed that “core” Aeromonas and Cloaci-
bacterium are consistently associated with various 
gastropod species and sample types. For example, the 
gastropod B. straminea successfully invaded China and 
colonized the Hong Kong area and Guangdong Province. 
B. straminea, B. glabrata, and B. pfeifferi are important 
organisms for studying interactions between the schis-
tosome parasite S. mansoni and its intermediate hosts, 

which are distributed in both wild and cultured environ-
ments [33–38]. Therefore, understanding the role of the 
gut microbiota in both wild and cultured populations of 
the host is essential. Our study identified highly diverse 
gut microbial communities in both laboratory-bred and 
wild-collected gastropods, similar to the results of previ-
ous studies on arthropods [39] and mammals [14]. These 
findings further emphasize the importance of considering 
the role of the gut microbiota when conducting experi-
ments associated with wild and cultured gastropods.

In addition, the gastropod gut microbiota in both wild 
and cultured populations was dominated by Proteobac-
teria and Bacteroidetes, a result that differs from the 
dominant taxa reported in mosquitoes [40, 41], fishes 
[42], pigs [43], and mice [14, 44]. Core microbes play 
important roles in the growth performance, production, 
and health during the host’s development [43]. Previous 
studies have also shown that the genera Aeromonas and 
Cloacibacterium were primarily abundant members of 
the gut microbiota in the gastropods such as Theodoxus 
fluviatilis [17] and P. canaliculata [45]. In herbivorous 
and nonherbivorous freshwater snails such as Planor-
bella trivolvis, Aeromonas and Cloacibacterium were the 
most abundant gut microbes [46], which is consistent 
with our findings. However, further research is necessary 
to fully understand the role of the core microbes in the 
gut microbiota of gastropods.

Our study is the first to reveal the modes of transmis-
sion of the gut microbiota in gastropods. The dynamics 
of gut microbiomes influence host health and adapta-
tion. Transmission modes of gut bacteria in mammals, 
such as humans [30, 47, 48] and mice [2, 14], have been 
extensively studied, but very few studies have been con-
ducted on the gastropod gut microbiota. In mammals, 
the majority of the gut microbiota is vertically inherited, 
but a minority of the gut microbiota is horizontally trans-
mitted. Interestingly, our study revealed that the majority 
of the gut microbiota can be horizontally transmitted in 
gastropods. Previous studies have shown that 30 to 70% 
of total gut microbes in offspring (mammals) could be 
traced to the mother [48–52], and that the majority of 
the murine gut microbiota was vertically inherited [14]. 
Additionally, 15% of gut viral communities in offspring 
were acquired from their maternal gut microbiota [48]. 
These studies revealed that certain gut microbiomes 
observed in offspring could be vertically transmitted 
from their mother in mammals. In this study, we found 
that the wild gut microbiota in gastropods could be 
maintained for only 2 generations in a nonsterile labo-
ratory environment before gradually converging to the 
gut microbiota of cultured species in the F3 or F4 gen-
erations. These findings were different from the results of 
previous studies, which showed that the gut microbiota 
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of wild mice could maintain the wild microbiota for 4 
or over than 10 generations in a specific pathogen-free 
(SPF) environment [2, 14]. We believe that environmen-
tal factors may be an important factor inducing these dif-
ferences because environmental factors dominate host 
genetics in shaping the gut microbiota [53]. Most gas-
tropod gut microbiota may be transmitted horizontally, 
implying that the gastropod gut microbiota may be more 
easily influenced by environmental factors than by host 
genotype. In total, our findings showed that certain gut 
microbiota, such as Aeromonas and Cloacibacterium, can 
be persistently vertically transmitted, while the majority 
of the gut microbiota is not vertically transmitted in a 
non-sterile environment.

Convergent evolution of microbiota has been observed 
in both vertebrates (such as fishes [25] and mammals [26, 
54, 55]) and invertebrates (such as insects [56, 57]). Hosts 
can benefit from volatile short-chain fatty acids (SCFAs) 
produced by convergent microbiota to adapt to environ-
mental stress [25, 26]. Our study suggests that metabolic 
functions may play a role in driving the convergent evo-
lution of gastropod gut microbiota, based on differences 
in gut microbiota between wild and laboratory snails. We 
found that the environment may be the primary driver 
of convergence in the gut microbiome across gastropod 
genotypes, rather than host genetics [53]. However, fur-
ther research is needed to understand how microbiota 
shifts are shaped by environmental factors. Our study 
implied that the convergent evolution of gut microbes 
contributed to the adaptative evolution of gastropods, 
and that the convergent evolution of the gut micro-
biota among gastropod species may be determined by 
metabolic functions such as chemoheterotrophy, nitrate 
reduction, and fermentation. Overall, the convergence in 
the gut microbiota indicates a potential selective pressure 
leading to similar microbial composition and community 
structures among cultured snails.

Coevolution and the hologenome are important con-
cepts for understanding the mechanisms underlying 
host-microbiome interactions [58, 59]. These concepts 
emphasize the intimate relationship between the gut 
microbiota and its host, as well as the influence of host 
genetics on the gut microbiota composition and the abil-
ity of the gut microbiota to enhance host defense against 
pathogens. Rapid shifts in the gut microbiota, distinct 
from the gut microbiota of wild animals, were identi-
fied during human evolution [58, 60], suggesting that the 
link between gut microbiota and host adaptability may 
be associated with speciation [59]. Previous studies have 
demonstrated that host-microbiome interactions could 
affect both health and fitness [58], and the gut microbiota 
between healthy and unhealthy hosts is significantly dis-
tinct. The transmission modes of gut microbiota occurred 

with host evolution [14, 58]. Therefore, it is hypothesized 
that the transmission modes of gut microbiota, includ-
ing vertical and horizontal transmission, may reflect the 
current evolutionary status of the host. The transmis-
sion mode of the gut microbiota may be associated with 
host adaptation. Our study revealed that most of the gut 
microbiota in gastropods can be horizontally transmit-
ted, which is consistent with previous research [14]. Our 
data also showed that in laboratory snails, the abundance 
of potential pathogenic microorganisms became higher 
than that of wild-captured snails. Moreover, the survival 
rate of laboratory-bred wild snails sharply decreased, 
showing a positive association with the level of gut 
microbiota via horizontal transmission. An increase in 
potential pathogenic microbes may lead to higher mor-
tality in the wild populations after being transferred to a 
new habitat. In addition, we revealed a trend in which a 
majority of “wild” gut microbes were removed, with the 
gut microbiota eventually becoming similar to the “cul-
tured” gut bacteria after 3 to 4 generations. Finally, the 
“reserved” (vertically transmitted) gut microbiota in the 
offspring of wild snails showed a higher relative abun-
dance of the microbes Aeromonas and Cloacibacterium, 
similar to those found in cultured snails. Host health is 
associated with transmission modes of gut microbiota 
in gastropods, especially vertical transmission. In short, 
vertical transmission, not horizontal transmission, may 
drive the convergent evolution of the gut microbiota to 
promote host health.

We have identified core gut microbes in snail guts that 
are shared across different snail species and persist across 
multiple generations. Our study also revealed a reduced 
gut microbial diversity in snail offspring, particularly in 
terms of unique gut bacteria. In successive generations 
of snail offspring, we observed a gradual increase in the 
abundance of the shared microbe Aeromonas, which dif-
fered from the pattern observed for the shared microbe 
Cloacibacterium. Additionally, we found that some bac-
teria shared among the offspring were also present in the 
cultured snails. Previous studies have shown that benefi-
cial interactions and strain variability help maintain core 
gut microbial communities [42]. Therefore, the abun-
dance of core microbes such as Aeromonas in snail off-
spring may benefit from the decrease in unique bacteria. 
However, the trends observed for other core microbes, 
such as Cloacibacterium, are different and show high 
relative abundance in different generations. Further stud-
ies are needed to understand the evolutionary aspects of 
gut microbiota, especially core microbes, across multiple 
generations in snails.

In freshwater gastropods, core gut microbes were 
found to be associated with various developmental 
stages. The gut microbiota in mammals is influenced by 
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various factors [53]. For example, studies have revealed 
that the genera Prevotella, Bacteroides, and Rumino-
coccaceae are the three dominant gut taxa in humans 
[61–63], although their abundances differ in mice [64, 
65]. Rats, on the other hand, harbored diverse gut bac-
teria including Lactobacillus and Enterobacteriaceae [66]. 
The gut microbiota of rhesus macaques contains Prevo-
tella, Campylobacter, and Lachnospiraceae, and the rel-
ative abundance of these gut microbes is related to age 
[67]. These mammals shared one or more microbes as 
the dominant gut taxa. Similarly, African cichlid fishes 
and zebrafish [25, 68, 69] have Cetobacterium as the most 
prevalent genus in their gut microbiota, with diet variety 
playing a role in maintaining the core gut microbial com-
munities [42], The microbes Pseudomonas, Pseudoaltero-
monas, and Luteibacter were dominant bacterial genera 
in the midgut of Ae. aegypti [56]. Previous studies have 
revealed that the phylum Bacteroidetes and genus Flu-
viicola were the dominant bacteria in B. glabrata [18], 
while others [70] found that Aeromonas, Citrobacter, and 
Enterobacter were the dominant genera in B. glabrata. 
Although B. straminea and B. glabrata belong to the 
same genus, their microbiota community composition is 
different. In gastropods, the strain, abundance, and diver-
sity of core microbes may be influenced by host genet-
ics, diet, habitat, and developmental stage. However, the 
distribution of “core” microbes in the gut of gastropods 
across developmental stages is unclear.

Previous studies have classified gut microbes appear-
ing at certain stages during longitudinal development as 
“passengers,” while those persistently present from birth 
to adulthood are called “residents” [43]. Our study first 
revealed that the genera Aeromonas and Cloacibacte-
rium are persistently present throughout the lifespan 
of snails and are detected in all developmental stages. 
However, other bacterial gut residents, such as the domi-
nant genera unidentified Rhizobiaceae, only appeared 
at certain stages or developmental time points, indicat-
ing a mode of horizontal transmission [14]. Currently, 
there is limited research on longitudinal investigations 
of gastropod gut flora at different developmental stages. 
Previous studies focused on describing the gut microbio-
tas of adult snails, including the diversity, richness, and 
predicted metabolic functions [70–75]. Our study first 
examined the microbiota in B. straminea throughout its 
life cycle, including maternal, egg, youth, adult, and older 
stages. We observed an overall increasing trend in bacte-
rial alpha diversity across different developmental stages 
in the gastropods, which aligned with previous findings 
in the gut microbiome of swine [43, 76]. In this study, 
the gastropod gut microbiota of older-stage gastropods 
showed the highest relative abundance among develop-
mental stages, possibly due to environmental factors [53]. 

Our results indicated that core microbes were associ-
ated with specific gastropod developmental stages and 
may play critical roles in host physiology and develop-
ment. We also found that the gut bacteria Aeromonas 
and Cloacibacterium in offspring during select stages of 
development could be traced to maternal snails, confirm-
ing the vertical transmission and longitudinal distribu-
tion of core microbes during the life cycle of gastropods. 
Our findings shed light on the persistent transmission of 
specific gut microbes throughout gastropod generations 
and life cycles. Overall, our findings highlight the per-
sistent transmission of specific gut microbes throughout 
gastropod generations and life cycles, suggesting their 
potential importance in host physiological processes.

Our research provides evidence for the potential 
development of strategies aimed at controlling invasive 
gastropods through the manipulation of gut microbes. 
Pathogenic microorganisms that cause harm to the host 
by enhancing virulence are mostly transmitted horizon-
tally [14, 77, 78]. Dysbacteriosis of the gut microbiota 
has previously been shown to lead to sickness or death 
in hosts [79, 80]. Invasive alien species (IAS) may pose 
a significant threat to both human health and national 
security [6, 8], with the absence of efficient natural preda-
tors being one of the key issues faced by control strate-
gies for IAS [8, 81]. Biocontrol remains a hopeful strategy 
for controlling invasive species in ways that are friendly 
to the environment [82, 83]. Our findings suggest that 
disturbing the homeostasis of the gut microbiota to iden-
tify the potential pathogenic microbes that are correlated 
with host nonadaptation could serve as a potential strat-
egy for controlling invasive snails. In addition, previous 
studies have revealed that certain gut bacteria found in 
mosquitoes, such as Serratia bacterium strain (AS1) [84] 
and Serratia ureilytica (Su_YN1) [85], could be potential 
weapons for blocking malaria transmission. These gut 
microbiota can disseminate through mosquito popula-
tions by vertical and horizontal transmission. Similarly, 
the common core gut microbes Aeromonas and Cloaci-
bacterium found in freshwater gastropods, which serve 
as intermediate hosts of schistosomes, can also be ver-
tically and horizontally transmitted. However, the rela-
tionship between these core microbes and the biological 
aspects of their hosts requires further study.

Whether the loss of diversity in gut microbiome in 
snail offspring is associated with environments or diets 
is unclear. Firstly, Aeromonas and Cloacibacterium are 
bacteria originally found in aquatic environments [86–
89]. Environment plays an important role in the sources 
of gut microbiota in organisms [41, 90–92]. Mosqui-
toes acquire most gut bacteria during the larval stage, 
which is associated with the water-environmental 
microbes [41]. Secondly, previous studies have revealed 
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that diet can significantly affect the composition and 
structures of gut microbiota in hosts [93–95]. Our pre-
vious study has shown that diet change can decrease 
the diversity of snail gut microbiota [96]. Last but not 
the least, the snails reared under laboratory conditions 
were maintained with sterile food. In total, although 
the relationship between gastropod gut microbiota and 
environmental bacteria is not well-studied, we thought 
that microorganisms in the environments may be 
important factors affecting the changes of gut micro-
biota in offspring snails. The sources of snail gut micro-
biota may provide a basis for the understanding of the 
biological characteristics of gastropods.

Finally, P. canaliculata, B. straminea, and Achatina 
fulica are significant invasive snails that play a crucial 
role in transmitting parasites such as A. cantonensis or 
S. mansoni, thereby contributing to the dissemination of 
infectious diseases [97]. As a result, it is crucial to con-
tinuously monitor the spread of these invasive snails and 
implement effective control strategies. However, due to 
environmental concerns, high toxicity to nontarget ani-
mals, and exorbitant costs, chemical molluscicides are 
not widely used [5, 98]. Consequently, there is an urgent 
need for low-toxicity and environmentally friendly tools 
to control parasite-transmitting snails. Biological con-
trol, which involves the use of specific gut microbiota or 
microorganisms, has emerged as a promising approach 
for the management of IAS and pathogens [5, 84, 99–
101]. This study revealed the modes of microbial trans-
mission in the guts of gastropod mollusks and showed 
that core gut microbes Cloacibacterium and Aeromonas 
associated with different gastropod species could be 
persistently transmitted across multiple generations. 
Similarly, the gut microbiota of mosquitoes, includ-
ing the AS1 [84] and Su_YN1 [85], can be horizontally 
transmitted through mating and vertically transmitted 
by adhering to eggshells, offering a promising approach 
to combat diseases like malaria. Therefore, investigating 
the transmission mode of gut microbiota in vector snails 
may provide valuable insights into the distribution and 
transmission patterns of important gut microbes. This 
knowledge has the potential to enhance our understand-
ing and control of snail-borne diseases by targeting inter-
mediate hosts, presenting a novel and environmentally 
friendly approach for prevention and control. Neverthe-
less, further research is required to fully explore these 
possibilities.

Conclusions
We conducted a long-term and multigenerational experi-
ment to reveal the transmission routes of the gut micro-
biota in gastropods from wild populations and cultured 

generations. Our results revealed several important 
findings:

(a) The gut microbiota of wild and cultured gastropods 
differ significantly, with the core gut microbes Aero-
monas and Cloacibacterium associated with differ-
ent gastropod species.

(b) Horizontal transmission accounted for the majority 
of gut microbiota transmission in gastropods, but 
less than 50% of the gut microbiota could be ver-
tically transmitted in a nonsterile environment, on 
average.

(c) Under nonsterile conditions, the wild gastropod gut 
microbiota could be maintained for up to 2 genera-
tions, after which the gut microbiomes in the F3 
and F4 generations became similar to those of cul-
tured snails.

(d) The convergent evolution of the gut microbiota 
may contribute to the adaptive evolution of gastro-
pods from wild to cultured environments, and this 
was associated with metabolic functions.

(e) Vertical transmission, rather than horizontal trans-
mission, drove the convergent evolution of the gut 
microbiota, promoting host health. This suggests 
that shifts in the gut microbiota community struc-
ture can serve as potential indicators of the level or 
current status of host health.

(f ) The core microbes Aeromonas and Cloacibacte-
rium were found to be vertically transmitted across 
multiple generations and longitudinal transmitted 
across developmental stages.

This study provides novel insights into the dynamic 
process of gut microbiota development during adaptive 
evolution and across host developmental stages. Further-
more, it experimentally reveals the transmission modes 
of gut microbiota in gastropods.

Materials and methods
Sample collection and study design
To investigate the differences in the gut microbiota 
between wild and cultured freshwater gastropods, field 
studies were conducted. Adult snail species including B. 
straminea, B. aeruginosa, P. acuta, P. corneus, and P. can-
aliculata were collected from various sites in Hong Kong, 
Guangdong, and Guangxi in southern China between 
2017 and 2018. A total of 44 wild snail samples were col-
lected from Guangxi, Guangdong, and Hong Kong (Fig. 
S11), and the number of collected snails was counted. 
The geographic coordinates of all surveyed sites were also 
documented using a handheld Global Positioning System 
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(GPS) device. Upon collection, the wild snails were trans-
ferred to the laboratory and immediately dissected.

Cultured snails including B. straminea, B. glabrata, 
B. aeruginosa, B. pfeifferi, P. acuta, and P. corneus were 
also collected for comparison. Cultured B. straminea 
and P. acuta were obtained from Shenzhen, China, and 
had been maintained in laboratory conditions for over 
10 years. Cultured B. glabrata was introduced from the 
University of Bristol School of Veterinary Sciences in the 
UK and had also been reared in laboratory conditions 
for over 10 years. Cultured B. aeruginosa snails were col-
lected from Guangzhou, China, more than 8  years ago 
and subsequently cultured in the laboratory.

To investigate the long-term shift processes and trans-
mission modes of gut microbiota in gastropods, we 
transferred wild gastropod snails into the laboratory 
environment and reared them under controlled condi-
tions. Gut samples were immediately collected from 
these wild snails, as well as from their offspring over mul-
tiple generations. We detected shifts in the gut micro-
biota in wild gastropods after transfer and analyzed the 
evolution of the gut microbiomes in subsequent gen-
erations of wild snail offspring. Finally, we compared the 
differences in gut microbiota among wild snails, their off-
spring, and cultured populations.

Snail husbandry and identification
Wild-caught snails collected from southern China were 
transferred to the Department of Parasitology at Sun Yat-
sen University. Benjamin Sanogo, a researcher from Mali, 
provided us with DNA samples of B. pfeifferi. The snails 
were fed sterile food that was obtained through autoclave 
sterilization. They were housed in an aquatic tank filled 
with dechlorinated tap water, which was replaced every 
2  days. The temperature was maintained at 25 to 27  °C 
with 80% relative humidity (RH) and a 12:12 h (L:D) light 
cycle. We monitored the health of the snails and their off-
spring by assessing the survival rate and mortality. Mor-
phological observation of the wild snails was performed.

The identification of snail species relies primarily on 
morphological characteristics, and molecular biology 
techniques are used as necessary. The molecular identi-
fication is based on the CO1 gene to identify snail spe-
cies. To extract total DNA, we used the HiPure DNA 
Mini Kit (Magen, China) on the head-foot tissue of the 
snail. The CO1 gene primer set (forward: 5′-GGT CAA 
CAA ATC ATA AAG ATA TTG G-3′, reverse: 5′-TAA ACT 
TCA GGG TGA CCA AAA AAT CA-3′) was employed for 
PCR amplification. The PCR products were evaluated 
using agarose gel electrophoresis (1.5% gel) and purified 
according to the manufacturer’s instructions with the 
agarose gel DNA purification kit (TaKaRa, China). The 
PCR conditions were as follows: initial denaturation at 

94 °C for 5 min, followed by 30 cycles of 94 °C for 50 s, 
annealing at 55  °C for 50  s, extension at 72  °C for 50  s, 
and a final extension at 72  °C for 10  min. The obtained 
CO1 sequences were aligned and concatenated with 
sequences from the National Center for Biotechnology 
Information (NCBI) databases (https:// www. ncbi. nlm. 
nih. gov/). The alignment was performed using the neigh-
bor-joining method with 1500 nonparametric bootstrap 
replicates in MEGA7 (version 7.0.18) [102].

Intestine isolation
To isolate the intestine, the whole snail was surface 
washed in sterile water for 30 s and washed three times 
in separate sterile dishes. Subsequently, the snails were 
rinsed in sterile phosphate-buffered saline (PBS) for 15 s. 
The shell was removed to access the body tissue of the 
snail (Fig. S12), which was then rinsed twice with sterile 
PBS for 15 s. After this procedure, the body was placed 
in a sterile dish and dissected to isolate the intestine. All 
dissections and sample collections were conducted under 
consistent sterile conditions. The collected samples were 
stored at − 80 °C for further study.

DNA extraction, amplification, library preparation, 
and sequencing of 16S rRNA genes
Each intestinal sample from the snails comprised either 
one gut or two guts. Each egg sample included 3 egg 
masses. The gut sample was homogenized into suspen-
sion using a tissue homogenizer. Total DNA was then 
extracted from both egg and gut samples using the 
HiPure Bacterial DNA Kit protocol (Magen, China). The 
quality and quantity of the extracted DNA were exam-
ined using a NanoDrop (Thermo Scientific, USA). The 
total genomic DNA was then suspended in 30-μl nucle-
ase-free buffer and stored at − 80  °C until further stud-
ies. The concentration and purity of the total DNA were 
monitored on 1% agarose gel electrophoresis.

Next, the hypervariable region (V3–V4) of 16S rRNA 
genes was amplified for each sample using universal-spe-
cific primers. The bacterial 341F/806R primer sets were 
used: forward 5′-CCT AYG GGRBGCASCAG-3′ and 
reverse 5′-GGA CTA CNNGGG TAT CTAAT-3′ [103]. 
The PCR cycling conditions included an initial denatura-
tion step at 98 °C for 1 min, followed by 30 cycles of 98 °C 
for 10  s, 50  °C for 30  s, and 72  °C for 30  s, with a final 
extension step at 72 °C for 5 min. A single PCR was made 
for each sample. The PCR products were visualized on 
2% agarose gel electrophoresis and purified based on the 
manufacturer’s instructions for the Qiagen Gel Extrac-
tion Kit (Qiagen, Germany).

Sequencing libraries for 16S rRNA gene sequencing 
were generated according to the TruSeq DNA PCR-Free 
Sample Preparation Kit protocol (Illumina, USA). The 

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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library quality was assessed on the Qubit 2.0 Fluorometer 
(Thermo Scientific) and Agilent Bioanalyzer 2100 system. 
The V3–V4 regions of the 16S rRNA gene library were 
then sequenced on an Illumina HiSep PE250 platform 
constructed by Novogene (Beijing, China), generating 
paired-end reads.

Bacterial data analysis
To analyze the bacterial data, sequence assembly [104], 
data filtration [105, 106], and chimera removal steps [107, 
108] were performed to obtain effective sequences. The 
raw 16S rRNA sequences were processed using QIIME 
(version 1.9.1). Sequences with 97% or greater similarity 
were assigned to the same OTUs using UPARSE soft-
ware (v. 7.0.1001) [109]. The SILVA database (v. 138.1) 
was used to identify each representative sequence [110]. 
Rare reads were removed. MUSCLE software (v. 3.8.31) 
was used to analyze the phylogenetic relationship con-
struction among different OTUs. Alpha and beta diversi-
ties were determined based on the abundance of OTUs. 
Alpha-diversity indices, such as Shannon index and 
observed species index, were calculated to assess com-
munity richness using QIIME (v. 1.9.1) and displayed 
with R software (v. 2.15.3). Rarefaction curve analysis, 
Venn diagram analysis, and ridgeline analysis were per-
formed using R software (v. 2.15.3). Beta diversity was 
calculated to evaluate differences among samples using 
QIIME (v. 1.9.1) and displayed with R software (v. 2.15.3). 
Principal coordinate analysis (PCoA) and principal com-
ponent analysis (PCA) based on binary Jaccard distance 
were performed to obtain principal coordinates and vis-
ualize complex, multidimensional data in R (v. 2.15.3). 
Microbiome similarities were identified using the analy-
sis of similarity (ANOSIM) method. Linear discriminant 
analysis effect size (LEfSe) was used to generate an LDA 
effect size in LEfSe (v. 1.0). Network analysis was per-
formed in GraphViz software (v. 2.38.0), while random 
forest models were developed using the R (v. 2.15.3) to 
identify bacterial features. Correlation network analysis 
was conducted using Cytoscape (v. 3.9.0) [111]. Addi-
tionally, the relative abundance of metabolic functions in 
the gut microbiota of gastropods was analyzed using the 
FAPROTAX database (v. 1.14) at the OTU level. The Wil-
coxon test was used for pairwise comparisons, with sta-
tistical significance defined at P < 0.05.

Statistical analysis
The data were expressed as the mean ± standard error 
of the mean (SEM) and analyzed to calculate the rela-
tionship between groups using GraphPad Prism (v. 5.0; 
GraphPad Software, USA). Differences between groups 
were assessed using t-tests performed using SPSS 19.0 

software (SPSS Inc., USA). P < 0.05 was considered statis-
tically significant.
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The credibility of statistical analysis is represented by the P‑value.

Additional file 2: Fig. S1. Overview of the gut microbiome of freshwater 
gastropods at the genus (Top 50) and phylum level. The yellow and red 
columns indicated the relative abundance of gut microbes of wild and 
cultured populations, respectively. Cultured snails refer to the laboratory 
snails cultured under laboratory conditions. Fig. S2. Overview of the gut 
microbiome of freshwater gastropods at the genus and phylum level. 
a‑f Gut bacterial genera of cultured freshwater gastropods, including 
B. straminea (n =6), B. aeruginosa (n =8), P. acuta (n =4), P. corneus (n 
=6), B. glabrata (n =7) and B. pfeif eri (n =8). g‑k Gut bacterial genera of 
wild‑caught freshwater snails, including P. canaliculata (n =3), B. straminea 
(n =14), B. aeruginosa (n =6), P. acuta (n =6) and P. corneus (n =6). l The 
relative abundance of bacterial phyla. Cultured snails refer to the labora‑
tory snails cultured under laboratory conditions. Fig. 3. Difference in gut 
microbiota between wild and cultured freshwater gastropods. a At the 
genus level. b A linear discriminant analysis (LDA) effect size (LEfSe) analy‑
sis. Cultured snails refer to the laboratory snails cultured under laboratory 
conditions. Fig. S4. The relative abundance of gut microbiota of Wild and 
Wildt gastropods. Wild: wild‑caught snails. WildT: wild‑caught snails being 
transferred to the laboratory. Fig. S5. Overview of vertical shifts of gut 
microbes in Planorbarius corneus gastropods over generations. a PCoA of 
gut microbiota communities of wild and the F1 generation of Planor‑
barius corneus snails. b PCoA. c The number of OTUs are shared or unique 
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to sample types. PlCmat: Maternal P. corneus snails. PlCoffsp: the offspring 
(F1 genernation) of maternal P. corneus snails reared under laboratory 
conditions. Fig. S6. Longitudinal shifts (from 0 days to 450 days) in the gut 
microbiome community diversity of freshwater snails. a Shannon index. b 
Observed species in the gut microbiome community diversity of freshwa‑
ter snails. a Shannon index. b Observed species index. Fig. S7. The relative 
abundance of gut microbiota of freshwater gastropods across develop‑
mental stages. a At the phylum level. b At the family level. c At the genus 
level. Fig. S8. Differential gut bacterial taxa analyzed by LEfSe analysis 
with LDA score >4 across developmental stages. Fig. S9. a Percentage of 
OTUs from maternal snails transmitted to eggs. b Percentage of OTUs from 
maternal snails transmitted to snails at different developmental stages. 
c Venn diagram of the “core” microbes shared among different develop‑
mental stages. Fig. S10. Adaptation of gastropods is associated with gut 
microbiota. a Shannon index. b UPGMA analysis conducted based on 
binary Jaccard distance. c Phylogenetic evolutionary constructed based 
on the maximum‑likelihood algorithm for CO1 gastropod sequences. d‑g 
Top 30 fitness‑related OTUs compared with different local populations 
are shown. Fig. S11. Overview of sampling study of wild snails. a Wild 
snails were collected from Guangdong (b), Guangxi (c), and Hong Kong 
(d) in China. The major sites were marked on the maps. The red triangles 
indicate the sampling sites. Fig. S12. Picture of body tissue of Biompha‑
laria straminea.
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