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Abstract
Background  Lactic acid bacteria are increasingly being studied for their immunomodulatory activity and protective 
effects against pathogens. Limosilactobacillus fermentum DSM 34872, isolated from human breast milk, was evaluated 
for its prophylactic potential using Galleria mellonella as an alternative preclinical model. Results: The antimicrobial 
activity of L. fermentum against Salmonella enterica subsp. enterica serovar Typhimurium or Enterococcus faecalis was 
first assessed in vitro by the overlay assay. In vivo, G. mellonella larvae were orally administered with L. fermentum 
via gavage and exposed to pathogens. Survival rates, melanization score, and expression of immune-related genes 
(dorsal, relish, gallerimycin, gloverin) were evaluated in both the gut and hemolymph using RT-qPCR at 4 and 24 h after 
infection.

Conclusion  L. fermentum showed antibacterial activity in vitro. In vivo, pre-treatment with L. fermentum significantly 
increased survival and delayed mortality. The melanization score supported the in vivo survival results. Gene 
expression analysis revealed modulation of key immune markers in both the gut and hemolymph, suggesting 
controlled immune activation rather than hyperinflammation in L. fermentum pretreated groups. Prophylactic oral 
administration of L. fermentum protected against lethal bacterial infections in G. mellonella, altering both local and 
systemic immune responses. These results highlight the potential of L. fermentum as a promising candidate for future 
in vivo analyses and confirm G. mellonella as an ethical, economical, and reliable preclinical model for preliminary 
screening, with the aim of subsequent evaluations in accredited clinical models.
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pathogen interaction5, Oral administration model6, Prophylactic potential7, Innate immunity8

Prophylactic oral Limosilactobacillus 
fermentum DSM 34872 protects Galleria 
mellonella from gut-associated pathogens
Antonio Guarnieri1 , Noemi Venditti1,2 , Natasha Brancazio1 , Farwa Mukhtar1 , Marilina Falcone1 ,  
Addis Temie Worku1 , Maria Di Naro1 , Giovanni Scapagnini1 , Giulio Petronio Petronio1*  and 
Roberto Di Marco3

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12866-026-04808-z
http://orcid.org/0000-0003-3949-4143
http://orcid.org/0000-0003-4952-1889
http://orcid.org/0009-0001-2203-3327
http://orcid.org/0000-0001-9856-9606
http://orcid.org/0009-0009-7277-1377
http://orcid.org/0000-0003-4302-964X
http://orcid.org/0009-0002-0116-0308
http://orcid.org/0000-0003-1592-5586
http://orcid.org/0000-0002-5098-7785
http://orcid.org/0000-0001-5075-4597
http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-026-04808-z&domain=pdf&date_stamp=2026-2-5


Page 2 of 14Guarnieri et al. BMC Microbiology          (2026) 26:213 

Introduction
The human gut hosts a complex microbial commu-
nity necessary for maintaining immune and metabolic 
homeostasis, as well as for defending against pathogenic 
microorganisms [1–3]. Alterations in microbial balance 
are recognized as risk factors for both inflammatory 
and infectious diseases, often caused by dietary imbal-
ances, colonization by opportunistic microorganisms, 
and excessive or improper use of antibiotics [4–6]. This 
dysregulation weakens the host's defenses and compro-
mises the integrity of the gut barrier, increasing sus-
ceptibility to both local and systemic infections, with 
significant clinical and public health implications [7, 8]. 
In this context, lactic acid bacteria (LAB), particularly 
Lactobacillus species, have attracted increasing inter-
est for their prophylactic potential against gut dysbiosis. 
LAB are generally recognized as safe (GRAS) by the Food 
and Drug Administration (FDA) and the European Food 
Safety Authority (EFSA), with a long history of safe use 
in fermented foods and supplements [9, 10]. Their ben-
eficial effects include restoration of gut eubiosis, modu-
lation of inflammation, and prevention of pathogenic 
colonization through mechanisms such as competitive 
exclusion, antimicrobial production, and immune mod-
ulation [11–14]. Despite many of these properties hav-
ing been extensively documented in vitro, their efficacy 
requires confirmation using in vivo models capable of 
accurately reproducing the physiological conditions of 
the host, as recommended by international guidelines 
[15–20]. Although mouse models are considered essen-
tial for this purpose, their use is often limited by ethical 
issues, high costs, and long experimental times [21–23]. 
For this reason, alternative preclinical models such as 
insects offer a more ethically sustainable approach for 
the preliminary screening of promising LAB. In particu-
lar, Galleria mellonella larvae have been established as a 
useful preclinical in vivo model due to their functional 
immune system similar to the innate immune system of 
humans, dose-dependent response to microbial infec-
tions, and the ability to rapidly assess key biological 
parameters such as survival, pathogen load, oxidative 
stress, and immune gene expression [15, 24–27]. The 
innate immune response of G. mellonella is mediated 
by conserved signaling pathways, primarily the Toll and 
IMD pathways, which are functionally analogous to those 
of vertebrates. To investigate immunomodulatory effects 
in this model, we focused on a panel of well-established 
immune-related genes. Dorsal and relish encode NF-κB-
like transcription factors involved in Toll- and IMD-
dependent signaling, respectively, and were selected as 
markers of upstream immune pathway activity [28–30], 
while gallerimycin and gloverin encode antimicro-
bial peptides and were analyzed as downstream effec-
tor genes reflecting the functional outcome of immune 

modulation [30–32]. In light of this, the present study 
employed oral administration of Limosilactobacillus fer-
mentum DSM 34872 (L3), a strain isolated from human 
breast milk, to assess its prophylactic potential against 
gut-associated pathogens: Salmonella enterica subsp. 
enterica serovar Typhimurium and Enterococcus faecalis. 
“Prophylactic” is used in an operational sense to indicate 
a short-term pre-treatment administered 20 h before 
pathogen challenge, aimed at priming host defenses and 
reducing subsequent infection-associated mortality. The 
choice of an oral administration approach is particularly 
relevant because it reproduces the natural route of expo-
sure of candidate beneficial bacteria and gut-associated 
pathogens. Although the digestive system of G. mel-
lonella differs anatomically from that of mammals, oral 
gavage allows a functionally meaningful assessment of 
host-microbe interactions at the gut level and their sys-
temic immune consequences [33, 34]. After promising 
in vitro results, we hypothesized that oral administration 
of L3 could inhibit pathogen proliferation and modulate 
the innate immune response. To verify this, G. mellonella 
larvae were infected with S. Typhimurium and E. faecalis, 
and parameters such as larval survival, melanization, and 
expression of key genes related to the immune system 
were analyzed in both the gut and hemolymph [30, 31, 
35–37]. This dual analysis allowed the study of local and 
systemic immunomodulatory effects [38, 39], confirm-
ing the physiological relevance and effectiveness of the 
orally gavaged G. mellonella model as an ethically favor-
able tool for the initial screening of the antibacterial and 
immunomodulatory activities of LAB.

Materials and methods
Chemicals and reagents
De Man, Rogosa, and Sharpe (MRS) medium was pur-
chased from Liofilchem and prepared according to the 
manufacturer’s instructions (62 g/L, pH 6.2).

Mueller–Hinton (MH) was purchased from Liofilchem 
and prepared according to the manufacturer’s instruc-
tions (21 g/L, pH 7.3).

TRIzol Reagent User Guide (Invitrogen, Waltham, MA, 
USA).

Sodium Chloride (NaCl, M = 58.44  g/mol) was pur-
chased from PanReac AppliChem.

cDNA reverse transcription kit (Applied Biosystems™) 
with RNase inhibitor.

qRT-PCR was performed using PowerUp™ SYBR™ 
Green Master Mix (Applied Biosystems).

Sterile, molecular biology-grade water (DEPC-treated, 
nuclease- and protease-free) was purchased from 
HiMedia.
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Bacterial strains
Salmonella enterica subsp. enterica serovar 
Typhimurium Clinical Isolate 4562 (St) was obtained 
from the culture collection of the University of Molise 
(Campobasso, Italy).

Enterococcus faecalis ATCC 29212 (Ef ) was purchased 
from the American Type Culture Collection (ATCC).

Limosilactobacillus fermentum DSM 34872 (L3) was 
originally isolated from human breast milk voluntarily 
donated by Natival s.r.l. collaborators. Donors pro-
vided milk within the company's internal procedures for 
research and development purposes, and no personally 
identifiable information was collected. The strain has 
been assigned a DSM number following a safe deposi-
tion at the Leibniz Institute DSMZ, where it is currently 
under restricted access and not yet publicly available in 
the online catalog.

All strains were stored at − 80 °C in 20% glycerol.

Bacterial preparations
The L3 strain was plated in a Petri containing MRS 
medium. The culture was grown anaerobically using the 
AneroGen (Thermo Scientific Diagnostic B.V., Lands-
meer, The Netherlands) anaerobic gas-generating sachet 
for 48 h at 37 °C.

Strains of Ef ATCC 29212 and St CI 4562 were plated 
in Petri containing MH medium and incubated for 24 h 
at 37 °C.

Antimicrobial overlay assay
The antimicrobial overlay assay was performed follow-
ing the same procedure described in our previous study 
(Guarnieri et al., 2024), based on the method by Hossain 
et al. [40]. The size of the inhibition halos represents the 
mean of three independent replicates. Accordingly, inhi-
bition was evaluated exclusively by quantitative measure-
ment of halo diameters, which represents the standard 
and reproducible readout of agar overlay assays, while 
representative images were not included as they do not 
provide additional analytical value beyond measured 
inhibition zones.

G. mellonella larvae acquisition and preparation
Final-instar G. mellonella larvae were sourced from a 
commercial breeder (SA.GI.P. s.a.s., Ravenna, Italy). 
Upon arrival, larvae were maintained at 15 °C in the dark 
and used after a 48-h starvation and acclimation period 
at 35 °C. Only healthy larvae weighing 270–330 mg, free 
of dark spots or signs of melanization, were selected for 
experiments. Larvae were gently handled using sterile 
forceps and housed without feeding in ventilated ster-
ile 144-mm Petri (11 larvae per dish) at 35  °C and kept 
in complete darkness for the entire duration of the 
experiments.

Inoculum preparation
Overnight cultures of L3, S. Typhimurium, and E. fae-
calis grown in their respective broths were centrifuged 
and washed twice in sterile saline. Bacterial pellets were 
resuspended to reach an OD₆₀₀ of 0.15, corresponding 
to approximately 2.6 × 10⁸ CFU/mL for S. Typhimurium, 
2.8 × 10⁸ CFU/mL for E. faecalis, and 2.1 × 10⁷ CFU/mL 
for L3.

G. mellonella oral gavage
Serial dilutions of all bacterial inocula (103 to 106 CFU/
mL) were administered via gavage as follows: to facili-
tate oral administration, G. mellonella larvae were briefly 
immobilised by placing them in a freezer for approxi-
mately 3 min. Oral administration was performed using 
a 0.5 mL insulin syringe equipped with a 0.33 mm × 12.7 
mm needle. A single 10 µl volume of the test suspension 
was gently delivered into the oral cavity of each larva, fol-
lowing the procedure described by Ramarao et al. [41]. 
After administration, the larvae were incubated at 35 °C 
and monitored at regular intervals to assess survival and 
physiological responses.

G. mellonella oral gavage grouping
The experimental protocol included a oral gavage regi-
men to evaluate the prophylactic effects of L3 against St 
and Ef infection, as described in Fig. 1.

 	• Naive Group: 33 untreated larvae.
 	• Infection Group (IG): 132 larvae were distributed 

into 4 treatment groups (33 for each group) and 
orally gavaged with: Saline, L3, St, and Ef.

 	• Prophylactic group (LPG): 99 larvae (33 for each 
group), previously orally administered with L3, after 
20 h were challenged with 3 different conditions: 
Saline, St, and Ef, to assess the prophylactic effect of 
the L3.

For each experimental condition, 33 larvae were used. 
All larvae were treated simultaneously and monitored 
longitudinally over time. Survival and melanization 
were assessed every 2 h during the first 24 h and every 
6 h thereafter, up to 48 h. At predefined time points (4 
h and 24 h post-treatment), three larvae were collected 
from the same experimental cohort for RNA extraction 
and gene expression analysis, while the remaining larvae 
continued to be monitored for survival and melaniza-
tion. At 24 h, molecular analyses were performed only for 
experimental groups in which larvae were still alive, as no 
viable individuals were available for sampling in groups 
that reached complete mortality.
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G. mellonella survival and melanization score (MS)
Survival
All G. mellonella larvae groups were incubated in sterile 
Petri at 35 °C in complete darkness. Larvae were distrib-
uted into 8 groups as shown in paragraph 2.8. Survival 
was monitored at regular intervals: every 2 h during the 
first 24 h, and every 6 h thereafter, up to 48 h. Larvae 
were considered dead if they failed to respond to physical 
stimulation and/or exhibited signs of melanization.

Melanization score
The host immune response of G. mellonella is char-
acterized by the formation of melanin nodules, mac-
roscopically evident as brown pigmented deposits. To 
quantitatively assess the progression of infection, the 
kinetics of melanin nodule development were moni-
tored at a constant temperature of 35 °C. All larvae were 
observed at 6-h intervals for survival, activity, and mel-
anization, employing the standardized scoring proto-
cols previously described by Torres et al. and Loh et al. 
[42, 43]. The MS applied in this study is a standardized, 
semi-quantitative health index commonly used in G. 
mellonella infection models, integrating larval activity, 

degree of melanization, and survival status. This com-
posite scoring system allows longitudinal assessment of 
disease progression and immune engagement before ter-
minal outcomes, rather than serving as a simple binary 
proxy of mortality. The collected data (Table  1) provide 
a comprehensive profile of the host's physiological and 
immunological response to the infectious challenge.

RNA extraction, cDNA amplification, and qRT-PCR gene 
expression
Four hours after oral gavage, larvae from all groups 
(Naive, IG, and LPG) were anesthetized at 4 °C for 10 min 
and subsequently processed. At this point, the distal part 
of the abdomen was excised using a sterile surgical blade 
(Swann Morton Limited, Sheffield S6 2BJ, England), and 
hemolymph and gut were collected into 1.5 mL Eppen-
dorf tubes, kept on ice to prevent melanization [44]. Dis-
sected intestinal tissues were mechanically disrupted by 
bead-based agitation using a vortex mixer to allow RNA 
extraction. Additionally, 24 h post-L3 treatment, larvae 
from the LPG group were processed again following the 
same procedure. According to the protocol outlined in 
the TRIzol Reagent User Guide (Invitrogen, Waltham, 

Fig. 1  Schematic study design representation
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MA, USA), RNA was extracted from the hemolymph and 
gut of each larval group. A high-capacity cDNA reverse 
transcription kit (Applied Biosystems™) with RNase 
inhibitor was used for cDNA amplification following the 
instructions outlined in the user guide. Quantitative real-
time PCR (qRT-PCR) was performed using PowerUp™ 
SYBR™ Green Master Mix (Applied Biosystems) follow-
ing the manufacturer's protocol utilizing Rotor-Gene 
Q (Qiagen) with an annealing temperature of 60 °C for 
15 s for 35 cycles, followed by the melt curve analysis 
(68–95°C). All the qRT-PCR reactions used specific gene 
primers for the antimicrobial peptides (AMPs) gallerimy-
cin and gloverin, transcription factor relish, and dorsal, 
as shown in Table 2. Results were normalized against the 
housekeeping gene Elongation factor 1-Alpha (EF1) level 
and shown as relative values compared with larvae Naive 
(untreated). Gene expression fold changes are expressed 
by the DeltaDeltaCT method [31, 45]. The 4 h timepoint 
was selected to capture early transcriptional activation 
of innate immune pathways, prior to overt physiological 
deterioration, whereas the 24 h timepoint was chosen to 
evaluate late-phase immune modulation and resolution 

in surviving larvae [30]. For each experimental condi-
tion and each time point, three larvae were collected 
and combined to form a biological replicate (BR). From 
each biological replicate, three technical replicates (TR) 
were processed using RT-qPCR. Distributed as follows: 
Naive = 1 BR and 3 TR; IG = 4 BR and 12 TR; LPG = 6 BR 
and 18 TR [46, 47]. To enhance transparency, the com-
plete raw dataset (Ct values) has been made publicly 
available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​9​6​7​4​3​2​
5.

Statistical analysis
All data were analyzed using RStudio 2025 (R version 
4.2.2) or GraphPad Prism version 9 (GraphPad Software, 
San Diego, CA, USA). Data normality was assessed using 
the Shapiro–Wilk test. If data were normally distrib-
uted (p > 0.05), one-way ANOVA followed by Tukey’s 
post hoc test was applied. If normality was not met, the 
Kruskal–Wallis test followed by Dunn’s post hoc test 
(Bonferroni correction) was used. For gut vs hemolymph 
comparisons, normality was assessed using the Shap-
iro–Wilk test, and if both groups were normally distrib-
uted (p > 0.05), a two-tailed t-test was used; otherwise, a 
Mann–Whitney U test was applied. Only comparisons 
with statistically significant differences (p < 0.05) were 
reported, and significance was indicated with different 
letters or with asterisks (p ≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: 
***). Kaplan–Meier survival analysis and statistical dif-
ferences between survival curves were assessed using the 
log-rank (Mantel–Cox) test.

Results
Antimicrobial overlay assay
The antimicrobial overlay assay evaluates the activity of 
diffusible antimicrobial compounds under in vitro con-
ditions and was used as a preliminary screening tool. L3 
showed in vitro antibacterial activity, producing inhibi-
tion zones of 22.0 ± 0.7 mm against S. Typhimurium and 
18.0 ± 0.3 mm against E. faecalis.

Table 1  Criteria for assigning scores for Activity, Melanization, 
and Survival within the health index scoring system
Category Condition Score
Activity No activity 0

Minimal activity upon stimulation 1

Active when stimulated 2

Active without stimulation 3

Melanization Complete melanization(entire larva is black) 0

Black spots on brown larvae 1

 ≥ 3 black spots on beige wax worm 2

 < 3 black spots on beige wax worm 3

No melanization 4

Survival Dead 0

Alive 2
For the Activity and Survival categories, a higher score indicates a better state: 
Activity: 0 = No activity; 1 = Minimal activity upon stimulation; 2 = Active when 
stimulated; 3 = Active without stimulation. Survival: 0 = Dead; 2 = Alive. For the 
Melanization category, a higher score indicates less melanization (thus a more 
normal/healthy state): Melanization: 0 = Complete melanization (entire larva 
black); 1 = Black spots on brown larvae; 2 = ≥ 3 black spots on beige wax worm; 
3 = < 3 Black spots on beige wax worm; 4 = No melanization

Table 2  List of primers used (qRT-PCR)
Gene symbol Gene description Accession number (mRNA) LOC ID Primer Sequence (5’ to 3’) Reference
Dorsal Embryonic polarity protein dorsal XM_052899051.1 LOC113512577 Fw: CGACGAATTTCTACCTGTAAACC

Rv: CACCAAACCTTTACTCGACATTT
[31]

Rel relish XM_052893440.1 LOC113515637 Fw: TCCAAAAAGCACCCTACAATCG
Rv: GCACTTCGTAGCTCACATCTC

[31]

gallerimycin gallerimycin-like XM_026909420.3 LOC113523440 Fw: AACCATCACCGTCAAGCCA
Rv: TCGAAGACATTGACATCCATTGA

[31]

gloverin gloverin XM_026909162.3 LOC113523269 Fw: AGATGCACGGTCCTACAG
Rv: GATCGTAGGTGCCTTGTG

[45]

eEF1alpha1 elongation factor 1-alpha XM_026903443.1 LOC113518486 Fw: AACCTCCTTACAGTGAATCC
Rv: ATGTTATCTCCGTGCCAG

[45]

https://doi.org/10.6084/m9.figshare.29674325
https://doi.org/10.6084/m9.figshare.29674325
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Survival and melanization score
L3 prophylactic administration improves G. mellonella 
survival
The survival rate data are shown in Fig.  2. For the L3 
group and control groups (Naive and Saline), each 
showed 100% survival, while the IG, infection caused by 
St and Ef, leads to total mortality of larvae at 18 and 24 
h, respectively (Fig. 2A). In the LPG (Fig. 2B), L3_Ef had 
75% survival, L3_St had 25%, and L3_Saline maintained 
100% survival. Survival analysis (Table  3) revealed no 
significant differences between control groups: Naive vs 
Saline (p = 1.00), Naive vs L3 (p = 1.00), and Saline vs L3 

(p = 1.00), indicating that neither L3 nor Saline treatment 
alone affected larval viability. Comparison of IG showed 
significantly higher lethality in the St group compared to 
the Ef group (p ≤ 0.001). When comparing L3 to the IG, 
L3 vs St (p ≤ 0.001) and L3 vs Ef (p ≤ 0.001) both showed 
highly significant differences. Prophylactic administra-
tion of L3 before infection significantly improved sur-
vival: St vs L3_St (p ≤ 0.001) and Ef vs L3_Ef (p ≤ 0.001). 
Direct comparison between L3_St and L3_Ef revealed 
a statistically significant advantage of L3 against Ef 
(p ≤ 0.001). Within the LPG, L3_Saline exhibited signifi-
cantly higher survival than L3_St (p ≤ 0.001) and L3_Ef 

Table 3  Pairwise comparisons of survival estimates calculated using the Kaplan–Meier method
Matrix of Pairwise Comparisons
Group Ef L3 L3_Ef L3_Saline L3_St Naive Saline
Ef 1.0000  ≤ 0.0001  ≤ 0.0001 1.0000  ≤ 0.0001  ≤ 0.0001  ≤ 0.0001
L3  ≤ 0.0001 1.0000 1.0000  ≤ 0.0001 1.0000 1.0000  ≤ 0.0001
L3_Ef  ≤ 0.0001 1.0000 1.0000  ≤ 0.001  ≤ 0.05  ≤ 0.05  ≤ 0.0001
L3_Saline 1.0000  ≤ 0.0001  ≤ 0.001 1.0000 1.0000 1.0000  ≤ 0.0001
L3_St  ≤ 0.0001 1.0000  ≤ 0.05 1.0000 1.0000  ≤ 0.0001  ≤ 0.01
Naive  ≤ 0.0001 1.0000  ≤ 0.05 1.0000  ≤ 0.0001 1.0000  ≤ 0.0001
Saline  ≤ 0.0001  ≤ 0.0001  ≤ 0.0001  ≤ 0.0001  ≤ 0.01  ≤ 0.0001 1.0000
This table reports statistically significant pairwise comparisons among the Kaplan–Meier survival curves shown in Fig. 2. Survival differences between experimental 
groups were assessed using the log-rank test; statistically significant comparisons (p < 0.05) are indicated in bold

Fig. 2  Survival curves of G. mellonella larvae under different experimental conditions over time.Survival curves of G. mellonella larvae under different 
experimental conditions: IG (A), LPG (B), and IG + LPG (C). Larvae untreated (Naive), larvae treated with Saline solution (Saline), L3, or infected with S. 
Typhimurium or E. faecalis, with or without prophylactic treatment with L3. Survival was monitored up to 48 h post-infection. Each curve represents the 
cumulative average of three independent experiments. Statistical differences between groups were determined using the log-rank (Mantel-Cox) test, as 
indicated in the graph
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(p ≤ 0.001), while L3_Ef survival was also significantly 
higher than L3_St (p ≤ 0.001). The concentration respon-
sible for inhibition, as indicated by the survival curves, 
was selected for the 48 h monitoring: no mortality for L3, 
2,6 ± 0,2 × 105 CFU/mL for St, 2,8 ± 0,2 × 105 CFU/mL for 
Ef.

Melanization response dynamics across experimental 
conditions
At baseline (0  h; Fig.  3), all experimental groups dis-
played uniformly high MS (MS = 4), with no significant 
differences among treatments (p > 0.05) (All statistical 
data are available in the data repository). Throughout 
the entire experimental period (0–48  h), Naive, Saline, 
L3, and L3_Saline groups maintained consistently high 
MS values (~ 4), with no significant differences detected 
between them at any timepoint (p > 0.05). In contrast, 
larvae infected with St or Ef showed a rapid and signif-
icant decline in MS. As early as 6  h post-infection, MS 
values in both St and Ef groups were significantly lower 
than those observed in Naive, Saline, and L3 controls 
(p ≤ 0.05), with the reduction being more pronounced in 
the St group (St vs Ef, p ≤ 0.01). This divergence persisted 
at 12  h, when both infection groups exhibited further 
melanization impairment compared to all control groups 
(p ≤ 0.001). The St group showed a sharper decline, reach-
ing critically low MS values and complete mortality by 
18 h, whereas Ef-infected larvae declined more gradually, 

with measurable MS persisting until 24  h, when full 
mortality occurred. Pre-treatment with L3 significantly 
modulated MS following infection. At 6 h post-infection, 
L3_St and L3_Ef groups did not differ significantly from 
Naive, Saline, or L3 controls, indicating an early protec-
tive effect of L3 priming (p > 0.05). By 12  h, both L3_St 
and L3_Ef groups showed significantly higher MS values 
compared to their respective infected counterparts (St 
and Ef; p ≤ 0.05), although MS remained lower than those 
of uninfected controls. At 18 h, when all St-infected lar-
vae had died, L3_St larvae maintained substantial MS 
(mean MS ~ 1–2), significantly higher than St (p ≤ 0.001), 
and comparable to L3_Ef larvae (p > 0.05). At 24  h and 
later timepoints, both L3_St and L3_Ef groups exhibited 
sustained survival and a progressive recovery of melani-
zation response, with MS values increasing toward con-
trol levels. Across these later timepoints (30–48  h), no 
significant differences were detected between L3_St and 
L3_Ef groups (p > 0.05), although both remained signifi-
cantly lower than Naive, Saline, L3, and L3_Saline groups 
(p ≤ 0.001). Full dataset and statistical analysis are avail-
able in the data repository.

Melanization scores of G. mellonella larvae at nine 
time points: 0, 6, 12, 18, 24, 30, 36, 42, and 48 h post-
treatment under different experimental conditions. Lar-
vae were orally gavaged with: Naive (untreated), Saline, 
L3, L3_Saline (pre-treated with L3, then Saline), St, L3_St 

Fig. 3  Melanization scores
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(pre-treated with L3, then St), Ef, and L3_Ef (pre-treated 
with L3, then Ef ). Data are presented as mean ± SD.

Analysis of mRNA expression levels of the genes dorsal, 
relish, gallerimycin, and gloverin in the hemolymph and gut 
of G. mellonella larvae
To study the immune response of G. mellonella larvae 
to different experimental conditions and the underly-
ing molecular mechanisms, we analyzed the expres-
sion levels of four genes (dorsal, relish, gallerimycin, and 

gloverin) involved in key immune signaling pathways and 
AMPs in two major compartments: the hemolymph and 
gut. Below and in Fig. 4, we reported only the results that 
reached statistical significance. Complete datasets are 
available in the data repository.

Gene: dorsal
The dorsal gene showed marked modulation across both 
analyzed compartments.

Fig. 4  Relative expression levels of dorsal, relish, gallerimycin and gloverin in the gut and hemolymph of G. mellonella larvaeRelative expression levels of 
dorsal, relish,, gallerimycin and gloverin in the gut and hemolymph of G. mellonella larvae, 4 and 24 h after oral gavage with different experimental condi-
tions: Saline, L3, St, and Ef, L3_Saline, L3_St, and L3_Ef. Gene expression was quantified by RT-qPCR using the 2^-ΔΔCT method. Significant differences are 
indicated with asterisks (p ≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: ***)
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In the hemolymph, expression was significantly 
reduced in L3_Ef_4h compared to Ef_4h (p < 0.05).

In the gut, significant differences were observed 
between Ef_4h and L3_Ef_24h (p < 0.05).

Overall, dorsal expression exhibited higher levels dur-
ing acute infection and lower levels in L3-pretreated 
groups.

Gene: relish
For relish, a clear increase in expression was detected in 
infected groups compared to control and L3 groups. In 
the hemolymph, expression was significantly higher in 
St_4h and Ef_4h.

In the gut, relish expression was elevated in St infec-
tions compared to the saline control and L3 groups.

Gene: gallerimycin
The gallerimycin gene exhibited significant changes 
under several experimental conditions.

In the hemolymph, strong upregulation was observed 
in St_4h and Ef_4h compared to Saline_4h. Additionally, 
the L3 pretreated groups showed a significant reduction 
compared to the St and Ef infection groups (p < 0.001). 
In the gut, the most notable reduction occurred between 
St_4h and L3_St_24h (p < 0.05).

Gene: gloverin
The gloverin gene showed upregulation under St and Ef 
infections. Both in the hemolymph and gut, the expres-
sions were higher in the St and Ef groups compared to 
the L3 groups.

Comparison between gut and hemolymph mRNA 
expression levels
Table 4 summarizes the comparative expression patterns 
of immune-related genes in the gut and hemolymph 
under different experimental conditions. Significant 
compartment-specific differences were observed for 
all four target genes. Dorsal expression showed higher 
modulation in the hemolymph, particularly in L3_Ef_24h 
(p ≤ 0.001) and Ef_4h (p ≤ 0.01). Conversely, relish dis-
played marked differences across several conditions 
(St_4h, L3_St_4h, L3_Ef_4h). For the effector genes, gal-
lerimycin and gloverin also exhibited significant com-
partmental variation, with higher expression in the 
hemolymph, especially in L3_Ef_4h (p ≤ 0.01) and L3_
Saline_4h (p ≤ 0.001).

Discussion
The increasing prevalence of gut dysbiosis and its sys-
temic consequences underscore the urgent need for pre-
ventive strategies that are safe, effective, and easily 
applicable. While many therapies focus on managing 
infections once they occur, attention towards prophylac-
tic interventions, particularly through the use of benefi-
cial bacteria with probiotic potential, represents a 
promising approach to support the host's natural 
defenses and maintain microbial balance [12, 14, 48, 49]. 
In this regard, we studied L3, a lactic acid bacterium iso-
lated from human breast milk, demonstrating that pro-
phylactic oral administration significantly improved 
survival and melanization score of G. mellonella larvae 
infected with S. Typhimurium (St) and E. faecalis (Ef ). 
Our findings support the functional role of L3 in promot-
ing host health in an alternative in vivo preclinical model, 
as evidenced by its capacity to improve host survival and 
melanization outcomes, to modulate innate immune 
responses at both local (gut) and systemic (hemolymph) 
levels, and suggest that oral exposure may prime innate 
immune defenses, leading to improved infection control. 
Initially, the in vitro antimicrobial activity of strain L3 
was evaluated using the overlay assay, a preliminary 
screening method commonly employed to assess interac-
tions between microorganisms [40, 50, 51]. This assay 
primarily detects the activity of diffusible antimicrobial 
metabolites, such as organic acids and bacteriocins [52]. 
LABs are known to produce substances that interfere 
with the physiological processes of pathogens, such as 
fermenticin from L. fermentum strains [53], plantaricin 
from Lactobacillus plantarum strains [54], and the well-
known reuterin from L. reuteri, all molecules with 
remarkable antimicrobial activity [55]. Our results 
revealed a stronger antagonistic effect against St com-
pared to Ef, as indicated by a larger inhibition zone. In 
contrast, in vivo experiments in G. mellonella larvae 
demonstrated greater efficacy of L3 in improving survival 

Table 4  Comparative analysis of gene expression under 
different conditions in the gut and hemolymph
Gene Condition Significativity
dorsal Ef_4h **

dorsal L3_St_4h **

dorsal L3_Saline_24h *

dorsal L3_Ef_24h ***

relish St_4h *

relish Ef_4h **

relish L3_St_4h ***

relish L3_Ef_4h **

relish L3_Saline_4h **

gallerimycin L3_Ef_4h **

gallerimycin L3_St_24h *

gloverin Saline_4h *

gloverin St_4h **

gloverin L3_St_4h *

gloverin L3_Saline_4h ***
Statistically significant differences between gut and hemolymph are indicated 
by asterisks (p ≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: ***)
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against Ef than St (Fig.  2), highlighting the well-docu-
mented discrepancies between in vitro and in vivo exper-
iments [18, 37, 56–58]. In vivo protection against 
Salmonella infection depends on a complex interplay 
between host immunity and pathogen-specific virulence 
traits. Salmonella spp. can remodel their surface and 
lipopolysaccharide via PhoPQ- and PmrAB-regulated 
pathways, thereby increasing resistance to cationic anti-
microbial peptides and reducing susceptibility to innate 
immune pressures [59, 60]. Moreover, stress-adaptation 
programs relevant to the intestinal environment may fur-
ther enhance Salmonella tolerance to AMP-like chal-
lenges [61]. Although L. fermentum can produce 
bacteriocin-like compounds active against S. 
Typhimurium in vitro, the net in vivo outcome likely 
reflects the balance between such direct antagonism and 
Salmonella virulence and adaptation mechanisms [62]. In 
addition, Salmonella spp. are known to modulate NF-κB–
dependent signaling, survive within host cells, and rap-
idly adapt their metabolism, all of which may attenuate 
the protective effects observed in vivo despite strong in 
vitro inhibition [63, 64]. In contrast, E. faecalis appears to 
be more susceptible to host immune modulation in the 
G. mellonella model, which may explain the greater sur-
vival benefit observed following L3 pre-treatment, even 
in the presence of a smaller inhibition halo in vitro. How-
ever, these interpretations remain speculative, as the 
present study was not designed to directly investigate 
pathogen-specific immune evasion mechanisms. Future 
studies will be required to dissect these interactions in 
greater mechanistic detail. Therefore, in vitro assays 
should be considered informative but intrinsically limited 
when evaluating complex host–pathogen interactions 
[37, 65, 66]. During the study, to monitor the health sta-
tus of the larvae, in addition to survival data, we recorded 
the melanization score (MS), a dynamic indicator that 
provides real-time information. Melanization in G. mel-
lonella is driven by the prophenoloxidase (proPO) cas-
cade, culminating in melanin synthesis at sites of 
infection or injury. This process not only contributes 
directly to microbial killing through encapsulation and 
oxidative intermediates but also serves as a visible proxy 
of immune involvement and infection severity [67, 68]. 
At the start of the recording, larvae across all groups 
showed a uniform MS of 4, reflecting an unstressed 
immune system. In infected groups (St and Ef ), however, 
scores dropped sharply within 6  h (mean < 3), likely 
reflecting the acute phase of infection. This early drop 
may represent a tipping point where the immune system 
is being overtaxed and begins to lose control of the 
proPO cascade. In striking contrast, larvae that received 
L3 pre-treatment showed a markedly different pattern. 
The L3_Saline group maintained stable scores through-
out, confirming that the bacterium itself does not impair 

MS capacity. Notably, in infected groups pre-exposed to 
L3, the decline in MS was significantly attenuated: at 6 
and 12  h, scores remained consistently higher than in 
untreated infected controls. This suggests that L3 
enhances the resilience of the proPO system by modulat-
ing the balance between activation and inhibition during 
the acute phase. Equally noteworthy is the pattern at later 
stages. Whereas non-pretreated infected larvae remained 
at low MS values, L3-pretreated larvae maintained scores 
above 2 at 24  h and even showed signs of recovery by 
48  h. In other words, L3 not only stabilized MS in the 
acute phase but also appeared to facilitate the restoration 
of immune function over time. Overall, the MS emerges 
as a sensitive indicator of the balance between immune 
activation and exhaustion. L3 pre-treatment supports a 
controlled MS response that limits infection while avoid-
ing harmful overactivation, underscoring the value of MS 
as an early biomarker of both disease severity and pro-
phylactic efficacy [42, 43]. Lastly, we evaluated the immu-
nomodulatory activity of L3 through the expression of 
immune-related genes (dorsal, relish, gallerimycin, and 
gloverin) through qRT-PCR analysis on two distinct bio-
logical compartments: hemolymph and gut, to examine 
the systemic and local effects. While we acknowledge 
that analyzing only four immune-related genes may not 
fully capture the complexity of the host response, these 
specific genes were selected because they represent well-
established and most frequently used transcriptional 
markers of the two main innate immune pathways in G. 
mellonella [30, 31, 35–37]. Dorsal and relish serve as 
upstream transcriptional regulators, and gallerimycin 
and gloverin represent downstream effector molecules 
[28–30]. Dorsal, an ortholog of human NF-κB p65, is tra-
ditionally associated with Toll-related signaling and is 
commonly activated during immune responses to Gram-
positive bacteria and fungi. Relish, homologous to NF-κB 
p100, functions within the IMD pathway, classically 
engaged by Gram-negative bacteria but also implicated in 
broader immune responses. Together, dorsal and relish 
reflect the dynamic activation of two major insect 
immune cascades, whose interplay governs systemic 
inflammatory outputs. Gallerimycin is a defensin-like 
peptide with potent antifungal and anti-Gram-positive 
activity, while gloverin exerts broader antimicrobial func-
tions, destabilizing microbial membranes in a manner 
reminiscent of vertebrate cathelicidins [30–32, 69–74]. 
Both peptides serve as measurable endpoints of Toll/
IMD pathway activation. Our results (Fig. 4) demonstrate 
that the transcriptional dynamics of these genes do not 
follow rigid, pathway-specific rules but instead display 
high plasticity and temporal regulation in accordance 
with other studies [30, 31, 37, 75]. Dorsal was robustly 
upregulated during the early phase of Ef infection but 
markedly attenuated in larvae pretreated with L3, 
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suggesting that L3 may dampen Toll-mediated activation 
to prevent excessive inflammatory responses. Conversely, 
relish was induced by both pathogens, highlighting its 
broader systemic role, but its late-phase expression was 
significantly reduced after L3 pre-treatment, consistent 
with a role in immune resolution. Comparative analysis 
showed increased relish levels in the gut of L3-pretreated 
larvae, pointing toward a shift toward local rather than 
systemic immunity. In line with these upstream changes, 
gallerimycin and gloverin were strongly induced early 
after infection, particularly in the hemolymph, but this 
induction was significantly blunted by L3 pre-treatment. 
Interestingly, despite lower AMP expression, larvae sur-
vival improved, suggesting that excessive or prolonged 
AMP induction may not be required for effective infec-
tion control and could entail metabolic or physiological 
costs. Overall, the recorded gene expression levels under-
score how G. mellonella innate immunity is finely tuned 
between activation and tolerance. By combining regula-
tors with effectors, we demonstrated that L3 pre-treat-
ment could promote a more balanced immune state, 
sufficient for infection control but restrained to avoid 
immunopathology as reported in other studies, also in 
the murine model [11, 30, 44, 76–78]. An additional 
methodological limitation concerns the experimental 
design of the gene expression analysis. The Naive condi-
tion was included primarily as a baseline calibrator to 
define basal transcript levels and to enable relative quan-
tification, and was therefore represented by a single bio-
logical replicate rather than being intended for extensive 
statistical comparison across groups. A further limitation 
concerns the number of oral gavage events, as larvae in 
the prophylactic groups received two oral administra-
tions, whereas infected controls were gavaged once. 
Although saline controls showed no significant effects on 
survival, melanization, or immune gene expression, we 
cannot completely exclude a minor contribution of 
repeated mechanical stimulation. Future studies includ-
ing double–saline orally gavaged controls will be useful 
to address this point. In addition, pooling of larvae within 
each biological replicate was intentionally adopted to 
reduce inter-individual variability and to obtain a repre-
sentative transcriptional profile at the group level, as 
commonly reported in Galleria mellonella immune 
response studies [46, 79]. While this approach supports 
robustness at the screening level, it limits the ability to 
capture inter-individual variability. Accordingly, gene 
expression results should be interpreted as indicative 
trends of immune modulation rather than as definitive 
mechanistic evidence. In addition to the favorable experi-
mental results, important strengths of this study are the 
methodological approaches: the use of an oral probe and 
the alternative preclinical model, G. mellonella larvae. 
Oral administration, in contrast to injection, replicates 

the natural route of LAB intake and ensures interaction 
with the gut environment, an essential factor for evaluat-
ing epithelial responses and microbial competition [1, 2, 
80–82]. This methodological decision is supported by the 
recent findings of Menta et al. [33], who demonstrated 
that the efficacy of probiotics in G. mellonella is strongly 
influenced by the route of administration. Another meth-
odological advantage is the choice of G. mellonella as an 
alternative preclinical model. Several studies have shown 
strong concordance between data obtained in G. mel-
lonella and murine models, particularly regarding anti-
microbial efficacy [24, 42, 83]. This insect also serves as a 
valuable endpoint evaluator, enabling the assessment of 
survival rates and immune responses under controlled, 
cost-effective, and ethically sustainable conditions. In 
fact, its use aligns with the principles of Replacement, 
Reduction, and Refinement (3Rs) in animal research [15, 
84], supporting a more responsible experimental design. 
One aspect that deserves attention is the lack of data on 
the colonization or persistence of L3 in the host gut, as 
well as the absence of quantitative assessments of patho-
gen burden. Because of this, it is not possible to discrimi-
nate whether the reduced expression of antimicrobial 
peptides reflects an active immunomodulatory effect 
exerted by L3 or a passive consequence of reduced micro-
bial stimulation, and thechanges should be interpreted 
with caution. In G. mellonella, such assessments are 
inherently constrained, as the final larval stage provides 
only a narrow experimental window of a few days before 
pupation [85]. In principle, longer-term monitoring 
could be achieved by using earlier instars, but this would 
require substantial re-standardization of the model. It 
should also be emphasized, however, that colonization is 
not a mandatory prerequisite for the designation of a 
probiotic: according to widely accepted definitions, the 
essential criterion is the demonstration of a beneficial 
effect for the host [3]. Accordingly, similar studies in G. 
mellonella with comparable aims have focused on func-
tional outcomes without directly assessing microbial per-
sistence [33, 57]. Another point concerns the intrinsic 
features of the G. mellonella gut microbiota. Unlike 
mammals, this insect does not harbor a stable or diverse 
microbial community; microbial populations are largely 
transient, environmentally acquired, and lack the com-
plexity typical of vertebrate models [86, 87]. For this rea-
son, detailed microbiota analyses after oral 
administration of L3, Ef, and St were not pursued, since 
the translational relevance of such data would be limited 
[88, 89]. The last limitation is correlated to the adaptive 
immune response. G. mellonella lacks an adaptive 
immune system. This structural difference restricts the 
possibility of evaluating crucial mechanisms such as 
immunological memory, clonal expansion, and antigen-
specific responses, which are fundamental in vertebrates 
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for long-term protection against pathogens [15, 75, 90]. 
In light of this, G. mellonella cannot fully substitute 
mammalian models [90] and any extrapolation to human 
health remains premature. In conclusion, the findings of 
the present study support L3, isolated from human breast 
milk, as a promising candidate for further investigation in 
advanced preclinical models, particularly murine. Rather 
than replacing mammalian models, we propose G. mel-
lonella as a complementary and eco-compatible in vivo 
tool that facilitates the early prioritization of LAB candi-
dates while minimizing vertebrate use in the initial 
screening of probiotic development. Future research 
should therefore focus on murine validation of immuno-
modulatory activity, assessment of gut colonization 
dynamics using molecular approaches, gastrointestinal 
transit experiments, and evaluation of host-microbiota 
interactions under more complex and physiologically rel-
evant conditions.
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