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Bacterial translocation and gut microbiome ‘=
imbalance in an experimental infection model
of legionellosis in guinea pigs

Xu Cai'?", Mingtao Xu'", Ye Lu3", Wei Shen?, Jian Kang', Wei Wang' and Yu Chen®"

Abstract

Background Recent studies have shown that in critically ill patients such as those with sepsis and shock, the lung
and gut microbiomes undergo profound changes. Legionella pneumophila (Lp) can cause fatal infection, however,
such changes have not been investigated in legionellosis. Here, we evaluated the microbiome of the lungs, blood,
liver, and small intestine content in Lp-infected guinea pigs.

Methods We used a culture-independent method by analysing the conserved 165 rDNA sequences of bacteria
from the organs of guinea pigs infected with legionellosis. Bacterial DNA was also identified through bacterial
probe-fluorescence in situ hybridisation (BP-FISH). Bacterial entry from the intestinal lumen into the submucosa was
examined via ultrastructural visualisation.

Results Anoxybacillus kestanbolensis, Geobacillus vulcani, and other bacteria were identified in the small intestine
content of healthy guinea pigs but not in other tissues. However, in Lp-infected guinea pigs, DNA from these bacteria
was detected in the small intestine, lungs, blood, and liver tissues at 24 h and 48 h post-infection, indicating the
possible translocation of gut bacteria to the remote tissues. This was validated through BP-FISH and ultrastructural
visualisation. At 72 h post-infection, Pseudomonadota were the dominant gut bacteria, highlighting an imbalance in
the gut microbiome.

Conclusion Infection with the Legionella pneumophila serotype 1 disrupted the intestinal microbiota in a subset of

guinea pigs during a 72-hour period post-infection, with possible translocation of gut-associated anaerobic bacteria
to the lungs and liver based on the presence of genomic DNA detected in tissue from infected guinea pigs.
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Background

Legionella pneumophila (Lp) is an important patho-
genic microorganism that causes legionellosis [1]. In
various regions across the globe, there has been a notable
increase in the incidence of legionellosis [2]. In 2019, the
incidence of legionellosis in the European Union/Euro-
pean Economic Area (EU/EEA) was recorded at a rate of
2.2 cases per 100,000 individuals [3]. Legionellosis often
progresses to severe pneumonia and may affect multi-
ple organs and systems. A rate ranging from 20 to 40%
of patients with legionellosis require admission to the
intensive care unit (ICU) for artificial organ support ther-
apy [4]. The severe impact of Legionella pneumonia on
human health was highlighted by the death toll of 29 out
of 182 patients (16%) who suffered from it [5]. In China,
Legionella pneumophila is recognized as the fourth major
causative agent of severe community-acquired pneumo-
nia (CAP) [6]. The mortality rate among patients with
Legionella pneumonia who were admitted to the ICU
was estimated to be around 33% [7].

Legionellosis may lead to extrapulmonary manifesta-
tions such as liver dysfunction and diarrhoea [2]. Some
patients with legionellosis have poor outcomes even with
the administration of effective antibiotics such as levo-
floxacin [8]. Acute respiratory distress syndrome (ARDS)
and multiple organ dysfunction syndrome (MODS) are
responsible for the high mortality rate in patients with
legionellosis [9, 10]. The progression of legionellosis into
ARDS or MODS may be associated with the dissemina-
tion of Lp, type IV Dot/Icm secretion system, and viru-
lence factors, among others [11, 12]. However, whether
there are other mechanisms involved is unclear.

In a previous study using a mouse model of legionel-
losis, Chen et al. [13] identified the presence of bacteria
other than Lp, mainly Escherichia coli, Staphylococcus
aureus, and intestinal Citrobacter sp., during the acute
phase of the disease. Lieberman et al. [14] reported
that 62.5% of the patients with legionellosis were co-
infected with at least one more pathogenic microorgan-
ism, including Streptococcus pneumoniae, Mycoplasma
pneumoniae, viruses, and Haemophilus influenzae. In
another study, six patients with legionellosis co-infected
with Streptococcus pneumoniae, Streptococcus pyogenes,
and Enterobacter cloacae developed sepsis [15]. Recent
research findings also indicate that in a large number
of pneumonia patients, co-infections with Legionella,
Staphylococcus aureus, Streptococcus pneumoniae, Pseu-
domonas, Enterobacteriaceae, and other pathogenic
bacteria have been detected [16]. The presence of other
dominant bacteria in the sputum samples of patients with
legionellosis also suggested coinfection [17, 18]. Thus far,
superinfection in legionellosis has not been widely inves-
tigated, and the source of coinfecting bacteria has not
been reported. Given that patients with legionellosis may
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develop superinfection and diarrhoea, we hypothesised
the translocation of gut-associated bacteria to remote
organs and an imbalance of gut microbiome in hosts with
legionellosis.

To test this possibility, we investigated the microbi-
omes in different organs in guinea pigs with legionello-
sis. We used a culture-independent method of bacterial
16S rDNA sequence analysis, which overcomes the limi-
tations of gold-standard bacterial culture methods that
cannot detect several gut bacteria [19]. We further con-
ducted a bacterial probe-fluorescence in situ hybridisa-
tion (BP-FISH) assay and ultrastructural observation of
the small intestines for confirmation.

Methods

Laboratory animals and grouping

The specific pathogen-free Hartley guinea pigs (weight
300-350 g) were purchased from Beijing Vital River Lab-
oratory Animal Technology Co., Ltd. (Beijing, China). All
animals were maintained in temperature-controlled con-
ditions (temperature 23-25 oC; humidity 50+5%) with
12 h rhythm and fed with sterile food and water. All ani-
mal experiments were approved by China Medical Uni-
versity institutional animal care.

The Lp strain used in this study was clinically isolated
from the Department of Pulmonary and Critical Care
Medicine (Shengjing Hospital of China Medical Univer-
sity) and identified as Lp serotype 1 by slide agglutination
test [20], and as sequence type ST2345 by sequence-
based typing [21]. The bacterial strain was cultured on
Legionella charcoal yeast extract agar base containing
Legionella BCYE growth supplement at 37 °C and 5%
CO, for four days. The resulting colonies were suspended
in sterile 0.9% saline solution and adjusted to a final cell
density of 3.33 x 10° colony-forming units (CFU)/mL.

Lp-infected guinea pig model

Hartley guinea pigs were anesthetized and their limbs
immobilized by intraperitoneal injection of 40 mg/kg
pentobarbital sodium. A midline skin incision was made
along the neck of Hartley guinea pigs, and 0.3 mL of
bacterial solution containing 1x10° CFU Lp serotype 1
was injected through the trachea [20]. Guinea pigs in the
control group were injected with 0.3 mL of sterile saline
solution only. Intestinal, liver, and lung tissues were col-
lected at 4, 6, 12, 18, 24, 48, and 72 h post-infection from
six guinea pigs per group. According to the purpose of
the experiment, the whole experiment was divided into
control group and Lp-infected group, with 42 Hartley
guinea pigs in each group. The weight and temperature
of every group at 6, 24, 48, and 72 h observing times were
recorded.
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DNA extraction, library construction, and
sequencing

After the experimental period, all guinea pigs were euth-
anized by over-anesthesia with pentobarbital sodium
(intraperitoneal injection at a dose of 140 mg/kg). Blood
samples were taken, and tissue samples were collected
from the lungs, liver, and small intestine. Freshly har-
vested samples were immersed immediately in liquid
nitrogen for 2 h and stored at — 80 °C. DNA was extracted
from 200 mg samples of the lungs, liver, and contents of
the small intestine, and from 2 mL blood using E.Z.N.A.
Tissue DNA Kit (Omega Bio-tek, Norcross, GA, USA)
according to the manufacturer’s instructions. The con-
centration of extracted DNA was measured via Qubit
3.0 (Life Technologies, Carlsbad, CA, USA), and DNA
integrity was assessed via 1% agarose gel electrophoresis
(150 V, 40 min).

The polymerase chain reaction (PCR) mixture was pre-
pared with 30 ng of DNA sample and 16S V4 (319F-806R)
fusion primers. The primers used to amplify the region
are: 319F: 5-ACTCCTACGGGAGGCAGCAG-3' and
806R: 5-GGACTACHV GGGTWTCTAAT-3. DNA
sequencing was performed on the HiSeq 2500 platform
(Ilumina) using the HiSeq Rapid SBS Kit v2 Sequenc-
ing strategy [22]. Sequencing reactions and execution
were performed in accordance with the manufacturer’s
instructions.

The target DNA fragment was amplified by the fol-
lowing steps: initial denaturation at 98 °C for 3 min,
followed by 30 cycles of denaturation at 98 °C for 45 s,
annealing at 55 °C for 45 s, extension at 72 °C for 45 s,
and final extension at 72 °C for 7 min. The resulting PCR
products were purified using the Agencourt AMPure XP
beads (Beckman Coulter, Inc., Brea, CA, USA) to remove
non-specific amplicons. The average fragment size of
DNA libraries was determined using Agilent Technolo-
gies 2100 Bioanalyzer (Agilent DNA 1000 Reagents).
DNA libraries were quantified using qPCR (EvaGreen)
to ensure high accuracy and resolution. EvaGreen dye
binds specifically to double-stranded DNA, generating
fluorescence signals during the quantitative PCR process,
thus providing precise DNA library concentrations. This
method not only enhances the assessment of library uni-
formity but is also highly compatible with downstream
sequencing steps.

DNA libraries that met the sample requirements were
subjected to paired-end sequencing on the Illumina
HiSeq 2500 platform at BGI (Shenzhen, China). Sample
Requirements: All DNA libraries used for sequencing
must meet certain quality standards. Specific require-
ments included an average length of DNA fragments
between 200 and 500 bp, a concentration of at least 10
ng/pL, and no apparent contamination. Read length
information: paired-end sequencing was performed on
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the Illumina HiSeq 2500 platform used, and the read
length was set to 150 bp to ensure high-quality sequenc-
ing data and adequate coverage.

Low-quality reads were removed from the raw data,
and the paired-end reads were merged into single
sequences using Fast Length Adjustment of SHort reads
(FLASH v1.2.11) software to generate hypervariable
region tags. Low-quality reads were removed from the
raw data. We identified low-quality reads using the fol-
lowing criteria: Bases with a Phred Quality Score of less
than 30 were considered to be of low quality; Reads with
an average quality score of less than 20 for each pair of
paired end reads were removed; Reads with a read length
of less than 50 bases were considered low quality and
removed. The merged tags were clustered using UPARSE
software based on the 97% similarity threshold to obtain
the representative sequence of each operational taxo-
nomic unit (OTU) [23, 24]. The taxonomy assignment
of OTUs was performed by comparing sequences to the
Greengene_2013_5_99 by RDP classifierv.2.2, with a 0.6
confidence value as the cutoff.

BP-FISH

The paraffin tissue sections were dewaxed, rehydrated,
boiled in the reconstitution solution for 10 min, and left
to cool before enzymatic digestion with proteinase K
(20 pg/mL) at 37 °C for 30 min. Subsequently, the par-
affin sections were incubated in prehybridisation solu-
tion at 37 °C for 1 h, followed by overnight incubation
with hybridisation solution containing probes (8 ng/pL)
at 37 °C. The paraffin sections were then sequentially
washed with 2x saline sodium citrate (SCC) solution
at 37 °C, 1x SCC at 37 °C, and 0.5x SCC at room tem-
perature for 10 min each, followed by incubation with
4,6-diamidino-2-phenylindole (DAPI) staining solution
for 7 min in the dark. Finally, the stained paraffin sec-
tions were mounted and observed under a microscope.
The probes used to detect Lp and Anoxybacillus kestan-
bolensis were 5-ATCTGACCGTCCCAGGTT-3" with
fluorescein amidite (FAM) modifications on the 5'-end
(488) and 3’-end (488), and 5'-CTCCCCAGCACAACG
AGCAGCAAAT-3’ with Cy3 modification on the 5'-end,
respectively.

Ultrastructure observations

For ultrastructural observation of the small intestinal
mucosa, the ileum tissues were fixed in 2.5% glutaralde-
hyde, rinsed in 0.1 mol/L phosphate buffer (pH 7.4), and
dehydrated in graded ethanol. The tissues were embed-
ded in epoxy resin. The ultrathin tissue sections were
stained with uranyl acetate and lead citrate and then
examined with a transmission electron microscope (Hit-
achi HT7700).
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Statistical analyses

Statistical analyses were performed using SAS 9.4 soft-
ware. Each strain’s gene expression was statistically
represented as mean + standard deviation, with the mea-
surement unit being percentage.

Results

Weight and temperature of guinea pigs in the control
group and Lp-infected group

The control group guinea pigs’ weight continued to
increase; the Lp-infected group guinea pigs’ weight
increased until 24 h after infection, then significantly
decreased at 48 h, and further decreased at 72 h; the con-
trol group showed small fluctuations in body tempera-
ture; the Lp-infected group started to show an increase in
body temperature 6 h after infection, peaked at 48 h, and
significantly decreased at 72 h (Supplement Table 1).

Extraction of 16S rDNA from the lungs, blood, liver, and
small intestinal content

At 24, 48, and 72 h post-infection, three randomly
selected guinea pigs from each group were tested (a total
of 18 guinea pigs and 9 guinea pigs per group). Bacte-
rial 16S rDNA was extracted from the contents of the
small intestine of all guinea pigs in the control group
(9/9), whereas there was no extractable bacterial 16S
rDNA in the lungs, blood, and liver. In contrast, bacte-
rial 16S rDNA was extracted from the lungs (9/9), blood
(3/9), liver (3/9), and contents of the small intestine (9/9)
of Lp-infected guinea pigs. To confirm negative results,
all negative samples were processed using an optimized
extraction procedure. Optimization procedures include
re-extracting using the same DNA Kits, increasing the
temperature and time of sample processing, and intro-
ducing additional cleaning steps to improve DNA recov-
ery and reduce the possibility of contamination. The
negative results in the first attempt of extraction were
further confirmed with optimised extraction procedures.

Lung Blood and Liver (Species %)

Legionella pneumophilz

others (<1%)
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Bacterial composition in the lungs, blood, and liver at the
species level

The lung tissues of two Lp-infected guinea pigs were
dominated by A. kestanbolensis, Geobacillus vulcani,
and Klebsiella oxytoca at 24 h and 48 h post-infection,
whereas Lp became the dominant bacterium at 72 h post-
infection (Fig. 1a). A. kestanbolensis, G. vulcani, and K.
oxytoca dominated the blood and liver tissues of two Lp-
infected guinea pigs at 24 h post-infection and of one Lp-
infected guinea pig at 48 h post-infection (Fig. 1a).

Lp infection led to microbiome imbalance in the small
intestine

The microbiome of the small intestine of guinea pigs in
the control group was dominated by Bacteroidota and
Bacillota at the phylum level (Table 1; Fig. 1b).

At 24 h post-infection, the small intestines of guinea
pigs in the Lp-infected were dominated by Bacteroid-
ota and Bacillota at the phylum level (Table 1; Fig. 1b).
However, the proportion of Pseudomonadota started to
increase gradually at 48 h and at 72 h post-infection, and
it became the dominant group compared with the control
group at 72 h (Table 1; Fig. 1b). Escherichia coli was the
dominant bacterium at 72 h post-infection (Supplement
Fig. 1).

BP-FISH in the lung liver and small intestine

A. kestanbolensis accounted for the highest proportion
of bacterial DNA in the lung and the liver in Lp-infected
guinea pigs at 24 h and 48 h post-infection, indicating the
possibility of bacterial translocation from gut to remote
tissues; this was further identified by BP-FISH assay.

The BP-FISH assays with Lp-specific and A. kestan-
bolensis-specific probes yielded negative results in the
lungs, liver, and small intestinal tissues of guinea pigs in
the control group at all time points (Figs. 2, 3, 4, 5 and 6;
Supplement Fig. 2). The signal intensity of the Lp-specific
probe in the lungs (Fig. 2) and small intestines (Fig. 3)
of Lp-infected guinea pigs began to increase gradually

Small intestine content (Phylum %)

Bacteroidota
Bacillota
Pseudomonadota
Actinomycetota
Elusimicrobiota
Fusobacteriota
Mycoplasmatota

Verrucomicrobiota

Cyanobacteriota

Dependentiaeota
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Fig. 1 Legionellosis causes translocation and imbalance of intestinal flora. The taxonomic composition distribution (a) in Lung, blood and liver of species-
level in Lp- infected group. The taxonomic composition distribution (b) in small intestine content of phylum-level. ¢ (Control group), and Lp (Lp-infected

group)
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Table 1 Intestinal flora imbalance caused by Lp infection (Phylum level)

Strain Cn Lp
24 h 48 h 72h 24 h 48 h 72h

Actinomycetota 12+1.25 0.87+0.65 2.84+248 3.79+1.88 493+1.84 0.22+0.26
Bacteroidota 70.15+9.13 52.01+46.24 54.14+39.34 489242447 2851+25.15 214237
Cyanobacteriota 0.03+£0.05 0.02+£0.04 0.12+0.21 0.06+0.1 0+0 0+0
Elusimicrobiota 0.03+0.05 0+0 0.3+0.05 0+0 0.03+0.05 0+0
Bacillota 24.52+638 45.13+4834 336242952 41.77+£29.36 4494+£52 3.57+0.69
Fusobacteriota 0£0 0+0 0.03+0.05 0+0 0.28+049 46+7.64
Pseudomonadota 3.28+0.87 1.78+1.51 9.01+1274 5444354 21.08+22.85 86.73+14.71
Dependentiaeota 0.12+0.15 0+0 0+0 0+0 0+0 0+0
Mycoplasmatota 061+0.79 0.14+0.13 0.21+0.19 0.03+0.05 0.23+0.18 0+0
Verrucomicrobiota 0.06+£0.05 0.03+£0.05 0x0 0£0 0x0 2.78+4.81

The proportion of small intestine contents gene expression at the phylum-level. The unit is percentage. Cn (Control group), and Lp (Lp infected group)

Lp 4h Lp 6h Lp 12h
Lp 18h Lp 24h Lp 48h Lp 72h

Fig. 2 The presence of Lp in lung by FISH after Lp infected. Cn (Control group), Lp (Lp-infected group)

Lp 4h Lp 6h Lp 12h
Lp 18h Lp 24h Lp 48h Lp 72h

Fig. 3 The presence of Lp in small intestine by FISH after Lp infected. Cn (Control group), Lp (Lp-infected group)
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Lp 4h Lp 6h Lp 12h
Lp 18h Lp 24h Lp 48h Lp 72h

Fig. 4 The presence of Anoxybacillus kestanbolensis in small intestine by FISH after Lp infected. Cn (Control group), Lp (Lp-infected group)

Lp 4h Lp 6h Lp 12h
Lp 18h Lp 24h Lp 48h Lp 72h

Fig. 5 The presence of Anoxybacillus kestanbolensis in Liver by FISH after Lp infected. Cn (Control group), Lp (Lp-infected group)

at 4 h post-infection, peaked at 48 h post-infection, and
reduced significantly at 72 h post-infection. The trend in
signal intensity of the Lp-specific probe observed in the
liver of the Lp-infected group paralleled that observed
in the small intestines of the same group. The signal
intensity of A. kestanbolensis-specific probe in the small
intestines of Lp-infected guinea pigs started to increase
gradually at 4 h post-infection, peaked at 24 h post-
infection, and started to reduce significantly at 48 h post-
infection (Fig. 4). In contrast, in the liver of Lp-infected
guinea pigs, the signal intensity of A. kestanbolensis-spe-
cific probe started to increase gradually at 6 h post-infec-
tion, peaked at 18 h post-infection, and began to reduce
at 24 h post-infection (Fig. 5), whereas in the lungs the

signal intensity began to increase gradually at 6 h post-
infection, peaked at 24 h post-infection, and reduced sig-
nificantly at 48 h post-infection (Fig. 6). Extremely weak
or no signals were observed in all of the organs at 72 h
post-infection.

Ultrastructural observation of the small intestinal mucosa
Electron microscope observations revealed that guinea
pigs in the control group had a normal intestinal ultra-
structure at all time points. In contrast, the entire pro-
cess of bacterial entry from the intestinal lumen into the
submucosa was visible in Lp-infected guinea pigs at 18 h
post-infection (Fig. 7).
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Lp 4h

Lp 18h Lp 24h

Page 7 of 10

Lp 6h Lp 12h

Lp 48h Lp 72h

Fig. 6 The presence of Anoxybacillus kestanbolensis in lung by FISH after Lp infected. Cn (Control group), Lp (Lp-infected group)

Lp 18h

Lp 18h

Fig. 7 The entire process of gut bacterial entry from the intestinal lumen into the submucosa at 18 h after Lp infection. (a) The structure of the intestinal
mucosa in control group; (b) The bacteria (red arrow) reached the surface of the intestinal mucosa; (c) The bacteria (red arrow) entered the intestinal
epithelial cell. (d) The intestinal epithelial cells were destroyed and the bacteria enter submucosa. Cn (Control group), Lp (Lp-infected group)

Discussion

Recent studies have shown that in critically ill patients
such as those with sepsis, ARDS, and shock, the lung and
gut microbiomes undergo profound changes, and gut-
associated bacteria translocate to the lung [25, 26]. Lp
can cause lethal infection; however, there are no studies
so far on the translocation of gut bacteria during legio-
nellosis. The core finding of our study is that genomic
DNA from gut-associated anaerobic bacteria is enriched
the lung microbiome in experimental Lp-infected model.
Previous studies on legionellosis involved the isolation
and culture of Legionella without performing anaerobic
culture, and isolated non-Legionella bacteria were con-
sidered as contaminants [27, 28]. Specific PCR ampli-
fication of conserved regions in the bacterial 16S rDNA
sequences allows for more sensitive detection for patho-
genic genomic DNA than conventional culture methods

[26, 29]. Therefore, we investigated the microbiome
in the lungs, blood, liver, and small intestinal contents
of guinea pigs infected with legionellosis by culture-
independent method. A. kestanbolensis and G. vulcani,
among others, were only detected in the small intestine
content in guinea pigs in the control group, whereas
no bacterial DNA could be extracted from their lungs,
blood, and liver tissues. In contrast, these gut bacte-
rial DNA were also extracted from the lungs, blood, and
liver tissues in Lp-infected guinea pigs at 24 h and 48 h
post-infection, indicating that the anaerobic bacterial
DNA had translocated from the gut to remote organs.
Hybridisation with the A. kestanbolensis-specific probe
yielded positive results. Both of A. kestanbolensis and
G. vulcani are members of Bacillales order and Bacilla-
ceae family. Recently, a mendelian randomization study
found that Bacillales order of gut microbiota was causally
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associated with lower respiratory tract infections [30].
Another study on respiratory flora in patients with ven-
tilator-related pneumonia revealed a positive correlation
between Bacillales order and microbial  diversity [31].
However, the mechanisms involved are still unknown,
necessitating additional investigation in the future. We
also observed the entire process of bacterial entry from
the intestinal lumen into the submucosa in Lp-infected
guinea pigs by electron microscope. Dickson et al. [26]
identified prominent anaerobic gut-associated bacteria in
animal model of sepsis and human study of ARDS, which
is consistent with our results, although they reported dif-
ferent anaerobic bacteria.

The translocation of gut microflora, also called the
“engine” of MODS, has gained substantial attention in
cases of ARDS and MODS in recent years [32]. Once
the translocated gut bacteria and inflammatory media-
tors enter the pulmonary microcirculation, they activate
the alveolar macrophages and trigger the onset of acute
lung injury and ARDS [33]; moreover, they can activate
systemic immune responses and promote the cascading
effects of inflammatory mediators, leading to the onset of
systemic inflammatory response syndrome and MODS
[34]. Previous studies about the pathogenesis of legionel-
losis mostly focused on the direct injury to the lung by Lp
per se, while no attention has been paid on the translo-
cated gut-associated bacteria. The translocation of abun-
dant gut anaerobic bacteria (such as A. kestanbolensis)
and their products (such as catecholase, alpha-L-arabi-
nofuranosidase, and amylase) [35] may further aggravate
the lung injury, which may persist even after the discon-
tinuation of bacterial translocation. However, the impact
of bacteria that have been translocated to multiple tissues
and organs on the body and their “trigger effects” on the
progression to ARDS and MODS in legionellosis remain
to be further studied.

The gastrointestinal microbiota in adults comprises
1000-1150 bacterial species [36]. The guinea pig is an
important animal model for studying the gut microbi-
ome in humans, as the gut of guinea pigs and humans are
dominated by Bacteroidota and Bacillota [37] and our
results were in line with these observations. The compo-
sition of microbiome in the small intestine of Lp-infected
guinea pigs gradually shifted from being dominated by
Bacteroidota and Bacillota to one that was dominated
by Pseudomonadota, and at 72 h post-infection, E. coli
became the dominant species, suggesting an imbalance
of the gut microflora. E. coli is a common bacterium in
the gut, accounting for less than 1% of gut microbiota
in healthy adults [38]. However, its abnormal increase
is associated with various diseases such as acute chole-
cystitis [39]. E. coli is the main gut bacteria involved in
colonisation and translocation [40]. Under normal condi-
tions, gut anaerobic bacteria are capable of suppressing
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the colonisation and translocation of Enterobacteria-
ceae [41]. Our results showed that E. coli dominated the
imbalanced gut microbiome but did not translocate fol-
lowing Lp infection. However, further studies are needed
to determine whether the absence of E. coli transloca-
tion was attributed to the inadequate observation period
(72 h) or whether there were other reasons. Patients with
legionellosis may develop diarrhoea [5] but its specific
cause has not yet been reported. Based on our results, we
hypothesise that the onset of diarrhoea during Legionella
infections may be associated with the imbalance of gut
microflora.

Our results showed that the translocation of gut bacte-
rial DNA occurred in only two out of three Lp-infected
guinea pigs at 24 h and 48 h post-infection. Naaber P
et al. [42] investigated the translocation of indigenous
microflora in an experimental model of sepsis and found
the same phenomenon. Cunha et al. reviewed the clinical
characteristics of Legionella infection and identified that
not all patients had extrapulmonary manifestations and
only a few patients with legionellosis develop ARDS and
MODS [43]. If the translocation of gut-associated bacte-
ria is associated with extrapulmonary manifestations, our
findings are consistent with the clinical setting. A recent
study revealed that increased lung bacterial DNA burden
and enrichment of the lung microbiome with gut-associ-
ated bacterial taxa were predictive of poor ICU outcomes
and the clinical diagnosis of ARDS [44]. In our study, A.
kestanbolensis and G. vulcani were the main bacterial
species that translocated from the gut. As these anaero-
bic bacteria are sensitive to ampicillin, streptomycin, and
gentamicin, among others [35], the use of conventional
antibiotics against Legionella such as macrolide may
result in relatively poor therapeutic outcomes against the
translocated bacteria. A multicentre retrospective obser-
vational study revealed that patients with severe legio-
nellosis receiving a fluoroquinolone-based antimicrobial
regimen in the early course of management had a lower
in-ICU mortality [9]. Compared with macrolide, fluoro-
quinolone is a broad-spectrum antibiotic. Whether the
protective effect on severe legionellosis was related to
the effective control of the early intestinal translocation
bacteria remains to be further studied. Therefore, in the
treatment of critically ill patients with legionellosis, it is
necessary to pay attention to superinfection and thera-
peutic strategy to improve the prognosis.

To the best of our knowledge, this is the first study to
show Lp-induced dysbiosis in gut and the translocation of
gut-associated anaerobic bacterial DNA to remote organs
such as the lungs and liver. However, our study has limi-
tations. The sample size included in this study was small.
Although Lp1 is the most common type of infection that
causes legionella pneumonia, only Lpl strain (ST2345)
infection was assessed in the study. Various strains of
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Legionella, along with distinct serological and sequenced
types of Lp, may exhibit varying levels of pathogenic-
ity. Consequently, further research in the future may be
required to investigate the relationship between non-Lp1
(ST2345) Legionella types and bacterial translocation or
gut microbiome imbalance. Furthermore, only the pres-
ence of genomic DNA was confirmed rather than intact,
viable translocated cells. This study only “suggests” rather
than “confirm” the existence of this phenomenon, and
more research is needed to confirm this. In addition,
the underlying mechanisms of Lp-induced translocation
of gut bacteria and their effects on the hosts were not
determined.

Conclusions

Infection with the Legionella pneumophila serotype 1
disrupted the intestinal microbiota in a subset of guinea
pigs during a 72-hour period post-infection, with pos-
sible translocation of gut-associated anaerobic bacteria
to the lungs and liver based on the presence of genomic
DNA detected in tissue from infected guinea pigs.
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