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Fig. 3. Venn diagram shows the intersection of the
species level in the gut of 3 beetle larvae.

ciency with a 2.4% increase, followed by B. ary-
abhattai BAO1 and B. megaterium BMO1 at 2.3%
and 2.2%, respectively, with the other 2 strains
below 2.0%. This indicates that B. subtilis BSO1,
B. aryabhattai BAO1, and B. megaterium BMO1
have the highest potential for accelerating the
humification of rice straw (Fig. 5).
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Fig. 4. Rarefaction curves illustrating the species rich-
ness of gut microbiota in 3 beetle larvae across different
sequencing depths of the 16S rRNA gene.

DISCUSSION

This study examined the gut microbiota of
larvae from 3 beetle species with distinct diets.
The gut microbiota of Tr. dichotomus larvae
were found to be richer compared to those of
Al. diaperinus and Ar. fasciculatus larvae. This
difference may be due to 7r. dichotomus larvae
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Table 1. Symbiotic bacteria and their quantities extracted from the guts of 3 beetle species.
Beetle Species Numbers Total numbers
Trypoxylus dichotomus Acinetobacter sp. 12 72
Bacillus sp. 31
Chryseobacterium sp. 1
Citrobacter sp. 20
Lysinibacillus sp. 2
Kluyvera sp. 1
Neobacillus sp. 1
Streptomyces sp. 1
Staphylococcus sp. 3
Alphitobius diaperinus Enterobacter sp. 8 27
Pseudomonas sp. 7
Sta. sp. 12
Araecerus fasciculatus Bacillus sp. 3 19
Paenisporosarcina sp. 1
Sta. sp. 14
Sporosarcina sp. 1
Table 2. The enzymatic activity of gut symbiotic bacteria from Trypoxylus dichotomus.
Species Cellulase Ligninase Laccase Tyrosinase
Acinetobacter baumannii AO1 + + - -
Bacillus sp. + - - -
B. subtilis BS01 + + +
B. megaterium BMO1 + + +
B. aryabhattai BAO1 + + +
B. cereus BCO1 + - + -
Chryseobacterium sp. + - - -
Citrobacter koseri + - - -
Lysinibacillus xylanilyticus + - - -
Kluyvera sp. + - - -
Neobacillus ginsengisoli NO1 + - - +
Streptomyces sp. + - - -

“+: Enzyme activity was detected.
¥ -: No enzyme activity was detected.

living in decaying woodpiles in natural soil
habitats, which harbor a richer microbial com-
munity. When feeding on the decaying substrates
within these woodpiles, various microbes are
ingested and retained in the gut. Subsequently,
we screened the gut microbiota of Tr. dichoto-

mus larvae and identified 3 microbial strains, B.

megaterium BMO1, B. aryabhattai BAO1, and B.
subtilis BSO1, which exhibited enzymes related
to HA synthesis. The 3 strains showed the high-
est potential for accelerating the humification of
rice straw. In the future, these strains could assist
in on-site decomposition of leftover rice straw

after harvest, converting it into HA. This could
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Table 3. The enzymatic activity of gut symbiotic bacteria from Alphitobius diaperinus.

Species Cellulase

Ligninase Laccase Tyrosinase

Enterobacter sp. +
E. cloacae Bc01

Pseudomonas taiwanensis Bt01
Staphylococcus kloosii Bk01
Sta. edaphicus Be01

+ o+ o+ o+

y

“+: Enzyme activity was detected.
¥ -: No enzyme activity was detected.

Table 4. The enzymatic activity of gut symbiotic bacteria from Araecerus fasciculatus.

Species Cellulase

Ligninase Laccase Tyrosinase

Bacillus anthracis Ba0l +
B. licheniformis B101
Paenisporosarcina sp.

Staphylococcus sp.

+ o+ o+ o+

Sporosarcina sp.

y

“+: Enzyme activity was detected.
¥ -: No enzyme activity was detected.
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Fig. 5. The convert efficacy of humic acid from rice straw by Bacillus subtilis BS01, B. megaterium BMO1, B. ary-
abhattai BAO1, B. cereus BCO1, and Neobacillus ginsengisoli NO1.

enhance soil fertility and promote soil carbon
sequestration.

The gut microbiota of insects are closely
related to their dietary habits. In this study, we
examined the gut microbiota of A/l. diaperinus
larvae obtained from grain warehouse and Ar.
fasciculatus larvae found in decaying jackfruit
fruit. Due to their simpler diets, these larvae
exhibited less diverse gut microbiota. In con-

trast, 7r. dichotomus larvae, which inhabit en-
vironments with more complex food sources,
showed a more diverse gut microbiota. The
dominant bacterial families identified were
Ruminococcaceae and Lachnospiraceae of the
phylum Bacillota (formerly Firmicutes). This
finding aligns with the research by Huang et al.
(2022) on scarab larvae, where Bacillota was
the most abundant phylum in Tr. dichotomus
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larvae guts, associated with polysaccharide
fermentation.

Additionally, the differences in insect
gut microbiota are closely associated with the
composition and sources of their diets (Huang
et al. 2022; Mannaa et al. 2023). The richer
gut microbiota observed in Tr. dichotomus
compared to Al. diaperinus and Ar. fascicu-
latus larvae may stem from the decaying sub-
strates or surrounding soil in their habitats.
Previous research has shown that the cetoniid
beetle larvae Pachnoda ephippiata selectively
utilize HA peptides and polysaccharides from
soil substrates and produce higher levels of HA
in their feces, suggesting a connection with
their gut microbiota (Li & Brune 2005).

The gut microbiota of Oryctes rhinoceros
larvae, a species belonging to the Scarabacidae
family, have been found to contain bacteria ca-
pable of degrading hemicellulose and cellulose,
predominantly belonging to the Bacillus genus
(Sari et al. 2016). Similarly, our study identified
12 bacterial strains with cellulose-degrading
capabilities in the gut of Tr. dichotomus larvae,
a species also belonging to the Scarabaeidae
family. This suggests that Scarabaeidae beetles
have the potential to degrade plant residues
through their gut microbiota.

Microbial redox enzymes such as tyrosi-
nase and laccase play a role in organic matter
degradation and humification (Binner et al.
2011). These enzymes are crucial in the syn-
thesis of HS as they can degrade lignin-like
polymers in organic matter and catalyze the
cross-linking of amino acids, promoting the
formation of humic polymer skeletal structures
and ultimately aiding in carbon sequestration
(Zavarzina et al. 2011).

Several microorganisms, including Str. sp.,
Azospirillum lipoferum, B. aryabhattai, B. mega-
terium, Rhizobium sp., Thermomicrobium roseum,
and Vibrio tyrosinaticus, have been reported to
exhibit tyrosinase activity (Pomerantz & Murthy
1974; Kong et al. 2000; Claus & Decker 2006;
Pifiero et al. 2007; Fairhead & Thony-Meyer
2012; Kanteev et al. 2013; Guo et al. 2015). In
our study, both B. aryabhattai BAO1 and B. me-

gaterium BMO1 showed tyrosinase activity, and
the tyrosinase activity of N. ginsengisoli NO1 was
reported for the first time.

Bacillus species are known for their ability
to degrade lignocellulose and are often used in
straw composting studies. For instance, inoc-
ulating straw with B. siamensis (H1), B. halo-
philus (H2), and B. parahemolyticus (S1) has
been shown to increase the HA content (Zhao et
al. 2024). In our study, we isolated 3 Bacillus
strains with the highest HA conversion capabil-
ities from the gut of 7r. dichotomus larvae: B.
megaterium BMO1, B. aryabhattai BAO1, and
B. subtilis BSO1. Muniraj et al. (2021a, 2021b)
found that B. aryabhattai TGS exhibits laccase
and tyrosinase activities. Treatment with its
tyrosinase resulted in the formation of HS from
coir pith within 3 d, confirming its role in HS
formation. Moreover, B. megaterium AS019 has
been shown to convert vinasse (sugarcane mill
wastewater) into HA, helping to reduce pollu-
tion from vinasse disposal (Li et al. 2018).

Laccase enzymes are typically found in
higher plants and fungi but have recently been
discovered in some bacteria as well (Shrad-
dha et al. 2011) such as Str. cyaneus (Arias
et al. 2003), Monocillium indicum (Thakker
et al. 1992), and Marinomonas mediterranea
(Jimenez-Juarez et al. 2005). In this study, lac-
case activity was also observed in B. subtilis
BSO01, B. megaterium BMO1, B. aryabhattai
BAO1, and B. cereus BCO1.

Moreover, these 3 bacterial strains have
been the focus of various agricultural studies.
B. subtilis can act as a plant growth-promoting
agent, aiding in soil phosphorus solubilization,
enhancing nitrogen fixation, and producing sid-
erophores to facilitate plant root growth (Hash-
em et al. 2019). Recent findings have shown
that B. subtilis exhibits antagonistic effects
against various pathogens, such as Phytophtho-
ra capsici, Blumeria graminis f. sp. tritici, and
Fusarium oxysporum f. sp. cucumerinum, mak-
ing it one of the most promising microbes for
sustainable development (Lin ez al. 2010; Cao
et al. 2011; Xie et al. 2021).

B. megaterium has been found to suppress
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the damage caused by rice root-knot nematode
(Meloidogyne graminicola) and rice sheath blight
(Rhizoctonia solani). Even after being formulated
into granular preparations and stored for 2 years,
it still demonstrated effective control against rice
sheath blight (Padgham & Sikora 2007; Chum-
thong et al. 2008). In terms of promoting plant
growth, B. megaterium possesses the ability to
synthesize auxins and cytokinins and easily aggre-
gates in the rhizosphere and soil, promoting plant
growth under stress conditions (Nascimento et al.
2020).

B. aryabhattai 1s a phosphate-solubiliz-
ing bacterium that converts phosphate into a
plant-available form, enhances nitrogen uptake,
promotes plant growth, and increases crop
yields (Ramesh et al. 2014; Wu et al. 2019).
These findings broaden the potential applica-
tions for the 3 selected strains in this study, B.
megaterium BMO1, B. aryabhattai BAO1, and B.
subtilis BSO1, particularly in enhancing carbon
sequestration capabilities.

CONCLUSION

We explored the gut microbiota of 3 beetle
species with different diets, confirming that diet
influences the gut microbiota composition. With
the aim of recycling agricultural waste and en-
hancing soil carbon sequestration, we screened
for bacterial strains capable of transforming HA
and verified their ability to convert straw into
HA. Among them, B. subtilis BS01, B. aryabhat-
tai BAO1, and B. megaterium BMO1 exhibited
the highest potential for straw humification.
These strains can accelerate the decomposition
of agricultural waste in the field, facilitating
the return of HS to the soil, increasing the res-
idence time and stability of organic carbon in
the soil, and enhancing soil carbon sequestration
to promote carbon-negative farming practices.
Furthermore, both B. subtilis and B. megaterium
have been reported to suppress plant diseases,
while B. aryabhattai has been found to promote
crop growth; therefore, further expansion of the
potential applications of these 3 bacterial strains
is warranted in the future.
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Appendix. Partial mitochondrial cytochrome oxidase subunit 1 (COI) gene sequences of the three beetle larvae.

Trypoxylus dichotomus
CAGAATTAGGGAATCCAGGCTCTCTGATTGGAGATGATCAAATTTATAATGTAATTGTAACTGCCCATGCTTTTAT-
TATAATTTTCTTTATAGTAATACCTATTATAATTGGAGGATTTGGTAATTGACTTGTGCCTTTAATACTTGGGGCTC-
CAGATATAGCATTTCCCCGAATAAATAATATAAGATTTTGACTTTTACCCCCTTCTTTAACTCTTTTATTAG-
CAAGAAGAATAGTAGAAAATGGGGCTGGAACAGGATGAACAGTTTACCCTCCACTATCTGCTAATATTGCTCATAGTG-
GAGCATCTGTTGATTTAGCTATTTTTAGTCTTCATCTAGCAGGAATTTCATCTATTTTAGGGGCTGTAAATTTTATTACAA-
CAGTAATTAATATACGATCAACAGGCATAACTTTTGACCGAATACCTCTATTTGTATGATCAGTTATACTAACAGCCATCT-
TACTCCTTCTTTCATTGCCTGTATTAGCAGGGGCTATTACTATACTTCTTACTGACCGAAATATTAATACTTCATTTTTT-
GACCCTGCAGGTGGAGGAGACCCAATTCTATACCAACATCTCTTTTGATTTTTTG

Alphitobius diaperinus
TTGGTACTTCTCTAAGACTACTTATTCGAGCTGAACTTGGAAATCCTGGATCACTAATTGGGGATGACCAAATTTATA-
ACGTTATTGTTACAGCTCACGCATTCATTATAATTTTCTTTATAGTAATACCAATTATAATTGGAGGGTTTGGAAACT-
GACTTGTTCCCCTTATACTTGGTGCCCCAGACATAGCATTCCCTCGAATAAACAATATAAGATTCTGACTTCTC-
CCACCCTCTTTAACCCTTCTTCTAATAAGAAGAATTGTAGAAAGAGGAGCAGGAACTGGATGAACAGTGTAC-
CCCCCACTCTCTTCCAATATTGCACACGGAGGGTCTTCTGTAGACCTAGCCATTTTCAGACTCCATTTAGCTGG-
TATTTCATCAATCCTCGGAGCTGTAAATTTTATCACAACAGTAATTAATATACGACCACAAGGAATAACTTTTGATC-
GAATACCTTTATTTGTATGAGCTGTCGTAATTACAGCAGTTCTTCTTCTTCTTTCACTCCCTGTTCTAGCAGGAGCAAT-
TACAATATTACTTACAGACCGAAATATTAATACCTCATTCTTTGACCCAGCTGGGGGAGGAGACCCAATTTTATATCAA-
CACTTATTTTGATTTTTTTGG

Araecerus fasciculatus
TTGAGCAGGAATAATAGGAACATCCTTAAGAATCTTAATTCGAACAGAATTAGGGAATCCCGGGTCTCTAATTGGAGAT-
GACCAAATCTATAACGTAATCGTAACTGCCCACGCATTCGTTATAATCTTTTTTATAGTAATGCCGACTATAATTGGAG-
GATTTGGGAATTGATTAGTTCCGTTAATACTTGGTGCTCCTGATATAGCATTCCCTCGACTTAACAATATGAGATTTT-
GATTGCTGCCCCCTTCCTTGTCTCTATTGACCTTAAGAAGAATCGTTGAAAGAGGTGCGGGGACTGGTTGAA-
CAGTTTACCCCCCACTATCAGCAAATATTGCCCATAATGGATCTTCTGTTGACTTGGCTATCTTTAGTCTTCATTTAGCAG-
GGGTATCTTCTATTTTAGGAGCAGTTAACTTTATTACTACGATTATCAACATGCGTCCGAGAGGTATATCCCCTGATC-
GTTTACCCCTCTTTGTCTGATCTGTCGGAATCACCGCCCTTCTTCTTTTATTATCTTTACCTGTACTTGCTGGAGCAAT-
TACGATACTCTTAACTGATCGAAATCTAAACACTTCTTTTTTTGACCCCGCAGGAGGAGGTGATCCAATTCTCTACCAA-
CATTTATTTTGATTTTTT
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