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This study examined associations between probiotic supplementation and changes in the human gut microbiota, along with
microbial responses in Hermetia illucens larvae, to explore a low-cost and ethical alternative to vertebrate models. Ten
participants consumed personalized probiotic supplements for four weeks, and stool samples were analyzed before and after the
intervention using 16S rRNA sequencing. Based on the laboratory’s proprietary gut health grading scale, 7 of 10 participants
showed increased scores, 1 showed no change, and 2 showed lower scores. Separately, 7 participants showed an increase in at
least one probiotic-associated genus, including Lactobacillus and Bifidobacterium. As a small-scale pilot study, these findings
suggest that probiotic intake is associated with changes in gut microbiota profiles. In a parallel experiment, Hermetia illucens
larvae were exposed to probiotics through spraying at two concentrations. Increased total culturable bacterial counts under
aerobic LB and TSA culture conditions were observed in the 1:10 concentration group compared to the control group. Because
the larval analysis was based on CFU measurements under aerobic conditions, the results reflect total culturable bacterial load
rather than microbial diversity or strain-specific colonization. Because the two systems were evaluated using fundamentally
different methods, direct comparison between species is not appropriate. These findings suggest that Hermetia illucens larvae
may serve as a practical model for exploratory microbiota research. However, due to the small sample size and uncontrolled
design, causal effects cannot be established.
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Introduction

Human health depends heavily on the gut microbiota, a vi-
tal component of digestion and immune function. It also
plays a key role in immune regulation and overall systemic
health™2, Dysbiosis has been associated with gastrointestinal
disorders such as inflammatory bowel disease and metabolic
conditions®®, Probiotics are live microorganisms that are
thought to help maintain or restore balance in the gut micro-
biota5. Previous studies suggest that key probiotic species,
including Lactobacillus and Bifidobacterium, may contribute
to digestion and overall gut health>.

The human gut contains many different types of microbes,
including bacteria, viruses, fungi, protozoa, and archaea.
These microbes are known to contribute to host defense
against harmful bacteria and to the regulation of immune re-
sponses'. They also send signals to the brain through a path-
way called the gut—brain axis®. This connection has been sug-
gested to influence not only digestion but also the immune sys-
tem and brain function6. When the natural microbial balance
is disrupted, a condition known as dysbiosis occurs. Dysbio-
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sis has been linked to health problems such as inflammatory
bowel disease and metabolic conditions“*. One of the most
common conditions related to microbiota imbalance is irrita-
ble bowel syndrome (IBS), which is characterized by symp-
toms such as abdominal discomfort, bloating, and irregular
bowel movements'”.

The “gut—oral axis” is an emerging concept suggesting that
microbial interactions may extend across different body sites,
including potential links between the oral cavity and the gas-
trointestinal tract®. Previous research has indicated that mi-
crobial communities in different body regions may be inter-
connected®®. However, the present study focuses specifically
on gut microbiota responses to probiotic supplementation and
does not directly assess oral microbiota or oral health out-
comes.

Traditionally, researchers have used vertebrate animals (like
mice) to study the microbiota. However, these models can in-
volve ethical concerns and have motivated the development
of alternative experimental approaches!’. In contrast, Her-
metia illucens larvae (black soldier fly larvae) offer a sim-
pler and more ethical alternative. They are easy to maintain
and have a gut microbiota influenced by environmental fac-
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tors such as diet, making them useful for studying microbial
responses in controlled conditions"!*!2, These models help
researchers study host-microbe interactions in simplified bio-
logical systems'-.

Despite these advantages, fewer studies have examined how
external factors such as diet or environmental conditions in-
fluence insect microbiota’?!#, This suggests that these mod-
els may be better suited for exploratory microbiota research
rather than direct translation to human health. The present
study aimed to examine microbial responses to probiotic use
in both humans and Hermetia illucens larvae under different
experimental conditions. This study proposes a small-scale,
ethical model to examine how probiotics may influence dif-
ferent organisms. Because Hermetia illucens larvae are inex-
pensive to rear at scale, they may serve as a useful screening
model for early-stage microbiota experiments. Given the ex-
ploratory nature of this work, the findings do not establish a
causal relationship. In this context, “gut microbiota” refers
to the bacterial composition identified through 16S rRNA se-
quencing, whereas “microbiome” refers to the broader func-
tional and genomic context of these microbial communities.

Methods

Research Design

This study used a parallel experimental design to evaluate the
effects of probiotic supplementation on gut microbiota using
both human participants and an insect model (Hermetia illu-
cens larvae). A before-and-after approach was used for hu-
man subjects, while a controlled laboratory experiment with
multiple treatment groups was conducted for the insect model.
This two-part design allowed microbial responses to probiotic
exposure to be examined in both humans and Hermetia illu-
cens larvae. Because the two experiments differed in expo-
sure route, duration, and measurement method, the findings
were interpreted separately.

Participants
Human Participants

A total of ten participants (5 males, 5 females; aged 13-78
years) were recruited. All participants were free from chronic
illnesses, had not used antibiotics within the past year, and
had no known gut-altering medical conditions. All volunteers
participated willingly and were provided with detailed infor-
mation regarding the study’s purpose and procedures.

Hermetia illucens Larvae

The insect experiment used 100 Hermetia illucens larvae,
which were equally assigned into four groups (25 larvae per

group). Each group’s larvae were pooled to form a single sam-
ple for CFU analysis (thus no independent replicates were ob-
tained). The larvae were selected at a similar developmental
stage to minimize biological variability.

Data Collection

Human Gut Microbiota Sampling

Participants collected fecal samples using the Greenbiome Gut
kit (GC Genome) under sterile conditions. They swabbed the
sample, placed it in the collection tube, stored it in a DNA
buffer at room temperature, and sent it back within 24 hours
using a courier service. Samples were analyzed using 16S
rRNA sequencing to evaluate microbial diversity and bacterial
abundance. The laboratory then calculated microbial health
indices based on these results.

The gut microbiota score (grades F-S) was provided by the
commercial laboratory based on its analysis of 16S rRNA se-
quencing data. The grading system reflects an overall evalua-
tion of gut microbiota composition, including factors such as
microbial diversity, balance, and selected health-related indi-
cators. Scores are calculated based on multiple weighted com-
ponents and converted into letter grades (F-S). Lower grades
(e.g., F-C) indicate less balanced or less diverse microbial
profiles, while higher grades (e.g., A-S) indicate relatively
more balanced and diverse microbiota.

While the general basis of the scoring system is described,
the detailed algorithm used to calculate the scores is propri-
etary and was not disclosed by the provider.

For visualization purposes, letter grades were converted
into ordinal integers (F=1, C=2, B=3, A=4, S=5); no interval-
scale meaning was assumed. In addition to microbiota data,
participants reported changes in symptoms such as bloating,
digestive discomfort, fatigue, and bowel regularity. These ob-
servations were collected through self-report and were not as-
sessed using standardized instruments. They therefore provide
descriptive observations rather than quantitative clinical mea-
sures, and their interpretation is limited.

Larval Microbiota Sampling

For the insect model, a probiotic solution containing Lacto-
bacillus and Bifidobacterium strains was applied directly to
larvae through sterile spraying. The experiment consisted of
four groups: Group A (baseline), Group B (control), Group
C (1:10 probiotic), and Group D (1:1000 probiotic). Group
A (baseline) was collected and processed at day 0O, prior to
any treatment. Group B received a sterile saline spray for five
days. Group C received a 1:10 diluted probiotic spray applied
three times daily, while Group D received a 1:1000 diluted
probiotic spray under the same conditions.

Larvae were kept in plastic containers at a consistent den-
sity under general laboratory conditions. Temperature, hu-
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midity, and diet were not strictly controlled or systematically
recorded. No dietary restrictions or fasting protocols were ap-
plied before sample processing.

Variables and Measurements

The main variable was probiotic exposure, either through cap-
sule intake (humans) or spraying (larvae). Outcomes were as-
sessed based on changes in microbiota composition in humans
and levels of culturable bacteria in larvae, using 16S rRNA se-
quencing for humans and colony-forming unit (CFU) counts
for larvae. Human gut microbiota profiling targeted the V3-
V4 hypervariable regions of the 16S rRNA gene using stan-
dard microbiota testing methods. Larval bacterial abundance
was quantified using culture-based CFU counting.

Procedure

Human Experiment

Participants followed the sampling procedures described
above using the Greenbiome Gut kit. The probiotic supple-
ments were provided as commercially prepared capsules, ei-
ther single-strain or multi-strain formulations, primarily in-
cluding Lactobacillus and/or Bifidobacterium. The type of
probiotic given to each participant was based on their initial
microbiota results, although the exact criteria for this selec-
tion were not specified. The exact strain-level composition,
CFU per dose, and manufacturer details were not disclosed by
the provider. Participants were instructed to take the probi-
otic once daily throughout the study period. Compliance was
monitored through daily self-report check-ins.

Diet and daily habits were not strictly controlled during the
study. Participants were asked to keep their usual routines and
avoid introducing new probiotic supplements or noticeably in-
creasing fermented foods such as yogurt or kimchi. We did not
use formal tools like food diaries or questionnaires. Instead,
this aspect was checked informally through participant self-
report. As a result, differences in diet or lifestyle may have
influenced the findings.

Samples were then processed using 16S rRNA sequencing
to assess microbial diversity and abundance, generating mi-
crobial health indices.

Larval Experiment

Following probiotic treatment, larvae were processed using
a consistent protocol. All larvae in each group were anes-
thetized, surface-sterilized with 70% ethanol, and then ho-
mogenized in a buffer. The homogenized samples were di-
luted in six 10-fold steps (10~! to 10—6). From each dilution,
100 uL of the sample was plated onto agar plates for bacterial
growth.

Data Analysis

We manually counted colony-forming units for each group.
We analyzed the larval results descriptively by comparing
CFU counts across experimental groups. Given the ex-
ploratory design and small sample size, we described the re-
sults without formal statistical tests.

Human Experiment

Baseline 4-Week Post-
. - Probiotic =) | Intervention
Testing .
Intervention Test

Insect Experiment

. 5-Day Post-
Basel f g i
aseline - Probiotic =) | Intervention
Testing ;
Intervention Test

4

This experiment led to
quantifiable CFU
outcomes

Fig. 1 Overview of the experimental design, including participant
and larval selection, probiotic treatment, and microbiota analysis
steps.
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Fig. 2 Culturing process for CFU measurement in Hermetia illucens
larvae. Samples were diluted and plated on LB and TSA media, then
incubated at 25 °C for 24 hours before CFU counting.

Ethical Considerations

This study was conducted as an independent student research
project under appropriate supervision and without formal In-
stitutional Review Board (IRB) oversight. Informed consent
was obtained from all participants, and parental or guardian
consent was obtained for minors. All data were anonymized
and managed in a way that did not allow identification of in-
dividual participants.
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Results

Changes in Human Gut Microbiota

Based on the laboratory’s overall gut health grading scale, 7 of
10 participants showed an increase in post-intervention scores.
One participant showed no change, and 2 participants showed
lower scores. For example, Participant 1’s score changed from
F to C, and Participant 2’s score changed from B to A, whereas
Participant 4 changed from A to C and Participant 6 changed
from S to A.

Separately, 7 of 10 participants exhibited an increase in the
abundance of at least one probiotic-associated genus, includ-
ing Lactobacillus or Bifidobacterium. However, this genus-
level trend did not always match the overall grade outcome.
Therefore, overall grade change was used as the primary out-
come measure, while genus-level changes were reported sep-
arately.

Increases in Lactobacillus and Bifidobacterium were ob-
served in several post-intervention summaries; these genera
are commonly included in probiotic formulations and are
widely associated with gut healthS5.

Table 1. At the genus level, 7 of 10 participants showed an increase
in at least one probiotic-associated genus. Overall gut health grade
increase was also observed in 7 of 10 participants, but these two out-
comes did not consistently overlap at the individual level. Three par-
ticipants showed no clear change or a decrease in overall diversity.
Detailed strain-level composition and dosage information were not
available and are therefore not reflected in the table.

Participant | Age | Gender | Pre-Score | Post-Score Probiotic Formula Microbial Change
(years)
P1 78 M F C Lactobacillus Lactobacillus (increase)
Bifidob ium Bifidob Tum
(increase)
P2 74 F B A Bifidobacterium Bifidobacterium
(only) (increase)
P3 52 M C B Lactobacillus Both (increase)
Bifidobacterium
P4 48 F A C L bacillus (only) | L bacillus (decrease)
P5 47 M F C Lactobacillus Both (increase)
Bifidobacterium
P6 47 F S A Multi-strain blend Overall diversity
(decrease)
P7 19 M F C Lactobacillus (only) | Lactobacillus (increase)
P8 16 M C C Bifidobacterium No clear change
(only)
P9 16 F F C Bifidc ium Bifidob ium
(only) (increase)
P10 13 M F C Lactobacillus Both (increase)
Bifidobacterium

The grading system used for these scores is described in
Table 2. The grading system and score ranges are based on

Table 2. Gut microbiota grading system based on composite scores.

Grade N A B C F
Score Range 50-64 45-49 4044 35-39 <34
Interpretation Highest High Moderate Low Poor

information provided in the laboratory report.

I Pre-Score
I Post-Score
6

&
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S
A A A
B B
C C C C C ccC C C
14 FI F| F| I F F
0 T T T T
P1 P2 P3 P4 P5 P6 P7 P8

P9 P10

Score Level (Numerical)
@

N)

Participant

Fig. 3 Comparison of gut microbiota scores before and after the
probiotic trial. Letter grades (F-S) were converted into numerical
values based on the laboratory-provided score ranges for visualiza-
tion purposes only. Based on the laboratory’s grading scale, 7 of 10
participants showed increased post-intervention scores, 1 showed no
change, and 2 showed lower scores after the trial.

Microbial Growth in Hermetia illucens Larvae

Groups B-D showed higher CFU counts than the baseline
group A, with the highest values in Group C (1:10 dilution).

Table 3. Bacterial growth in Hermetia illucens larvae is summarized
under four treatment conditions. Colony-forming unit (CFU) counts
on LB and TSA media are compared to show differences in micro-
bial growth across probiotic concentrations. Values represent CFU
counts from pooled samples and are presented descriptively without
biological replication or measures of variance.

Group Treatment LB (CFU/mL) TSA (CFU/mL)
A No treatment 3.0x10° 12x10°
B Saline only 5.5x10° 3.0x10°
C 10x probiotic 7.2x10° 43x10°
D 1000x probiotic 3.0x10° 2.4x10°

Total culturable bacterial counts under the aerobic culture
conditions used in this study increased relative to the baseline
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group A, with the highest values observed in Group C. These
measurements reflect only culturable bacteria under specific
laboratory conditions and do not indicate microbial diversity
or strain-specific colonization.

8 I LB CFU/mL (x10°%)
B TSA CFU/mL (x10°)

CFU/mL (x10°)
=

Group

Fig. 4 Colony-forming unit (CFU/mL) counts of Hermetia illucens
larvae across experimental groups A—D measured on LB and TSA
media. Groups B-D showed higher CFU counts than the baseline
group A, with Group C showing the highest values.

To better visualize relative differences across groups, the
data were also logjo-transformed and are presented in Figure
5.

I 1B (logio CFU/mL)
I TSA (logi CFU/mL)

C D

Fig. 5 LoglO-transformed CFU/mL values of Hermetia illucens lar-
vae across experimental groups A-D on LB and TSA media. Log-
scale visualization highlights variation in microbial load across ex-
perimental groups.

logie CFU/mL

A B Group

Summary of Experimental OQutcomes

Both the human and insect experiments showed changes fol-
lowing probiotic exposure, although these changes were mea-
sured using different methods. In humans, these changes were
reflected in microbiota scores and genus-level patterns. In
larvae, changes in culturable bacterial counts were observed,
with increases seen relative to the baseline group, although
this pattern varied across treatment groups.

Discussion

Restatement of Key Findings

Probiotic supplementation was associated with changes in gut
microbiota profiles. In Hermetia illucens larvae, increases
in total culturable bacterial counts under the aerobic culture
conditions used were observed in both probiotic-treated and
control groups. Therefore, these findings should not be in-
terpreted as changes in microbial diversity or gut microbiota
composition. After four weeks of probiotic intake, seven out
of ten human participants showed increased microbiota scores
based on the laboratory’s grading scale, while one participant
showed no change and two showed lower scores. Separately,
seven participants showed increases in at least one of these
genera, including Lactobacillus and Bifidobacterium, which
have been associated with probiotic-related functions in the
gut. Some participants also reported reduced bloating and
more regular digestion, but these observations were based on
informal self-report and were not measured using standardized
tools. Therefore, they should be considered as preliminary ob-
servations rather than formal clinical outcomes. Because the
scoring system is proprietary, the biological meaning of spe-
cific grade changes could not be clearly determined.

In the insect model, increased culturable bacterial counts
were observed with the highest values at the 1:10 probiotic
concentration, while this pattern was not consistent across all
treatment groups. Although the control group also showed
an increase relative to baseline, the pattern suggests that fac-
tors other than probiotic concentration may have influenced
bacterial growth. However, the human and larval experiments
differed substantially in exposure route, duration, and mea-
surement method. For this reason, the two sets of findings
are best viewed independently, and any cross-species connec-
tion remains exploratory. This is consistent with previous
studies showing that the gut microbiota of Hermetia illucens
larvae varies depending on environmental conditions such as

diet 12
Implications and Significance

Beyond digestive outcomes, several participants reported re-
duced fatigue and constipation. Although these observations
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are self-reported and were not assessed using standardized in-
struments, they may represent preliminary trends rather than
confirmed physiological effects. We did not measure neuroen-
docrine or immune biomarkers; therefore, literature on the
microbiota—gut—brain and gut-immune axes is provided here
only as contextual background. Prior studies suggest that mi-
crobial activity can influence mood and other physiological
systems®1219 These findings remain exploratory, and further
studies using standardized measures and biological markers
are needed to clarify these associations.

Insect models may be useful for early-stage exploratory re-
search on probiotic-related bacterial responses.

Connection to Research Objectives

This work aimed to examine microbial responses to probiotic
exposure in both humans and an insect model. Human par-
ticipants showed changes in microbiota scores, while the lar-
vae exhibited increases in culturable bacterial levels. Because
the two experiments used different intervention methods and
outcome measures, the findings do not support a direct cross-
species comparison. However, the larval model may still be
useful for exploratory investigation of probiotic-related micro-
bial responses.

These findings are consistent with prior studies showing
that probiotics have been widely studied for their roles in gut
health and microbial balance'?. However, individual-specific
factors can influence how effectively probiotics colonize the
gut, even among people consuming the same supplement. No-
tably, some participants showed limited response to probiotic
supplementation. Such variability has also been observed in
previous research, suggesting that probiotic effects can differ
depending on individual factors'®. In particular, a subset of
participants did not show clear changes, suggesting that base-
line microbiota composition may influence probiotic effective-
ness. This supports the importance of personalized approaches
to probiotic use.

Broader Implications for Health and Sustainability

Although oral microbiota or oral health outcomes were not di-
rectly assessed, recent research suggests a link between gut
and oral health, with oral bacteria potentially contributing to
gastrointestinal conditions such as inflammatory bowel dis-
ease®. For example, Fusobacterium nucleatum has been de-
tected in colorectal tumors and has been associated with in-
flammation and tumor development!®. These observations
suggest that oral microbes may have broader systemic rele-
vance, although this relationship remains indirect and was not
directly tested.

In addition, Hermetia illucens has applications beyond mi-
crobiota research. It is used in processes such as the con-

version of organic waste into biomass and the production of
insect-based protein®’. These characteristics suggest that it
may be useful for both public health research and environ-
mental sustainability.

Limitations and Future Research Directions

This study has several limitations. The small sample size of
human participants (n = 10) limits the statistical power and
generalizability of the findings. Moreover, human gut micro-
biota is influenced by multiple factors that were not fully con-
trolled in this short-term pilot study.

A key limitation is that diet was not systematically recorded
or controlled. We did not use standardized tools such as
food diaries or questionnaires, even though diet is known to
strongly influence the gut microbiota?!. As a result, some of
the observed changes may be partly related to differences in
participants’ eating habits rather than the probiotic interven-
tion alone.

CFU-based methods capture only culturable bacteria and
may not fully represent the diversity of microbial commu-
nities?*23, This limits the interpretation of overall micro-
biota composition. Furthermore, this method does not distin-
guish specific bacterial taxa and may include residual surface-
associated bacteria despite sterilization, limiting interpretation
of true gut colonization. Although 16S rRNA sequencing was
used to analyze microbial composition, more detailed meth-
ods such as whole-genome or metagenomic sequencing were
not included. These methods could provide deeper insight into
microbial function and species-level differences?*. Addition-
ally, the absence of a placebo control group means that some
reported effects, such as reduced bloating or fatigue, may be
influenced by subjective bias. Another limitation is that de-
tailed information about the probiotic formulations, including
strain-level composition, CFU dosage, and manufacturer, was
not available, which may limit the reproducibility of the inter-
vention.

Detailed rearing conditions for the larvae, including diet,
environmental factors, and housing conditions, were not
strictly controlled or recorded, which may have influenced the
observed microbial outcomes.

Although Hermetia illucens is a practical and ethical model,
insect microbiota differ from those of humans in both com-
position and ecological structure’3'4, with some species ex-
hibiting highly specialized and host-specific microbial com-
munities®”. This limits the extent to which findings can be
directly translated to human health. Future studies should in-
clude additional model systems, such as mammals, along with
larger-scale human trials to further investigate these findings.

In addition, the wide age range of participants (13-78 years)
may have introduced biological variability, as gut microbiota
composition and responses to probiotics can differ across age
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groups. This variability was not controlled for and should be
considered when interpreting the results.

Finally, the saline control group also showed a substan-
tial increase in CFU counts relative to baseline, suggesting
that some of the observed changes may reflect time-dependent
growth, developmental factors, or other experimental condi-
tions rather than probiotic exposure alone.

Taken together, these limitations suggest that the findings
should be viewed as exploratory rather than confirmatory.

Conclusion

This study found that probiotic supplementation was associ-
ated with changes in gut microbiota in human participants,
while increases in culturable bacterial counts were observed
in Hermetia illucens larvae under the experimental conditions.
Human participants showed changes in microbiota scores and
reported digestive benefits, while the insect model showed in-
creased levels of culturable bacteria, including both probiotic-
treated and control groups.

Although direct comparisons between species are limited,
the insect model demonstrated measurable changes and may
serve as a preliminary model for exploratory investigation of
culture-detectable bacterial changes.

These findings suggest that insect systems may be used as
a practical tool for early-stage investigation rather than di-
rect comparison with human outcomes. Future studies with
larger sample sizes and standardized analytical methods will
be needed to further validate these findings.
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