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Lactobacillus paracasei HI101
enhances lifespan and promotes
neuroprotection in Caenorhabditis
elegans
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Achieving healthy aging and providing protection from aging-related diseases is a major global
concern. Probiotics, are a safer and more natural alternative. Moreover, identifying novel probiotics
can help develop a new therapeutic approach and may help in personalized probiotic-formulations
for individual’s unique gut microbiome. In this study, we evaluated the benefits of our novel probiotic
strains in promoting healthy aging and whether they protect against Amyloid B toxicity of Alzheimer’s
disease. Henceforth, we analyzed the impact of four different probiotics (Lactobacillus paracasei
HII01, L. rhamnosus, L. reuteri, L. salivarius) on the lifespan extension of Caenorhabditis elegans
model. Our results determine that L. paracasei HII01 provided the most positive effect on longevity
and antiaging effects on C. elegans. The qPCR data and mutant-based studies indicated that L.
paracasei HI101-mediated lifespan extension could be modulated by DAF-16 mediated pathway. The
probiotic strains also protected the worms from the toxicity induced by B-Amyloid-expressing (AB)
transgenic C. elegans strains, and L. paracasei HI101 provided the most significant protection. Overall,
identifying novel probiotics is an important area of research that can improve health outcomes. Our
study showed that L. paracasei HII01 could be considered a dietary supplement for providing healthy
aging and preventing aging-related diseases.

The human gut microbiota is a diverse population of bacteria that live in the gastrointestinal system’. Alterations
in the gut microbiota have been linked to various health issues, including inflammatory bowel disease, obesity,
type 2 diabetes, and specific neurological disorders*™. Studies have shown that dietary probiotic supplements are
linked to a healthy microbiome and health benefits’. Probiotic bacteria are live microorganisms that can promote
human health and longevity®’, along with regulating the gut environment and immune regulation®. Probiotic
strains were reported to produce several health-promoting bioactive components such as enzymes, bacteriocins,
short-chain fatty acids, polypeptides, bacteriocin, and neurotransmitters like y-aminobutyric acid®™"".
Moreover, alterations to the eubiotic state of the human gut'$, which is marked by the presence of diverse
microbial populations, undergo potent shifts as the aging process unfolds™. Such age-related changes in microbial
diversity can be correlated with age-related health issues in the elderly?®*'. Aging is a consequence of gradual
accumulation of detrimental biological factors, resulting in a reduction of structural robustness, and is devised
by intricate biological pathways*’. Aging could also make changes in the gut microbiome, which can have an
impact on the gut-brain axis* that could aid in the development of Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), and Alzheimer’s disease (AD)?. It has also been shown that altering the dietary pattern
to restore the eubiotic state?®, defined as a balanced and diverse microbial community that supports optimal
digestion and immune function, has been associated with improved lifespan among older individuals and a
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notable reduction in frailty'®*. This has given rise to the notion that healthy aging is associated with having
healthy microbial diversity®.

Several lines of research have indicated a connection between the gut microbiota and central nervous system
functioning, known as the gut-brain axis®®. Alterations in gut microbiota composition have been associated with
neuroinflammation, cognitive decline, and the onset of neurodegenerative diseases like AD. Research has dem-
onstrated that individuals who are amyloid-positive or diagnosed with Alzheimer’s disease (AD) exhibit distinct
alterations in the composition of their gut microbiota (GMB) when compared to those who do not show amyloid
positivity or AD*»°. Moreover, in vivo, studies employing AD-modelled mice have showcased a notable response
to various probiotic interventions, demonstrating both direct and indirect impacts on the reduction of amyloid
beta (AP) levels®"*2. Although direct conclusive evidence may be lacking between probiotics and neurological
health, we intend to contribute to the ongoing exploration of the potential therapeutic applications of probiotics,
including Lactobacillus strains, in mitigating neurodegenerative diseases like AD.

Caenorhabditis elegans is an excellent experimental model for studying several biological processes like
obesity*, toxicology®*, immune response®, host-pathogen interactions®, aging®” and neurodegenerative
diseases®. The microbiome of C. elegans has crucial implications for understanding the interaction between
hosts and their microbial ecosystems. Previous reports suggest that C. elegans can be used as an ideal model to
study the benefits of probiotic supplementation®**°. Using C. elegans as an experimental model, different probi-
otic strains were reported to have beneficial effects, including healthy aging, and aging-related factors like leaky
gut, inflammation, oxidative stress, and irritable bowel syndrome (IBM) have been reported earlier*=**. It was
reported that supplementing the food of C. elegans with L. plantarum-JBC5 led to an increase in gut integrity
by activating intestinal tight-junction-protein ZOO-1 and improved cognitive response by activating the gene
responsible for serotonin signaling*!. However, the underlying processes still need to be fully understood. Hence,
before extrapolating to humans, the importance of gut colonization of a probiotic strain to have its best effects
on worms must be further studied.

Herein we explored the dynamics of gut microbiome-host interaction and its relevance to aging. This com-
parative study involved four lactic-acid bacteria (LAB) strains, earlier isolated and reported to have probiotic
properties and exhibited beneficial health benefits***®. Henceforth, the current study investigates whether pro-
biotics could extend the lifespan of C. elegans and delay aging-related physiological parameters. Furthermore,
we also aimed to analyze the underlying molecular mechanism elucidated by these probiotics in the lifespan
extension of C. elegans.

Results

Lactobacilli feeding extends the lifespan of C. elegans

Feeding different strains of Lactobacillus at ODg, 0.5 increased the overall survival of C. elegans (N2) (Fig. 1a)
compared to E. coli OP50. Different doses of each Lactobacillus were used to determine the optimum dose, and
the results showed that the studied strains could increase the lifespan dose-dependently (Supplementary Fig. S1).
The lifespan was significantly extended in worms fed with L. paracasei HI101, L. rhamnosus, and L. reuteri when
given the higher dilution of the bacterial culture (ODgy, 0.5) compared to the control worms fed with E. coli
OP50. However, worms given ODg, 0.3 and 0.1 of L. paracasei HII01 had no significant difference compared to
the control group (Supplementary Fig. S1). For L. rhamnosus, all three doses significantly improved compared
to the control group. However, for L. salivarius all three doses chosen did not show any significant changes from
the control group C. elegans (N2) (Supplementary Fig. S1). Figure la summarizes the dose of ODg, 0.5 for all
the LAB strains, compared to E. coli OP50, L. paracasei HII01, L. rhamnosus, and L. reuteri had a significant
(p <0.05) effect on the lifespan of C. elegans (N2). Therefore, the ODg, 0.5 dose was chosen for further experi-
ments based on the lifespan curves.

Among various biomarkers, lipofuscin accumulation stands as a notable indicator within the spectrum of
aging processes. The worms fed with L. paracasei HII01 had the lowest detection of lipofuscin compared to other
strains and E. coli OP50 (Fig. 1b,c). In contrast, worms fed with L. rhamnosus, L. reuteri, and L. salivarius had
no significant difference within the group but were significantly different from E. coli OP50. Interestingly, L.
salivarius reduced lipofuscin accumulation in worms while exhibiting minimal impact on their longevity. This
phenomenon indicated that L. paracasei HII01 consumption could reduce the accumulation of aging pigment the
most compared to all the treatments. The colony forming unit (CFU) of each Lactobacillus strain was detected in
the intestine of the worms until day three. However, no significant difference was found among the Lactobacil-
lus strains (Supplementary Fig. S2). A similar trend was seen for the worms’ probiotic preferences during the
chemotaxis assay. As mentioned in Table 1, all the probiotic strains were equally preferred by the worms and
showed no significant difference in their chemotaxis indices.

Lactobacillus probiotics enhanced mitochondrial function.

The above experiment showed that changing the diet to our LAB strains benefits the worms’ aging. Mitochondrial
oxidative stress due to defective mitochondria adversely affects overall physiology, contributing to aging and
age-related diseases; hence, approaches to alleviate this stress hold promise as a therapeutic strategy. So, to gain
further insights into mitochondrial ROS production, the assessment of mitochondrial membrane potential was
performed utilizing the cyanine dye JC-1. JC-1, a green-colored dye, accumulates within mitochondria leading
to the formation of JC-1 aggregates (red), indicating healthy mitochondrial membrane potential. The alteration
in the ratio of red/green fluorescence serves as an indicator of mitochondrial health, reflecting both mitochon-
drial membrane (A¥m) and ROS status®’. In our study, we observed that wild-type worms fed with L. paracasei
HIIO1 displayed significantly higher (p <0.01) red fluorescence levels in comparison to those fed with E. coli
OP50 (Fig. 2). In contrast, other treatments did not improve compared to the control group.
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Figure 1. Survival analysis and lipofuscin accumulation of the worms fed with Lactobacillus probiotics or E.
coli OP50. (a) The survival curve of the worms fed with ODy, 0.5 of L. paracasei HII01, L. rhamnosus, L. reuteri,
L. salivarius, and control worms fed with E. coli OP50. Significance refers to four LAB strains’ effect on worms
fed with control OP50. Data were obtained through three independent experiments. Kaplan-Meier survivorship
curves over time (days) for C. elegans were plotted with the log-rank (Mantel-Cox) statistical test to compare
the experimental groups. Different colored lines represent the lifespan curve of worms fed with individual
Lactobacillus probiotics. (b) Lipofuscin accumulation in wild-type C. elegans (N2) fed with E. coli OP50 or

LAB strain (ODy, 0.5). After day 5, lipofuscin was measured by assessing autofluorescence using the confocal
microscope. Representative lipofuscin fluorescence images in worms fed with LAB strains; L. paracasei HII01,
L. rhamnosus, L. reuteri, L. salivarius and E. coli OP50 on day 5. Images were captured at 10X magnification
through confocal microscopy. (¢) Bar graph showing one-way ANOVA for the florescence quantified using
Image] software (mean + SD). Different superscript letters indicate statistically significant differences among the
groups (p<0.05).

Lactobacillus paracasei HII01 regulated insulin/IGF-1 signaling (11S) pathway and SKN-1

We selected L. paracasei HII01, based on the previous results, to evaluate the underlying pathways associated
with Lactobacillus-mediated longevity. The qPCR analysis was conducted using genes associated with the lon-
gevity and stress response (mentioned in Supplementary Tables S1 and S2) to investigate the expression of those
genes in C. elegans when fed with E. coli OP50 and L. paracasei HII01 of ODy, 0.5. The relative fold changes
of daf-2, age-1, and daf-16 were upregulated significantly (p <0.05) compared to the E. coli OP50 (Fig. 3). The
expression levels of pmk-1 and nsy-1 were significantly (p <0.05) upregulated in worms fed with L. paracasei
HIIO1 compared to E. coli OP50. In addition, there was a significant increase in the gene expression of skn-1,
clk-1 (mitochondrial polypeptide), and sir-2.1 (sirtuin deacetylase). The survival rate of the mutant worms daf-16
(CF1038) was monitored to elucidate the involvement of IR and FOXO (forkhead box-O transcription factors)
in the longevity of worms fed with L. paracasei HII01. C. elegans mutants in daf-16 fed with L. paracasei HII01
had no significant changes in their lifespan compared to the control worms (Fig. 4).

Effect of Lactobacilli on the transgenic strains of C. elegans expressing AP peptide

It was hypothesized that there could be possible protection against neurodegenerative diseases (particularly AD)
due to the implementation of our probiotics. Therefore, four of our probiotics were provided to the transgenic C.
elegans strain (CL2006), which expressed human amyloid beta (Af) peptide, a marker protein for AD pathology.
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Combination of LAB
strains comparison Index hour 3* | Index hour 6*

L. paracasei HI101

1 L. rhamnosus

—-0.086+0.173 | -0.226+0.172

L. paracasei HIIOL | 40040009 | 0.094+0.092

L. reuteri

3 | L-paracasei HIIOL | 500 0167 | Z0289+0.201
L. salivarius

4 | L rhamnosus ~0.125+0.218 | 0.025+0.103
L. reuteri

5 | L rhamnosus 0.155£0.393 | 0.089£0.165
L. salivarius

6 | L reuteri ~0.034+0.168 | ~0.122%0.109
L. salivarius

Table 1. Chemotaxis index (CI) between four LAB strains at 3 and 6 h (ODyy, 0.5). *The values are mean + SD.
The positive number of the CI signifies the preference of worms for the strain at the numerator and vice versa
for the negative index number.
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Figure 2. Investigation of red or green fluorescence intensity by JC-1 staining. After 5 days red/ green
fluorescence was examined using JC-1 dye staining for worms treated with individual LAB strains (ODy, 0.5)
or E. coli OP50, bar graph showing one-way ANOVA for the red/green fluorescence (mean + SD). Different
superscript letters indicate statistically significant differences among the groups (p <0.05).

Figure 5 shows the comparative analysis of the survival curve of all four lactobacilli. It clearly showed that L.
paracasei HII01 provided the maximum protection to the transgenic worms and could significantly improve
the overall lifespan, followed by L. reuteri and L. salivarius, whereas L. rhamnosus had no significant protection
against AP toxicity in the worms compared to the worms fed with E. coli OP50.

Discussion
As we age, our microbiome also undergoes transition; such changes in the microbiota are mostly correlated with
health-related outcomes in the elderly'®*®. The gut harbors trillions of diversified bacterial cells to produce an
effective micro-environment*’, and it behaves like a second brain, significantly contributing to various physiologi-
cal conditions of human health. Therefore, alteration in probiotic intake can eventually change intestinal micro-
biota, impacting the overall aging process in adults®. Ikeda et al. reported various probiotic (Bifidobacterium,
Lactobacilli) applications in C. elegans involving anti-aging effects. To test this hypothesis that the consumption
of probiotics can improve the aging process, we determined the impact of the consumption of four different
lactobacilli on the aging process of C. elegans. Moreover, the probiotic bacteria’ mechanism in prolonging the
lifespan of nematode still needs to be completely understood. So, in the present study, our findings suggest that
C. elegans is a useful in vivo model to evaluate the potential LAB as enhancers in several physiological activities
and improve the overall aging process.

In this study, we found that feeding four different Lactobacilli can improve the lifespan of C. elegans in a dose-
dependent manner and other parameters related to healthy aging. Based on our initial comparative analysis of
all the probiotics, it was found that there was no significant difference amongst the groups of C. elegans fed with
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Figure 3. The expression of lifespan extension-related gene changes in the wild-type C. elegans, in response

to feeding L. paracasei HII01 only (ODg, 0.5). Significant changes are relative to E. coli OP50. The expression
level of each gene was normalized to that of act-2. The error bars indicate the standard deviation (SD). Each
experiment was performed with three replicates, and the sample comprised of 1000 ng of cDNA converted from
total RNA for each treatment group. *p<0.5, ** p<0.01, and ***p<0.001 (Independent samples t-test).
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Figure 4. The effect of L. paracasei HII01 (ODy, 0.5) feeding on the overall lifespan of C. elegans mutant daf-16
(CF1038). (a) Kaplan-Meier survivorship curves over time (days) for C. elegans (daf-16 mutant) were plotted
with the log-rank (Mantel-Cox) statistical test to compare the worms fed E. coli OP50 or L. paracasei HIIO1.

The survival rate was recorded in regular intervals. (b) Median survival (in days) of control worms fed on E. coli
OP50 and L. paracasei HII01-fed mutant worms. The error bar represents SD. All experiments were carried out
in duplicates and repeated two times. NS meant that the difference was statistically not significant.

L. paracasei HII01, L. reuteri and L. rhamnosus, however L. salivarius had no significant changes in lifespan
contribution compared to the control worms fed with E. coli OP50. Building on these findings, subsequent assays
were undertaken in an effort to identify a better probiotic candidate that could provide enhanced efficacy across
multiple assessments aimed for contributing to healthy aging. Feeding worms with L. paracasei HII01 showed
the most reduction in lipofuscin accumulation compared to all the probiotics (Fig. 1B). Our findings imply that
different species of Lactobacilli have varying biological impacts, which has led to the different patterns of aging
in C. elegans. The present result agreed with studies showing that a probiotic Propionibacterium freudenreichii
fed to C. elegans showed reduced lipofuscin accumulation*°>%,

Having a healthy gut is one of the major contributions to healthy aging®, contributing to resistance to other
pathogenic bacterial proliferation. For such conditioning, it was essential to know if the probiotics in this study

Scientific Reports|  (2023) 13:16707 | https://doi.org/10.1038/s41598-023-43846-9 nature portfolio



www.nature.com/scientificreports/

100+ — opso

100 == OP50
== | .paracasei HII01 (cL2006) | —— | rhamnosus (L2008
75 s —___
2 3
< X
2 e
: py - g
— 50 — 504
2 g
< H
4 | >
@ 254 * % o 254
0 o T T T T T : 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Days
Days
(a) (b)
100 == OP50
== | . reuteri (cL2006) 100+ == OP50
== | . salivarius (cL2006)
. 754 751
X X
2 2
2 S : —
— 504 L 50
© ©
= 2
> >
- -
3 >
® 254 @ 5]
_—
.
0 T T T T T T 1 0 T T T T T T 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Days Days

(c) (d)

Figure 5. Kaplan-Meier survivorship curves over time (days) for C. elegans (CL2006) were plotted with the
log-rank (Mantel-Cox) statistical test to compare the worms fed with four different LAB strains (ODg, 0.5) or
E. coli OP50. Age-synchronized worms were fed with E. coli OP50 or individual LAB strains. (a) L. paracasei
HII01, (b) L. rhamnosus, (c) L. reuteri and (d) L. salivarius. *p <0.05 and **p<0.01.

could help colonize the intestine of the nematodes. From the bacterial burden assay (Fig. S2), it was evident
that probiotics could be successfully found in the worms for up to the next three days, even though worms were
deprived of any feed source. Importantly, all four LAB strains had a successful proliferation. However, there was
no significant difference detected amongst strains. Findings in this study were per the study conducted by Kim
et al., who demonstrated that C. elegans, when conditioned with L. acidophilus, failed to colonize the intestine
of the nematodes; however, it provided a significant reduction in the infection of Enterococcus faecalis®®. Hence,
it would be essential to know the protective effect of our four LAB strains against pathogenic bacterial prolifera-
tion, and further experiments can be suggested to validate further the beneficial impacts of our probiotic isolates.

DAF-2 acts as an antagonist to DAF-16 translocation in the DAF-2/DAF-16 pathway, where the gene expres-
sion of daf-16 is reduced hence shortening the lifespan of the worms. DAF-16 regulates the genes involved in
adult longevity, stress resistance, and antimicrobial response’. In our study, the gene expression at mRNA
levels shows the upregulation of daf-2 and daf-16; moreover, L. paracasei HII01 failed to prolong the lifespan
of daf-16 mutants (Fig. 4). This suggests the involvement of DAF-16 in the lifespan extension of the worms. Oh
et al. reported that the c-Jun N terminal kinase (JNK) family, a subgroup of the MAPK signaling pathway, is a
positive regulator of the activity of DAF-16%". It could be possible to state that L. paracasei HII01 enhanced the
host lifespan by activating DAF-16 through the JNK pathway. Further experiments are needed to validate the
involvement of the JNK pathway and its interconnection with other pathways in the lifespan extension of C.
elegans due to probiotic feeding. Interestingly, a recent study reported the activation of DAF-16, which aided in
the antioxidant mechanism and is independent of the DAF-2 or JNK pathway*®.

Mitochondrial function degrades with aging, and MMP becomes more depolarized. This depolarization is
expected to increase reactive oxygen species (ROS) formation and decreased cell resistance to stress*. This study
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shows that there could be an improvement in MMP in L. paracasei HI101-fed worms compared to control worms
and other probiotic-fed worms (Fig. 2), which is also supported by our qPCR analysis. However, L. salivarius
and L. reuteri, did not show any significant changes to the mitochondrial membrane potential, compared to
OP50. The inconsistency between the two assays highlights the complex nature of microbial interactions and
aging-related outcomes. It's important to consider that different probiotic strains may exert varying effects on
aging pathways, leading to complex outcomes in different assays®. In light of these findings, further investiga-
tion is warranted to explore molecular interactions between probiotics and their host, in understanding their
potential in influencing healthy aging. Additionally, current days research mainly focuses on using drugs that
could target mitochondrial activity as a possible therapy for age-related disorders. In contrast, our study proves
the presence of a safer and natural intervention that could potentially enhance mitochondrial function and may
have the potential to improve the aging process. Considering the complex interactions among various lactobacilli
strains and their combined effects, investigating the potential synergistic effects of a combined lactobacilli strain
cocktail could provide valuable insights, the extensive nature of such an experiment warrants future exploration
to uncover possible interactions among the diverse strains employed in this study.

In our qPCR analysis, genes that play pivotal roles across diverse molecular pathways intricately linked to
aging and longevity were included. These genes were carefully chosen based on their established significance in
processes such as insulin/IGF-1 signaling (age-1, daf-2, daf-16), transcription factors (hsf-1 and skn-1), oxidative
stress response, and mitochondrial function (clk-1, sir-2.1, utx-1), additionally, the exploration was extended to
genes associated with stress signaling or p-38/MAPK pathway (pmk-1, nsy-1)°'-%. The p38/MAPK pathway has a
significant role in inflammation and immune modulation, a hallmark of aging®. Representative genes belonging
to this pathway that were targeted in this study (pmk-1, nsy-1, skn-1)>* were found to have significantly upregu-
lated (Fig. 3), indicating that L. paracasei HII01-fed worms have an enhanced p38/MAPK signaling pathway.
Simultaneously, we also observed that L. paracasei HII01 feeding to the worms could induce the transcription
of an antioxidant gene related to the SKN-1 activation like the expression of clk-1 was significantly upregulated,
whereas hsf-1 (heat shock protein) was non-upregulated considerably. CLK-1 has a direct correlation with mito-
chondrial function; it was reported earlier that the overexpression of the clk-1 gene was associated with enhanced
mitochondrial activity”®.

A significant consequence of aging is an increased risk of developing neurodegenerative diseases such as Alz-
heimer’s, Parkinson’s, and Huntington’s disease. Alzheimer’s disease is characterized by abnormal accumulation
of Ap in plaques. Supposedly, averting the deposition of AP oligomers and reducing oxidative stress could reduce
the onset of AD. Transgenic C. elegans expressing human AB-(CL2006) is a valuable model for understanding
and screening in vivo drugs for AD treatment. In the present study, CL2006 worms were fed on four of our
LAB strains and found the highest lifespan extension in the transgenic worms when fed on L. paracasei HII01
compared to the control worms fed with E. coli OP50. The other two strains, L. reuteri and L. salivarius, signifi-
cantly changed lifespan enhancement. It is interesting to know that the same genera of lactic acid bacteria have
a diversified contribution to the lifespan of worms. The lifespan extension of CL2006 was earlier reported by Du
et al. and linked to worms’ decreased ROS content or increased antioxidant content due to Zijuan Puler tea water
extract treatment”’; this could explain the varying protective effects of diverse LAB strains. Conducting gPCR
analysis on Ap deposition in AB-mutants (CL2006) could provide knowledge on the underlying mechanism of
whether bacterial colonization has indeed influenced A levels, providing a more comprehensive understanding
of the role of LAB strains in mitigating age-related neurodegenerative processes. Even though, not addressed
in our current study, the investigation of AP peptide regulation in response to lactobacilli colonization holds
promise for future research.

In conclusion, this study shows that all our LAB strains have a healthy contribution. Amongst them, L.
paracasei HII01 was the most effective in providing longevity and improving other aging-related parameters in
C. elegans (Fig. 6). The findings suggest that L. paracasei HII01 could extend the lifespan of C. elegans, probably
through DAF-16 mediated pathway. L. paracasei HII01 significantly protected the worms expressing A, a marker
protein for AD. This study also opens opportunities for future investigation on how probiotics could reduce the
manifestation of neurodegenerative diseases. Aging is a complex phenomenon driven by diverse factors, and it
would not be wrong to state that the proper type of diet could positively reshape human health.

Materials and methods

Caenorhabditis elegans strains and their maintenance

The different C. elegans, such as the wild-type N2 (Bristol), daf-16 mutant CF1038, and AP transgenic strain
CL2006, were used and procured from Caenorhabditis Genetics Center, University of Minnesota. Worms were
synchronized by extracting eggs in sodium hypochlorite-sodium hydroxide solution and transferring them
onto nematode growth medium (NGM) plates seeded with E. coli OP50 and grown at respective temperatures
to conduct further experiments per standard procedure’.

Probiotics and their culture preparation

Lactobacillus strains were kindly given for this study by Dr. Chaiyavat Chaiyasut (Chiang Mai University, Thai-
land), namely Lactobacillus paracasei HII01 (L. paracasei HI101), Lactobacillus rhamnosus (L. rhamnosus), Lac-
tobacillus reuteri (L. reuteri), and Lactobacillus salivarius (L. salivarius). The strains were selected based on their
human origin and other probiotic attributes (resistance to acidic environment, non-pathogenic nature, mucus
adherence property, and antimicrobial peptide production). First, strains were inoculated into 1% De Man,
Rogosa, and Sharpe (MRS) broth (HiMedia, India) and incubated for 18 h at 37 °C. Then, the probiotic cells were
harvested by centrifugation at a speed of 5000 x g for 10 min at 4 °C, followed by washing twice with 0.9% normal
saline solution. Finally, the cells were resuspended in a similar buffer volume. The harvested cells were diluted
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Figure 6. Schematic representation of the mechanism by which L. paracasei HII01 affects longevity in C.
elegans. L. paracasei HIIO1 increased longevity by activating the DAF-16 signaling pathway and its target genes
which eventually induced antioxidant molecules, and preventing the reduction of mitochondrial functions such
as increasing membrane potential. Overall, L. paracasei HII01 increased longevity and enhanced mitochondrial
function in C. elegans.

into three different ODg, (0.5, 0.3, and 0.1), and three of these doses were used for the preliminary screening
and defining the optimum working dose for each probiotic.

Lifespan assay

Caenorhabditis elegans lifespan assay was performed using the method described previously with slight
modifications”. The lifespan assay was determined to evaluate whether the candidate probiotics impact C.
elegans. Lifespan measurements were performed in 24 welled plates in liquid media. Age-synchronized worms
(wild-type or mutants) were cultured till they reached the young adult stage, ten worms were transferred to each
well of a 24-well plate containing individual LAB culture (ODg 0.5, ODgq, 0.3, and ODg, 0.1 of each probiotic)
or E. coli OP50, along with 5-Fluoro-2’-deoxyuridine (FUDR), to prevent progeny production, in every well.
Worm survival was recorded at regular intervals, and worms that did not react to the mechanical stimulation
were considered dead. At least three independent replications were performed for each lifespan assay. Worm
survival was analyzed by the Kaplan-Meier method using GraphPad Prism 8.0, and the log-rank test (Mantel-
Cox) was used to detect a significant difference between experimental treatments.

Chemotaxis assay

A chemotaxis assay investigated the preference for LAB strains among the worms. The assay was done as previ-
ously mentioned but with slight modifications”. Briefly, 20 pl of each overnight culture LAB strain was seeded
at an equal distance from the center of a 5 cm Petri dish, followed by releasing approximately 50-60 worms at
the center of the petri dish. A two-quadrant system was followed, where the worms’ movement was monitored
equidistant from the test subjects. The number of worms was checked after two h and 6 h of incubation at 20 °C.
The assay was performed in triplicates. For every assay, a chemotaxis index (CI) was calculated using the fol-
lowing formula:
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Chemotaxis index(CI) — (No. of worms at strain A — No. of worms at strain B)

Total number of worms (Initial)

The positive (+) CI indicates the affinity of worms for LAB strain A was higher than strain B, whereas the
negative (-) CI index suggests the attraction of worms more towards strain B.

Measuring the bacterial burden in the C. elegans. intestinal tract

The number of probiotic colonies in the worm intestines was determined according to the modified method™.
The wild-type worms (L4 stage) were collected and washed (M9 bufter) before being transferred to a medium
containing individual LAB cells and incubated for 24 h at 20 °C. After the incubation, worms were washed
and transferred into new wells (100 worms) with M9 medium only. Additionally, worms were deprived of an
additional food source until the end of the experiment. For determining the bacterial burden, 20 worms were
collected on days one, two, and three, washed multiple times, transferred 100 uL of buffer (a sterile tube), and
disrupted mechanically using a micropestle. The supernatant of the homogenized solution was further diluted
and plated onto MRS agar plates and incubated at 37 °C overnight.

Fluorescence imaging of age pigment (Lipofuscin)

The lipofuscin accumulation in wild-type N2 worms was determined at day five after feeding with OP50 or LAB
strains. Approximately 200 worms of the L4 stage were treated with individual probiotics (ODg, 0.5) and OP50
separately in 6 well plates. Worms were removed from the liquid media, washed with M9 buffer, and transferred
to a glass slide containing sodium azide. Fluorescence was captured using a Fluoview FV10i (OLYMPUS, Japan)
confocal microscope under 10X magnification. Lipofuscin levels were measured using Image] software (NIH
Image) and determining the average pixel intensity for each worm.

JC-1 staining

Mitochondrial membrane potential was determined using JC-1 dye (Thermo Fisher Scientific), with slight modi-
fications from the previously mentioned protocol”. Approximately 100 worms were given the treatment of
individual probiotics and OP50 separately in 24 well plates. On day five, worms from different treatments were
collected and washed three times with phosphate-buffered saline (PBS) buffer. Worms were resuspended in 100
uL of PBS, and JC-1 dye (10 uM) was added to each tube and incubated at 37 °C for one hour. Samples were
washed three times and resuspended into 96-well black plates (ten worms per well). Measurement of red fluo-
rescence (ex 550 nm/em 600 nm) and green fluorescence (ex 485 nm/em 535 nm) was done using a fluorescence
plate reader (Enspire® Multimode Plate Reader; Perkin-Elmer).

RNA extraction and qPCR analysis

After five days of treatment, total RNA from wild-type worms was extracted using the Trizol method (Invitrogen,
Carlsbad, CA, USA). 1000 ng of total RNA was taken for reverse transcription using Accupower RT Premix
(Bioneer, Korea) for first-strand cDNA synthesis, following the manufacturer’s protocol. The quantitative real-
time (qQPCR) analysis was carried out on an Exicycler Real-Time Quantitative Thermal Block (Bioneer) with
SYBR green and Green Star PCR Master Mix (Bioneer). The relative gene expression level was calculated using
the 2°24¢ method’®, keeping act-2 as a housekeeping gene to normalize the gene’s expression data. Primers used
in this assay are mentioned in Supplementary Table S1 and the gene descriptions are mentioned in Supplemen-
tary Table S2.

Statistical analysis

SPSS statistical software for Windows (version 22.0, Armonk, NY; IBM Corp.) was used to analyze the data.
Worm survival was analyzed by the Kaplan-Meier method, and the log-rank test was used to detect a significant
difference between experimental treatments. An ANOVA was carried out, and Tukey’s multiple comparisons were
employed to test for significant differences between the means of different doses of LABs. Furthermore, the stu-
dent’s t-test was used for the significance comparison between E. coli OP50 and LABs strains. The p-value <0.05
was considered to differ significantly.

Dat availability
The data generated or analyzed during the current study that are relevant to the results presented here have been
included in this article and its supplementary information file.
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