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Interaction between the liver transcriptome
and gut microbiota in mice during Toxoplasma
gondii infection as identified by integrated
transcriptomic and microbiome analysis
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Abstract

Background Toxoplasma gondii is a single-cell parasite capable of infecting both humans and a variety of animal
species. Although T. gondii infection is known to adversely affect the liver and gut microbiota, the precise interplay
between the gut microbiome and the liver transcriptome in infected mice remains largely unknown. In this study,
we artificially induced acute and chronic stages of T. gondii infection in BALB/c mice via the oral of low doses (n=10)
of PRU (Type II) bradyzoites. Then, we performed fecal 16S rRNA gene amplicon sequencing and RNA transcriptome
sequencing to investigate the composition of the gut microbiota and the expression profiles of long non-coding
RNAs (IncRNAs), circular RNAs (circRNAs), microRNAs (miRNAs), and messenger RNAs (mRNAs) in the livers of mice
infected with T. gondii at different stages of infection.

Results Analysis revealed dynamic alterations in the gut microbiota of mice following infection with T. gondii over
the course of the infection cycle. Notably, we observed a significant increase in the abundance of Enterobacteriaceae
during the acute stage of infection, while the abundance of Lactobacteriaceae was elevated during the chronic
stage. Liver transcriptome analysis identified numerous differentially expressed (DE) non-coding RNAs and mRNAs
potentially potentially involved in mediating liver immune responses and inflammation induced by T. gondii. During
the acute stage of infection, several pro-inflammatory genes, including Lpin1, Usp2, Pim3, and ll6ra were significantly
up-regulated in the liver. Among these, Lpin1 may be closely associated with the development of Enterobacteriaceae
overgrowth. Conversely, some anti-inflammatory genes, such as Dmbt1, and Ddit4, were exclusively up-regulated
during the chronic stage of infection. Gene ontology (GO) enrichment analysis further revealed the stage-specific
features of liver functionality. Specifically, during the acute stage of infection, pathways associated with inflammation
were significantly enriched. Interestingly, during the chronic stage of infection, pathways related to microbiota
regulation, such as defense response to Gram-negative bacterium;‘antimicrobial humoral immune response
mediated by antimicrobial peptide; and ‘antimicrobial humoral response’ were enriched. Additionally, competing
endogenous RNAs (CeRNAs) networks revealed that numerous DEINcRNAs and DEcircRNAs competitively regulated
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DEmIRNA mmu-miR-690, which targets the Nrid1 gene. These findings provide insights into the complex interplay
between the liver and gut microbiota during different stages of T. gondii infection.

Conclusions In summary, our results highlight the intricate interaction between the liver and gut microbiota in
mice during T. gondii infection, with dynamic alterations observed in both the gut microbiota composition and the
expression profiles of key genes in the liver over the course of the infection cycle.

Keywords Toxoplasma gondii, RNA sequencing, Non-coding RNAs, Liver, Gut microbiota, CeRNA networks, Interaction

Background

Toxoplasma gondii is a widespread protozoan para-
site that is distributed globally and capable of infecting
almost all warm-blood animals, including humans [1].
Humans primarily become infected by T. gondii through
the consumption of raw or undercooked meat contain-
ing tissue cysts or by ingesting oocysts via contaminated
water or food. Exceptionally rarely, humans may become
infected through blood transfusion or organ transplanta-
tion [2]. While most infections are asymptomatic, they
can pose severe complications for immunocompromised
individuals, leading to fetal abnormalities and neurologi-
cal disorders [3].

T.gondii infection can significantly impact the com-
position and functionality of the intestinal microbiota
[4]. The intestines harbor a diverse ecosystem of micro-
organisms that are crucial for maintaining host health
and immune function in the host [5]. However, T. gondii
infection has been associated with alterations in the gut
microbiota, thus leading to dysbiosis. Previous studies
have shown that T. gondii infection can disrupt the bal-
ance of beneficial and pathogenic bacteria in the gut,
potentially contributing to intestinal inflammation and
immune dysregulation [6]. In addition, T. gondii can
invade various organs, including the liver, leading to
hepatic involvement and potential liver dysfunction [7,
8]. The presence of T. gondii presence in liver can trig-
ger an immune response, resulting in inflammation and
tissue damage [9]. Research has demonstrated that inter-
actions between the liver and the intestinal microbiota
occur in a bidirectional manner. On one hand, the liver
influences the composition and functionality of the intes-
tinal microbiota via the secretion of bile and the release
of immune-regulatory molecules [10, 11]. On the other
hand, intestinal microbiota produce metabolites and bio-
active substances that enter the liver through the portal
vein system, thus affecting liver metabolism and immune
functionality [12, 13]. This bidirectional interaction
between the liver and the intestinal microbiota plays a
crucial role in the pathogenesis and progression of vari-
ous diseases [14].

A previous study reported that non-coding RNAs (such
as IncRNAs, circRNAs, and miRNAs) and messenger
RNAs play critical roles in liver function [15]. There-
fore, in the present study, we investigated the profiles

of non-coding RNAs and mRNAs in the liver and gut
microbiota of experimental mice during T. gondii infec-
tion. This comprehensive approach aimed to elucidate
the intricate interactions between these RNA transcripts
in the liver and gut microbiota. Our findings could ulti-
mately facilitate the development of therapeutic strat-
egies and the implementation of preventive measures
against toxoplasmosis.

Results

T. gondii infection changed gut bacterial diversity

In this study, a total of 18 fecal samples were collected
from mice in the acute infection group, chronic infection
group, and control group. Moreover, the infection was
confimed by amplifing the T. gondii B1 gene in the liver,
colon and brain of mice during the T. gondii infection
(Supplementary Figure S1). These samples then under-
went 16S rRNA gene amplicon sequencing to explore the
composition and diversity of the gut microbiota in mice
infected with T. gondii at different stages of infection. In
total, 330.5 Mb of clean data were obtained by sequenc-
ing. Using the Divisive Amplicon Denoising Algorithm 2
(DADA2) algorithm, we removed noise and clustered the
data, resulting in 477 amplicon sequence variant (ASV)
sequences. ASVs that occurred in only one sample were
removed, resulting in a final dataset of 363 ASVs for sub-
sequent analysis. To evaluate alterations in diversity fol-
lowing T. gondii infection, we calculated the Shannon
index for each group. In compared to the control group,
the Shannon indicex was significantly decreased in the
infection group in the acute stage, indicating a significant
decrease on the diversity of the gut microbiota post T.
gondii infection (Fig. 1A). Moreover, Principal coordinate
analysis (PCoA) revealed that the distance between dif-
ferent groups was considerable, with an obvious separa-
tion (Fig. 1B). The explanatory variance of PCoAl and
PCoA2 was 26.99% and 16.89%, respectively. In addition,
further pairwise comparison permutational multivari-
ate analysis of variance (PERMANOVA) analysis showed
that the intestinal microbial structure of mice changed
significantly during the acute infection period follow-
ing T. gondii infection, and gradually returned to normal
levels during the chronic infection period (N vs. Al: R* =
0.1881, p=0.008; N vs. CI: R* = 0.1753, p=0.061) (Sup-
plementary Figure S2). This results further suggesting
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Fig. 1 The a diversity and differences in gut microbiota structure in mice between groups. (A) Shannon diversity index of control (N), acute stage of
Toxoplasma gondii infection (Al) and chronic stage of Toxoplasma gondii infection (Cl) groups in mice. (B) PCoA analysis using the Bray-Curtis distance of
ASVs reveals the distinction between various groups. The plot below shows the positions of the samples (represented by nodes) on the first two principal

coordinates

that T gondii infection can induce changes in the gut
microbiota of mice.

Comparison of the gut microbiota during T. gondii
infection

Because the analysis of microflora a diversity revealed
a significant increase in microbial diversity in the acute
stage of T. gondii infection, we next examined the dif-
ferences in microbial community structure between
the acute infection group and the control group. Linear
discriminant analysis effect size (Lefse) analysis identi-
fied differentially abundant bacterial taxa with an latent
dirichlet allocation (LDA) >2.0 between the acute infec-
tion group and control group. The abundance levels of
Enterobacteriaceae and Escherichia_Shigella in the acute
infection group were significantly higher than those in
the control group (Fig. 2A). This significant elevation
suggested a potential association between 7. gondii and
the proliferation of these particular bacterial taxa within
the gut microbiota. In contrast, the relative abundance
of Enterobacteriaceae and Escherichia_Shigella in the
chronic infection group was not significantly increased
when compared to the control group. Conversely, the
relative abundance of Lactobacillaceae and Lactobacil-
lus was significantly increased in the chronic infection
group when compared with the control group (Fig. 2B).
These data suggested a shift in the composition of the gut
microbiota during the chronic stage of T. gondii infection,
characterized by an increase in the abundance of Lacto-
bacillaceae and Lactobacillus taxa. These alterations may

reflect adaptive changes in the gut microbial community
in response to the prolonged presence of T. gondii. In
addition, ternary diagrams comparing the abundance of
gut bacterial composition further revealed the dynamic
changes in the microbial community during T. gondii
infection (Fig. 2C).

RNA-sequencing data analysis

In this study, a total of 860,007,388 raw reads were
obtained from samples of liver harvested from nine mice.
After eliminating adapters, poly-N, and low-quality reads
from the raw data, 858,163,918 clean reads were identi-
fied (Table 1). After mapping to the Mus musculus refer-
ence genome, the transcripts were divided into IncRNAs,
circRNAs, miRNAs and mRNAs. Compared to the con-
trol group, a total of 324 DEIncRNAs, 11 DEcircRNAs,
48 DEmiRNAs, and 793 DEmRNAs (e.g. Zbtb16, Lpinl,
Pim3, Usp2, Cebpb, Fcgbp, Regl, and Mucl,3,4) were
identified during the acute infection stage, while 190
DEIncRNAs, 9 DEcircRNAs, 11 DEmiRNAs, and 177
DEmRNASs (e.g. Dmbt1, Mt1, Ddit4, Olfm4, Adgnt, Fcgbp
and Vunl) were identified during the chronic infection
stage (Fig. 3A-H and Supplementary Table S1), 44 of
these DEmRNAs (e.g. NridI) were commonly dysregu-
lated between the acute and chronic infection groups
(Fig. 3G and H and Supplementary Table S1). Further-
more, to validate the differential expression indicated by
our RNA-seq analysis, we performed real-time quanti-
tative PCR (RT-qPCR) on selected genes. The RT-qPCR
results were consistent with the transcriptomic data,
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Fig. 2 The differential analysis of bacterial taxa in mice between groups. (A) Lefse analysis of bacterial taxa during the acute stage of infection. (B) Lefse
analysis of bacterial taxa during the chronic stage of infection. (C) Ternary plots showcasing the differential gut microbiota composition at family level of
the taxonomic hierarchy in mice between groups. The colored pegs represents the different family of gut microbiota, and the dot size represents average

reads count

thereby confirming the reliability of our findings (Supple-
mentary Figure S3).

Functional analysis of the DEmRNAs at two infection
stages

In order to investigate the potential biological func-
tion of DEmRNAs, we next performed Gene Ontol-
ogy (GO) enrichment analyses. The majority of these
DEmRNAs are known to participate in liver-related
biological processes during T. gondii infection. Specifi-
cally, during the acute stage of infection, several differen-
tially expressed mRNAs (DEmRNAs), including Zbtb 16,

Usp2, Cebpb, Duspl, and Regl, were associated with
enriched immunity-related GO terms, such as ‘regula-
tion of T cell activation; ‘regulation of innate immune
response, and ‘humoral immune response’ Additionally,
Cebpb and Dusp1 were linked to enriched inflammation-
related GO terms, including ‘regulation of inflammatory
response; ‘positive regulation of inflammatory response,
and ‘interleukin-6 production’ Notably, GO terms related
to epithelial cell function, such as ‘positive regulation of
epithelial cell proliferation’ and ‘regulation of epithelial
cell proliferation’ were significantly enriched (Fig. 4A
and Supplementary Table S2). During the chronic stage



Zou et al. BMC Microbiology (2025) 25:137

Table 1 The reads counts and fastqc_percent_duplicates of
RNA-sequencing data of liver in mice during the acute and
chronic stages of infection

Sam- Raw data Clean data

ple Reads_counts Fastqc_percent_ Reads_ Fastqc_per-
code duplicates counts cent_dupli-

cates

N1_1 53,076,040 67.16788073 52,969,150 67.12506486
N1_2 53,076,040 66.265333 52,969,150 66.31393594
N2_1 42,070,728 67.54287021 41,984,581 67.50747343
N2_2 42,070,728 67.56886414 41,984,581 6758161674
N3_1 50,945,698 67.8750407 50,827,811 67.82774433
N3_2 50,945,698 66.97479878 50,827,811 66.99214804
AlT_1 41,736,056 68.02723986 41,663,445 67.98976438
Al1_2 41,736,056 67.72978235 41,663,445 67.74803661
Al2_1 52,534,720 6822310001 52,418,390 68.19483423
Al2_2 52,534,720 67.15723616 52,418,390 67.25143365
AIB_1 41,777,085 76.0276285 41,620,931 75.92866582
AI3_2 41,777,085 75.78176237 41,620,931 75.78294031
Ch_1 45525320 68.72449952 45,449,060 68.67379654
Cl1_2 45525320 68.51496535 45,449,060 68.52965228
Cl2_1 49,615,943 67.21503845 49,500,469 67.14813611
Cl2_2 49,615,943 66.10221004 49,500,469 66.09516656
CI3_1 52,722,104 7133041885 52,648,122 71.3075909
ClI3_2 52,722,104 69.54244253 52,648,122 69.58929119
Total 860,007,388 858,163,918

of infection, we observed significant enrichment of anti-
microbial-related GO terms. In particular, Dmbtl was
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associated with enriched terms such as ‘defense response
to Gram-negative bacterium’ and ‘antimicrobial humoral
response’ while Ddit4 corresponded to enriched terms
including ‘defense response to symbiont’ and ‘reactive
oxygen species metabolic process’ Additionally, A4gnt
was linked to GO terms related to epithelial cell function,
such as ‘epithelial cell proliferation’ and ‘regulation of
epithelial cell proliferation’ (Fig. 4B and Supplementary
Table S2). These findings highlight the intricate interplay
between liver function and gut microbiota dynamics in
the context of chronic T. gondii infection.

CeRNAs network analysis

The competing endogenous RNAs (CeRNAs) networks
represent a novel RNA interaction mechanism that exerts
pivotal functions across various biological processes and
the development of T.gondii infection. In this study, we
selected commonly expressed DE-transcripts to con-
struct CeRNA networks for DEIncRNAs-DEcircRNAs-
DEmiRNAs-DEmRNAs in the livers of mice during T.
gondii infection. Of these transcripts, ten DEIncRNAs
(Gm42711, Gm14010, 2610028E06Rik, Gm43253,
2810429104Rik, RP24-64C6.3, C330002G04Rik, Slma-
pos2, Gm26859, and Gm16050) and two DEcircRNAs
(4:61957129|62083727  and  4:61303322|61438296)
were found to competitively regulate DEmiRNA mmu-
miR-690. In addition, several DEmRNAs (Zfp708,
Slc41a2, Arrdc3, Nridl, Top2a, and Dtl) were also
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Fig. 3 Overview of the differentially expressed (DE) RNAs. The volcano plots of DEINcRNAs (A and B), DEcircRNAs (C and D), DEmiRNAs (E and F) and
DEmMRNAs (G and H) among the control group (N), the acute stage of infection (Al), and the chronic stage of infection (Cl). The X-axis shows the log, fold
change of the DERNAs and the Y-axis shows the corresponding -log,, Qvalue. The up-regulated RNAs are marked in red and the down-regulated are in

blue
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regulated by DEmiRNA mmu-miR-690 (Fig. 5A). Fur-
thermore, the CeRNA networks identified potential
regulatory interactions among these transcripts, shed-
ding further light on the intricate regulatory mechanisms
underlying T. gondii infection in the liver. The competi-
tive regulation of DEmiRNA mmu-miR-690 by DEIn-
cRNAs and DEcircRNAs suggests a complex interplay

between non-coding RNAs and mRNAs during infection.
Further analysis revealed that the Nr1dI was significantly
down-regulated during both stages of infection. Nridl
was associated with enriched GO terms related to the
‘negative regulation of immune system process, ‘regula-
tion of inflammatory response; and ‘I-kappaB kinase/NF-
kappaB signaling’ (Fig. 5B and and Supplementary Table
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S3). These findings revealed the potential involvement of
Nrld1 in modulating the immune responses and inflam-
matory processes of the liver during 7. gondii infection.

Discussion

T gondii is an intracellular parasite that can infect
humans and other warm-blood animals [16]. Laboratory
mice (Mus musculus) are generally sensitive to T. gondii
infection and often employed as the preferred animal
model for assessing the virulence of different strains of T.
gondii [17]. Moreover, most studies have proven that T.
gondii infection exerts a notable influence on the compo-
sition of the gut microbiota in mice [18—20]. The altera-
tions in gut bacterial diversity observed during T. gondii
infection highlight the intricate relationship between the
host and microbiota dynamics in response to parasitic
invasion. However, the understanding of the interac-
tion between the gut microbiome and liver function in
mice infected by T. gondii remains limited. In the present
study, we performed 16S rRNA gene amplicon sequenc-
ing of fecal samples collected from mice during differ-
ent stages of T. gondii infection and detected changes
in the composition of the gut microbiota. Notably, we
observed a significant decrease in microbial diversity
during the acute stage of infection Fig. 1A). This result
aligns with previous studies [21, 22], but contrasts with
findings reported in a rat model [23]. Moreover, PCoA
demonstrated the distinct clustering of microbial com-
munities between the different infection groups Fig. 1B),
further highlighting the significant impact of 1. gondii
infection on the composition of the gut microbiota [20,
23]. When comparing the gut microbiota between the
infection and control groups, we identified the differ-
ential abundance of bacterial taxa, particularly during
the acute infection stage. Lefse analysis identified a sig-
nificant an increase in the abundance of Enterobacteria-
ceae and Escherichia_Shigella during the acute infection
group Fig. 2A), and these findings align with those of a
previous study [20, 24]. The Enterobacteriaceae is a fam-
ily of Gram-negative bacteria that are commonly associ-
ated with both intestinal and extraintestinal diseases [25].
Colonization of the gut microbiota by Enterobacteriaceae
can disrupt intestinal homeostasis and promote inflam-
mation via the production of various virulence factors
and inflammatory mediators [26]. Escherichia-Shigella
is also considered as a proinflammatory microbe [27].
Thus, the observed increase in the abundance of Entero-
bacteriaceae and Escherichia-Shigella in the acute infec-
tion group is indicative of potential inflammation in the
guts of mice during T. gondii infection. However, dur-
ing the chronic infection stage, the relative abundance
of Enterobacteriaceae and Escherichia_Shigella did not
exhibit a significant increase when compared to the con-
trol group. Instead, we observed a notable increase in the
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abundance of Lactobacillaceae and Lactobacillus taxa
Fig. 2B). This result was supported by a previous report
that in BALB/c mice infected with T. gondii oocysts
after twenty-one days [20]. In addition, the Lactobacil-
lus, Bifidobacteria, Enterococcus, Streptococcus, Bacillus,
Lactococcus and Saccharomyces are considered as com-
mon probiotic strains, and play a crucial role in alleviat-
ing various human diseases, such as inflammatory bowel
disease (IBD), obesity, alcoholic liver disease, and aller-
gies [28, 29]. Furthermore, previous studies revealed that
some strains of Lactobacillus (L. plantarum, L. kefirano-
faciens, L. johnsonii, L. sakei) can suppress the expres-
sion of proinflammatory cytokines (e.g. TNF-a, IL-1, and
IL-6), and have been found to stimulate the expression
of anti-inflammatory cytokine (/L-10) in animal models
of colitis [30—33]. This suggests that during the chronic
stage of 1. gondii infection, there are significant altera-
tions in the composition of the gut microbiota, with the
notable increase in Lactobacillaceae and Lactobacillus
taxa potentially reflecting adaptive changes in response
to T. gondii infection. This alteration may be associated
with the anti-inflammatory properties of Lactobacillus,
further indicating the crucial role of the gut microbiota
in modulating host immune responses in the host.

The liver is a key and frontline immune organ that can
receive various gut-derived signals such as bacterial
products, environmental toxins, and food antigens, while
maintaining a delicate balance between immunity and
tolerance. Liver-derived factors, including bile acids
(BAs) and antibodies, exert regulatory effects on the gut
microbiota [34]. The gut-liver axis is also known to play a
vital role in the pathogenesis of disease [35, 36]. Our
RNA-sequencing analysis of liver samples revealed sig-
nificant dysregulation of coding and non-coding RNA
transcripts during 7. gondii infection. During the acute
stage of infection, T. gondii can induce upregulation of
inflammatory response, which was consistent with the
results that were previously reported in mouse livers
after acute infection withT. Gondii ToxoDB#9 strain [37].
Moreover, Lpinl, Pim3, Usp2, and Cebpb were found to
be significantly up-regulated (Fig. 1G and Supplementary
Table S1). Lipins (lpinl, lpin2 and Ipin3) have the poten-
tial to regulate signaling pathways involving key immune
receptors such as Toll-like receptors, consequently exert-
ing influence over specific inflammatory processes [38].
Due to its involvement in supporting TLR4-mediated sig-
nal transduction, lipinl (Lpin 1) is known to play a key
role in modulating the production of various inflamma-
tory factors in both activated murine and human macro-
phages. Thereby, lipinl can influence the progression of
inflammatory processes [39]. In a dextran sodium sulfate
(DSS)-induced animal model of colitis, lipinl was
observed to impact the severity of disease by promoting
the proinflammatory activation state of innate immune
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cells such as macrophages, as well as by enhancing the
production of IL-23 in the colon [40]. Lipinl is also
involved in the generation of factors that are crucial for
fostering the proliferation of tumor epithelial cells, such
as IL-11, IL-6, and iNOS [6, 38]. A previous study found
that the induction of iNOS in the ileum during T. gondii
infection plays a key role in promoting the overgrowth of
Enterobacteriaceae [6]. In this study, Lpin 1 was found to
be significantly expressed in the livers of mice during the
acute infection stage. However, no significant changes in
expression were observed during the chronic infection
stage (Supplementary Table S1). The significant upregu-
lation of Lpin 1 during the acute infection stage suggests
its involvement in modulating inflammatory responses,
possibly through the induction of iNOS and promoting
Enterobacteriaceae proliferation.In contrast, the lack of
significant changes in Lpin 1 expression during the
chronic phase indicates that its role may be limited to the
early stages of infection. This stability in later stages may
reflect a transition from active inflammation to immune
homeostasis, suggesting the resolution of acute immune
activation. This finding further underscores the complex
interplay within the liver-gut axis, suggesting potential
mechanisms that warrant deeper investigation. Further
investigation into the role of Lpin 1 in toxoplasmosis is
now warranted to enhance our understanding of these
processes and potentially uncover novel therapeutic ave-
nues. Usp2, a member of the ubiquitin-specific protease
(USP) family, is expressed in various organs, including
the liver [41]. Over recent decades, researchers have dis-
covered the significant involvement of Usp2 in both
inflammatory responses and tumorigenesis [41]. For
example, Usp2 was found to play a pro-inflammatory role
in mice with DSS-induced colitis [42]. In this study, we
observed significant upregulation of this gene in the liv-
ers of mice during the acute stage of infection, with no
significant change detected during the chronic stage of
infection. This may indicate that USP2 is involved in the
early immune response or inflammation, potentially con-
tributing to acute-phase host defenses during 7. gondii
infection. Additionally, Enterobacteriaceae overgrowth
was noted during the acute stage. The concurrent upreg-
ulation of USP2 and proliferation of Enterobacteriaceae
suggests a possible association between USP2 expression
and gut-liver axis dynamics or microbial translocation
during early infection. However, the lack of significant
USP2 changes in the chronic phase might reflect the res-
olution of acute immune responses or a shift in host-
pathogen interactions over time. Further studies are
necessary to clarify whether USP2 plays a direct role in
Enterobacteriaceae overgrowth or if this association is
part of broader inflammatory processes. Cebpb is a tran-
scription factor associated with the activation of proin-
flammatory response in DC cells and can also can
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regulate inflammation-related genes, such as IL-1, IL-6,
and IL-12A [43]. We found that Cebpb was up-regulated
in the liver during the acute stage of 1. gondii infection.
However, its expression did not exhibit a significant
increase when compared to the control group. This sug-
gests a potential role for Cebpb in modulating the inflam-
matory response during the acute phase of T. gondii
infection, though its contribution may be subtle or con-
text-dependent. Further investigation is needed to clarify
the specific mechanisms by which Cebpb influences the
host response during infection. Furthermore, these DEm-
RNAs were associated with enriched inflammation-
related GO terms, including ‘regulation of inflammatory
response, ‘positive regulation of inflammatory response;,
and ‘interleukin-6 production’ This indicates that these
two genes may play significant roles in regulating and
participating in the hepatic inflammatory process of liver
during the acute stage of infection. Moreover, we also
found that other genes (Pim3 and Il6ra) were associated
with hepatic inflammation [44]. During the chronic
infection stage, we observed significant upregulation of
Dmbtl (Supplementary Table S1). Evidence increasingly
suggests that Dmbt1 plays a role in innate immunity, epi-
thelial cell differentiation, and the binding of bacterial or
viral pathogens [42, 43, 45, 46]. Previous studies indicate
that Dmbt1 may contribute to the protection of intestinal
mucosa and the prevention of inflammation. It has also
been associated with the inhibition of inflammatory
responses in the colonic mucosa [44, 47]. These findings
imply that Dmbt1 could be involved in maintaining intes-
tinal homeostasis by modulating immune responses and
supporting mucosal integrity. Additionally, the enrich-
ment of Dmbtl in pathways such as ‘defense response to
Gram-negative bacterium’ and ‘antimicrobial humoral
response’ suggests a potential role in adaptive immune
defense against bacterial pathogens, particularly Gram-
negative species like Enterobacteriaceae and Escherichia/
Shigella. While these observations point to a possible
involvement of DmbtI in regulating host-microbe inter-
actions and immune balance, further research is needed
to clarify whether DmbtI upregulation directly contrib-
utes to inflammation control during chronic infection or
if its role is part of broader immune processes. High lev-
els of Ddit4 can reduce NF-kB signaling and the produc-
tion of pro-inflammatory cytokines [48]. In a previous
study, Pan et al. reported a negative correlation between
inflammatory markers and Ddit4 expression [49]. In this
study, we observed significant upregulation of Ddit4 in
the livers of mice during the chronic stage of infection,
suggesting a potential role for Ddit4 in modulating anti-
inflammatory response during the chronic stage of infec-
tion. Given the established anti-inflammatory properties
of Lactobacillus, these findings raise the possibility of
interactions between Lactobacillus, Dmbtl, and Ddit4
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during chronic T. gondii infection. However, the precise
mechanisms underlying these interactions remain
unclear and warrant further investigation to elucidate
their contributions to host immune regulation and
pathogen persistence.

In addition, we observed the dysregulation of Nridl
across both the acute and chronic infection stages.
CeRNA network analysis further revealed that the dys-
regulated miRNA mmu-miR-690 targeted Nrldi, and
was also regulated by several dysregulated IncRNAs and
circRNAs (Fig. 5A). These findings revealed the complex
interplay between non-coding RNAs and mRNAs in the
liver during T. gondii infection. Furthermore, NridI was
associated with enriched GO terms, including ‘negative
regulation of the immune system process, ‘regulation of
inflammatory response, and ‘I-kappaB kinase/NF-kap-
paB signaling), suggesting a potential role in modulating
immune responses in the liver during 7. gondii infection.

Conclusion

In conclusion, this study provides valuable insights into
the intricate interplay between the liver and gut micro-
biota during the course of T. gondii infection in mice. By
investigating both gut microbial composition and liver
gene expression at different stages of infection, we were
able to elucidate the dynamic shifts in host-pathogen
interactions. Our findings demonstrate that 7. gondii
infection induces significant alterations in gut microbi-
ota, with an increased abundance of Enterobacteriaceae
during the acute phase and a predominance of Lacto-
bacteriaceae in the chronic stage. Concurrently, liver
transcriptomic analysis revealed stage-specific immune
responses, characterized by heightened expression of
pro-inflammatory genes and enrichment of inflamma-
tion-related pathways during the acute phase, followed
by upregulation of anti-inflammatory genes and micro-
biota-regulating pathways in the chronic phase. This
research addresses the fundamental question of how
1. gondii infection modulates gut microbiota and liver
immune responses over time, contributing to the broader
understanding of host-pathogen interactions. Our find-
ings emphasize the need to consider the liver-gut axis
as a critical component in the pathogenesis of T. gondii
infection, shedding light on potential mechanisms under-
lying infection progression and persistence. Despite the
significance of our results, we acknowledge certain limi-
tations, including the need for more comprehensive lon-
gitudinal studies to capture the entire infection cycle.
Future research should focus on elucidating the causal
relationships between microbial shifts and liver immune
responses, as well as exploring therapeutic interven-
tions targeting the gut microbiota to mitigate 7. gondii
pathogenesis.
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Materials and methods

Toxoplasma gondii mice infection model

T. gondii cysts were generated by infecting CBA/J mice
(HFK Bioscience Co., Ltd., Beijing, China) with tissue
cysts of the PRU strain. Briefly, mice were orally infected
with 10 cysts suspended in 200 pL of phosphate-buffered
saline (PBS) via oral gavage. Four weeks post-infection,
the mice developed chronic infection, with cysts pri-
marily localized in the brain. Infected mice were then
euthanized, and their brains were aseptically removed
and homogenized in 1 mL of cold PBS using a mortar
and pestle. The PRU (Type II) cysts of T. gondii obtained
from this process were used in the study. Eight-week-old
female BALB/c mice (SPF) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd.,
and randomly divided into three groups: a control group
(n=6), an acute infection group (n=6), and a chronic
infection group (n=6). Mice in the infection groups
received oral gavage of 10 T. gondii cysts, while those in
the control group were gavaged with sterile PBS. All mice
were housed in cages equipped with self-contained venti-
lation systems, allowing them unrestricted access to food
and water, and were maintained under a 12-hour light/
dark cycle. For 16S rRNA sequencing, fecal samples were
collected from 18 mice (n=6 per group, representing
acute infection, chronic infection, and control groups).
For RNA sequencing, liver tissues from a subset of these
mice (n=3 per group, total n=9) were used to repre-
sent each experimental condition. This design was based
on established practices, ensuring sufficient biological
replicates for transcriptomic analysis while minimizing
unnecessary animal use. Validation experiments using
qPCR were performed on samples from 9 mice to con-
firm the confidence of the RNA sequencing results.

Sample collection

The feces of mice from three groups were collected on
days 11 and 33 post-infection. Mice were individually
placed in sterile containers until they defecated, after
which fecal samples were promptly collected into 1.5 ml
sterile microcentrifuge tubes and stored at -80 °C. Fol-
lowing this, the mice were euthanized by cervical dislo-
cation (a physical method ensuring rapid and humane
death), and their livers were harvested for analysis. Blood
was rinsed from the liver surface with PBS. The liver sam-
ples were then immediately frozen in liquid nitrogen and
stored for further RNA isolation.

16S rRNA gene amplifcation and sequencing

A Tiangen DNA extraction stool kit (Tiangen Biotech
Co., Ltd., Beijing, China) was used to extract DNA from
fecal samples collected from experimental mice. DNA
was quantified using a Nanodrop and the quality of the
DNA was extracted by electrophoresis on 1.2% agarose
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gels. The full-length 16S rRNA genes (V1-V9 regions)
was amplified by bar-coded 16S rRNA gene-specific
primers F (5-AGAGTTTGATCMTGGCTCAG-3’) and
R (5-ACCTTGTTACGACTT-3). A Q5 high-fidelity
DNA polymerase (NEB) was used for all PCR amplifica-
tions. The PCR was performed under the following con-
ditions: 98 °C pre-denaturation for 1 min; 98°Cfor 10 s,
50°C for 30 s, and 72°C extension for 30 s; repeated for
30 cycles; and a final extension at 72°C for 5 min. PCR
amplification products were evaluated by 2% agarose gel
electrophoresis, and target fragments were cut from the
gel and recovered with a gel recovery kit (AXYGEN).
Products that had failed to ligate were removed and puri-
fied two or three times. A Quant-iT was used for quanti-
tative analysis and a PacBio Sequel sequencer was used
for sequencing.

Quantification and statistical analyses

The original sequences were evaluated by QIIME 2
(Version 2023.5,http://qiime.org/) software for qualit
y control and dada2 software (default parameters) were
used to remove primers, and remove chimeras from
the sequences, and join the reads into exact ampli-
con sequence variants (ASVs) [50, 51]. Asvs that only
occurred in one sample were removed, and the relative
abundance of ASVs within the ASV table was calculated.
QIIME?2 software was then used to assign taxonomies
with feature classifier plugin [52]. Alpha-diversity (Shan-
non index), richness (Chao 1 index), and Simpson’s index
were estimated with the R vegan software (vegan, v2.5-
7) [53]. The Bray-Crutis distance was used to calculate
both the presence and abundance of a species in the com-
munity. Next, we used the Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States 2
(PICRUSt2) plugin for QIIME?2, and assigned pathways
based on the KEGG Orthology database [53, 54].

Data analyses

Differences between groups were determined by PER-
MANOVA (999 permutations). PCoA was used to iden-
tify differential microbial structures between groups;
for this we used vegan (vegan, v2.5-7), and data visual-
ization was performed with ggpubr (v0.4.0). Microbio-
logical differences between groups were assessed by the
Kruskal-Wallis test with a confidence interval level of
95% (95% CI). The alpha index and relative abundance of
phyla, classes, orders, families, and genera. Among taxa
between different groups were evaluated by Wilcoxon’s
rank sum test. Heatmaps were generated in R with the
ComplexHeatmap packages (v2.15.4). Other visualiza-
tions were generated by the ggplot2 package (v3.4.4). All
graphical presentations were generated in the the R envi-
ronment (v4.3.2).
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Liver RNA isolation and sequencing

Total RNA was extracted from each liver sample (n=9)
using TRIZOL reagent (Life Technologies, Carlsbad,
USA), and 1% agarose gel electrophoresis was used to test
the extracted RNA for degradation and contamination.
RNA concentrations were determined with a Qubit® RNA
Assay Kit and a Qubit® 2.0 Fluorometer (Life Technolo-
gies, CA, USA), while RNA integrity was evaluated with
an RNA Nano 6000 Assay Kit and a Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA). Only RNA sam-
ples with an RNA integrity number (RIN)>8 were used
for subsequent sequencing analysis. Ribosomal RNA
was removed an using the Epicentre Ribo-zero™ rRNA
Removal Kit (Madison, W1, USA), and rRNA-free residue
was cleaned-up by ethanol precipitation.

For each IncRNA and circRNA library, 5 pg of rRNA-
depleted RNA underwent library construction using the
NEBNext® Ultra™ Directional RNA Library Prep Kit for
Ilumina® (NEB, USA) in accordance with the manufac-
turer’s recommendations. First-strand cDNA was syn-
thesized using a random hexamer primer and M-MuLV
Reverse Transcriptase (RNase H-). This was followed by
second-strand cDNA synthesis with DNA Polymerase
I and RNase H. During the reaction, dNTPs with dTTP
were replaced by dUTP. Library fragments then under-
went purification with the AMPure XP system (Beck-
man Coulter, Beverly, USA) to select cDNA fragments
that were preferentially 150-200 bp in length. Subse-
quently, PCR was performed using Phusion High-Fidel-
ity DNA polymerase, Universal PCR primers, and Index
(X) Primer. The resulting products were purified with an
AMPure XP system, and library quality was assessed with
an Agilent Bioanalyzer 2100 system. Index-coded sam-
ples were clustered on a cBot Cluster Generation System
with a TruSeq PE Cluster Kit v3-cBot-HS (Illumina) in
accordance with the manufacturer’s instructions. Follow-
ing cluster generation, the libraries were sequenced on an
[llumina Hiseq 4000 platform, generating 150 bp paired-
end reads.

For each miRNA library, sequencing libraries were gen-
erated using the NEBNext® Multiplex Small RNA Library
Prep Set for Illumina® (NEB, USA) following the manu-
facturer’s recommendations. Index codes were added to
attribute sequences to each sample. First-strand cDNA
was synthesized using M-MuLV Reverse Transcriptase
(RNase H-), followed by PCR amplification using Lon-
gAmp Taq 2X Master Mix, SR Primer for Illumina, and
index (X) primers. PCR products were purified on an 8%
polyacrylamide gel (100V, 80 min). DNA fragments cor-
responding to 140-160 bp (the length of small noncod-
ing RNA plus the 3’ and 5’ adaptors) were recovered and
dissolved in 8 pL of elution buffer. Finally, library qual-
ity was assessed on the Agilent Bioanalyzer 2100 system
using DNA High Sensitivity Chips. Index-coded samples
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were clustered on a cBot Cluster Generation System
using TruSeq SR Cluster Kit v3-cBot-HS (Illumina) per
the manufacturer’s instructions. Following cluster gen-
eration, the library preparations were sequenced on an
Ilumina Hiseq 2500/2000 platform, generating 50 bp
single-end reads.

Transcript data analysis

Initially, raw data (in fastq format) were processed by
in-house perl scripts. Subsequently, clean data were
obtained by eliminating reads containing adapters, reads
containing poly-N, and low-quality reads from the raw
data. The Mus musculus reference genome and gene
model annotation files were directly downloaded from
the genome website. An index of the reference genome
was constructed using bowtie2 v2.2.8, and paired-end
clean reads were aligned to the reference genome using
Bowtie [55]. The mapped reads of each sample were
assembled by StringTie (v1.3.1) [56] using a reference-
based approach. To detect and identify IncRNAs and
mRNAs, we used Coding-Non-Coding-Index (v2) pro-
files were employed to effectively distinguish protein-
coding and non-coding sequences independent of known
annotations [57]. CircRNAs were detected and identified
by CIRI2 [58]. Additionally, miRBase20.0 served as a ref-
erence, and modified mirdeep2 software [59], along with
srna-tools-cli were utilized to obtain potential miRNAs.

Differential expression of transcripts

Cuffdift (v2.1.1) was utilized to compute FPKMs (frag-
ments per kilobase of transcript per million mapped
reads) for both IncRNAs and mRNAs in each sample
[60]. The expression levels of circRNAs and miRNAs
were estimated in TPM (transcripts per million) accord-
ing to the criteria outlined by Zhou et al. (2010) [61].
Differential expression analysis between two groups of
mice (acute infection vs. control and chronic infection
vs. control) was conducted using the DESeq R package
(1.8.3). Transcripts with a Q-value <0.05 and an absolute
log2 fold change>1 were deemed as DEIncRNAs, DEcir-
cRNAs, DEmiRNAs, and DEmRNAs, respectively.

Generation of a CeRNA network and functional analysis
Next, we employed the visualization features of Cyto-
scape software to construct a ceRNAs network. Annota-
tion analysis of the DEmRNAs was conducted using the
GOseq R package to investigate Gene Ontology (GO)
categories [62]. Significantly enriched terms were iden-
tified based on a Q-value threshold of <0.05. Finally, we
conducted KEGG pathway enrichment analysis to iden-
tify enriched signaling pathways and mapped the genes
using the https://www.genome.jp/kegg/ database.
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ASV Amplicon sequence variant

PCoA Principal coordinate analysis

Lefse Linear discriminant analysis effect size
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INcRNAs Long non-coding RNAs

circRNAs  Circular RNAs
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GO Gene ontology

CeRNAs Competing endogenous RNAs
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TPM Transcripts per million

DSS Dextran sodium sulfate
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