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Sengon (Falcataria falcata (L.) Greuter & R. Rankin) plantations in Indonesia
are threatened by attacks from Boktor stem borers and gall rust disease.
Controlling pests and diseases is difficult; therefore, planting resistant trees
obtained from tree selection programs is necessary. Currently, genomic breeding
often incorporates GWAS, which uses thousands of SNP markers to identify
markers with significant associations with the traits studied. This study aimed
to bypass such expensive studies by identifying and developing SNP markers
from sequences of putative resistance genes to Boktor stem borer and gall rust
disease, identified from sengon transcriptomic data analysis. A total of 496,194
putative SNP sites were identified from transcriptomic sequences using the
SAMtools and BFCtools programs, of which 119 SNP sites were associated
with resistance genes. Of the 101 non-synonymous SNPs selected, only 12 were
located in the conserved domain of each gene and were used for primer design.
Of the 13 primers designed, only 10 were successfully amplified. Validation of
10 developed SNP markers on 100 sengon accessions using the HRM method
confirmed a significant association between SNP markers and resistance traits,
with a -log 10 (P-value) between 10.49 and 16.63. A few SNPs markers developed
from putative resistance gene sequences are associated with resistance traits in
sengon. Therefore, the SNP markers could be applied in selection programs for
sengon treesresistant to Boktor stem borersand gall rust disease.
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1. Introduction economically and ecologically. A selection program

to obtain resistant lines has been initiated; however,

Sengon (Falcataria falcata (L.) Greuter & R. Rankin)
is a fast-growing legume tree that has become
an economically important species in Indonesia.
Currently, sengon wood production is 2,595,175.82
m?, representing 54.87% of the total wood production
of Java Island (BPS 2019). However, plantations face
serious pest and disease issues that affect their
productivity. The principal pests and diseases that
have been observed to harm sengon plantations are
the Boktor stem borer (Xystrocera festiva) and gall
rust infection by Uromycladium falcatariae fungus.
So far, there are no effective control methods, so
planting resistant clones would be beneficial both
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progress is slow. A molecular approach is required
to accelerate the selection process, such as utilizing
molecular markers to obtain more reliable findings.

Several studies have shown that several
provenances were more tolerant to gall rust
infections and Boktor attacks (Baskorowati et al.
2012; Setiadi et al. 2014; Darwiati and Anggraeni
2018). However, because of the outcrossing nature
of this species, these superior provenances have not
yet been genetically or molecularly verified. Lelana
et al. (2018) studied sengon resistance to gall rust
disease using RAPD markers. However, RAPD could
not differentiate the resistant from the susceptible
accessions. Siregar et al. (2019) used microsatellite
markers to separate resistant sengon accessions
from susceptible ones and implied differences in
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the two accessions' genetic backgrounds. However,
many resistant and susceptible accessions were
still clustered within the same group. Both studies
reported that the markers used were less specific.
Therefore, new and more powerful markers are
required for fingerprinting sengon accessions in
selection programs.

Single-nucleotide polymorphisms (SNPs) have
recently become popular and are frequently used
as molecular markers in various laboratories for
practical applications (Lai et al. 2012). SNPs are
particularly suitable for studying complex genetic
traits and understanding genome evolution
(Wellenreuther et al. 2019; Mageiros et al. 2021).
The wide application of SNP markers is due to
rapid advances in high-throughput sequencing
technology, which is becoming cheaper to obtain
high-throughput data sequences rapidly and, when
combined with various bioinformatics tools, enables
the analysis of many gene functions. Yuskianti and
Shirashi (2017) developed SNP markers to study
the genetic diversity and relationships of 8 sengon
populations from 3 regions in Indonesia, namely
Papua, Maluku, and Java, as well as from Mindanao,
the Philippines. However, this study was limited
to genetic diversity and relationships between
provenances without considering the condition of
plant resistance to pests and diseases. Therefore,
specific SNP markers associated with resistance
to Boktor stem borer pest and gall rust disease are
required.

SNP markers associated with certain complex
traits are usually derived from genome-wide
association studies (GWAS) involving thousands of
SNP and samples. However, such GWAS studies are
often expensive. This study aimed to bypass such
expensive studies by identifying and developing
SNP markers using transcriptome data analysis
of sengon accessions resistant and susceptible to
gall rust disease (Shabrina et al. 2019) and sengon
accessions resistant and susceptible to Boktor
stem borer (Siregar et al. 2021). The identified
and developed SNP primers were tested on small
samples of sengon accessions displaying resistance
to the pest and disease. By developing SNP markers
from sequences of putative functional genes for
resistance, it is expected that the markers will be
significantly associated with the phenotypic traits
studied without spending much on analyzing many
unrelated SNPs.

2. Materials and Methods

2.1. Plant Material

The plant materials for SNP validation were
collected from sengon tree plantations in Kediri
Regency, East Java, Indonesia, under the management
of the National Forest Estate (11 resistant and 13
susceptible accessions) and from private plantations
in Bogor Regency, West Java, Indonesia (39 resistant
and 37 susceptible accessions). The sample trees
used were the same five years old and planted in
the same plot. Their health was examined before
being identified and classified as either resistant or
susceptible to Boktor stem borer and gall rust disease.
Resistant and susceptible accessions were selected
from trees planted in the same plot to eliminate
the possibility of environmental factors affecting
resistance. Susceptible individuals are trees attacked
by pests and diseases with an attack severity level of
more than 50%. In contrast, resistant individuals are
trees that do not show any symptoms of the pest or
gall rust disease infestation. The number of samples
used in this study corresponded to the minimum
sample size for population genomic analysis by Li
et al. (2020). Two upper leaves were collected from
these trees in January 2018 and January 2019. The
upper leaves were chosen because young leaves have
more tender tissues that are easily macerated and
have lower levels of polyphenolic, polysaccharides,
and lignin compounds, which could potentially
interfere with the DNA extraction process.

2.2. DNA Isolation

DNA was isolated from 0.1 g leaf samples using the
modified CTAB method (Doyle 1991). The quantity
and quality of the DNA were measured using a
NanoDrop Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and visualized on 1%
agarose gel (1t BASE, 41 Science Park Rd, Singapore)
electrophoresis at 100 volts for 25 min.

2.3. Mapping Transcriptome Sequence

The assembled transcriptomic data of sengon
susceptible and resistant to Boktor stem borer and
gall rust disease were obtained from the Data Bank
of Japan (DDBJ) (https://www.ddbj.nig.ac.jp) with
accession numbers DRA008389 and DRA007983
published by Shabrina et al. (2019) and Siregar
et al. (2021). The read data used were from eight
individual trees, where reads of rust-resistant, rust-
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susceptible, Boktor-resistant, and Boktor-susceptible
were the results of sequencing using the BGISEQ-500
platform (Siregar et al. 2021). Reads of rust on leaves
1 and 2 and stems 1 and 2 were sequenced using the
[llumina HiSeq4000 platform (Shabrina et al. 2019).
The sequences were realigned using CAP3 software
(Huang and Madan 1999) to reduce clusters of nearly
identical transcripts and obtain more complete
contigs. Then, they were clustered to remove
redundant or ambiguous contigs using CD-HIT-EST
software (Li and Godzik 2006), applying an identity
threshold of 95%. FastQC software was used to check
the quality of data reads.

Raw reads were trimmed and filtered using
Trimmomatic to remove adapter sequences
contamination, low-quality bases (>Q30), and 3’/5’
bias positions. Clean reads were then mapped to the
assembled transcriptome reference using Bowtie2
software (Langmead and Salzberg 2012). The SAM file
was sorted according to the position of the reference
sequence and then converted to BAM (Binary
Alignment/BST) format using SAMtools software.

2.4. SNPs Calling

SNPs were called using the BCFtools program,
which includes mpileup, call, and filter steps (Li et
al. 2009) to identify nucleotide bases that are highly
likely to be putative SNPs. The input file in the BAM
format resulted in a VCF output that contains various
information in the form of the occurrence position,
variation quality, alternative bases, and other
information related to the identified variations.

2.5. Designing SNPs Primer

Primers were designed to validate the SNP sites
of the selected genes. The selected genes were
related to resistance to Boktor stem borers and gall
rust disease. The genes were identified based on
DEG analysis, showing upregulated activity in the
previous studies. The sequences were reannotated
using BLAST (Basic Local Alignment Search Tools) to
confirm that the sequences were highly related to
the resistance genes. The target gene sequences were
annotated or compared with the GenBank (NCBI)
sequences and the results of the whole-genome
sequencing of sengon (DRA012508) to ensure the
gene sequences were correct before designing the
primers. The conserved area was identified in the
target gene sequences using the GenBank website's
Conserved Domain Database (CDD) (www.ncbi.

nlm.nih.gov/Structure/cdd/wrpsb.cgi). The sites of
SNPs selected for primer preparation must be in this
conservative region, non-synonymous, and there
are no other adjacent SNP sites. A pair of primers
were then designed using Primer3Plus (https://
primer3plus.com).

A primer selection step was performed to obtain
primers that could detect SNPs in the assayed
samples. The selection was performed by testing
several candidate primers under the same PCR
conditions and using the same DNA sample to obtain
optimum PCR conditions and the level of variation of
the bands produced by each primer. The PCR mixture
used GoTaq®PCR Core System I (Promega Corporation,
Madison, Wisconsin, USA), and amplification was
performed in an Applied Biosystems Veriti 96-Well
Thermocycler (Thermo Fisher Scientific, Waltham,
MA, USA) for 35 cycles with the following steps: pre-
denaturation at 95°C for 2 min, denaturation at 95°C
for 30 s, annealing at 56°C to 60°C for 30 s, extension
at 72°C for 1 min, followed by a final extension at
72°C for 5 min.

2.6. SNPs Genotyping and Validation

The 10 selected primers were used to validate SNPs
in the DNA samples from resistant and susceptible
plants using the StepOne™ Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA). High-
Resolution Melting (HRM) reaction was performed
using the SensiFAST™ HRM Kit (Meridian Bioscience
Inc, Cincinnati, Ohio, USA) in a final volume of 20 nl
containing 2x SensiFAST HRM Mix, 6.4 ul H,0, 10 tM
of each primer, and 2 pl of DNA template (approx.
100 ng/pl). The gPCR condition followed: initial
denaturation at 95°C for 1 min, denaturation at 95°C
for 5 s, annealing/extension at 60°C for 25 s, and the
PCR process was carried out as many as 40 cycles.
This was followed by forming a melt curve process
to determine the base variation that occurred with
the following steps: denaturation at 95°C for 10 s,
annealing at 60°C for 1 min, high-resolution melting
at 95°C for 15 s, and annealing at 60°C for 15 s with a
ramp rate of 0.3%.

Melt curve analysis was performed using HRM
software with normalization and temperature shift
of the fluorescence data, followed by fluorescence
difference plots. A reference sample was used for
observation. The present study used a wild-type
sample based on transcriptomic data analysis as
a reference. The software grouped data that were
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similar and assigned a cluster number. The melt curve
corresponding to each cluster was color-coded for
ease of visualization. The cluster detection settings
included melt curve shape sensitivity (50% cluster
default value) and melting temperature difference
threshold (Tm) (default: 0.15).

2.7. Chi-Square Test

Chi-square analysis was used to determine the
correlation between genotypes based on the results
of HRM analysis with phenotypes. The following chi-
square test formula was used:

P (10,-E|-05)

=) E

i=1 j

Oj= value of observations in] class =1, 2; Ej= expected
value in J-class = 1, 2. Each primer's "-log10(p)" value
was calculated and plotted against each contig to
generate Manhattan plots using the ggplot2 package
in RStudio. We declared SNPs significant at an FDR-
adjusted p-value of less than 0.001 to minimize the
risk of false positives, which can lead to spurious
associations and waste resources for follow-up
studies (Duggal et al. 2008).

3. Results

3.1. Reference Sequence Design

This study used reads from the results of
transcriptomic data assembly of Boktor- and gall
rust-resistant and susceptible sengon samples.
Two assembled transcriptome references were
reassembled using CAP3 and CH-HIT-EST, resulting
in 150,197 contigs (Table 1).

3.2. Quality Control and Filtering of Raw
Reads

Raw data may contain low-quality bases and
adapters that can cause errors in the alignment
process. Filtering and trimming were performed to
remove the low-quality bases and adapters (Table

Table 1. Number of contigs obtained from each read used
in this study

Reads Number of contigs
Boktor resistant-susceptible 70,089
Gall rust resistant-susceptible 96,164
Reassembly 150,197

S1). Reads of boktor-resistant, boktor-susceptible,
rust-resistant, and rust-susceptible had high base
quality (>Q30), as seen from the results of quality
control before filtering (Figure S1), indicating that
the number of reads did not decrease.

3.3. Mapping and Detection of SNPs

Eight samples with clean reads against the
transcriptome reference had an overall alignment rate of
90.78%. Quality control and trimming were performed
on the eight clean-read samples. The alignment results
were then used for the SNP calling stage using SAMtools.
There were 496,194 nucleotide site changes or putative
SNPs predicted in the resulting sengon transcriptome
contigs, with an estimated frequency of one SNP
per 608 bp. The identified SNPs were dominated by
transition changes of 323,370 (65.21%) bases, whereas
transversion changes were only 172,824 (34.79%) bases
(Table 2).

3.4. Development and Selection of SNP
Primers

The annotated transcriptomic data from
previous studies showed that some genes play a
role in plant resistance to pests and diseases, such
as alpha-amylase inhibitors, trypsin inhibitors,
ubiquitin carboxyl-terminal hydrolase 13, NADH-
ubiquinone oxidoreductase, Indole-3-acetic acid-
amido synthetase, and the WRKY transcription
factor. A total of 119 SNPs were identified from the
sequences of these resistance genes and categorized
as synonymous or non-synonymous; 18 synonymous
and 101 non-synonymous SNPs were identified
(Table 3).

Twelve non-synonymous SNP sites in the seven
target genes were selected for developing SNP
markers and designed into 13 primers. List of SNP
primers generated for the target genes (Table S2).
The selection of primers based on the PCR process
showed that only ten primers could be amplified,
whereas two were unamplified and discarded. The
amplified product sizes ranged from 107 to 216
bp. The amplification results of each primer and
the product size predictions are listed in Table S3.
Meanwhile, primers NUOR-2, UB13-1, and UB13-2
were not successfully amplified, presumably because
of the presence of introns in the DNA region flanked
by the primer pairs.
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Table 2. The number of identified putative SNPs in the transcriptomes of sengon used in this study

Alternative base

Reference base

C G A T
C 18,372 19,216 90,788
G 13,482 72,081 26,583
A 25,472 93,277 29,593
T 67,224 18,630 21,476
Total 496,194 SNPs

C-G-A-T refers to cytosine (C), guanine (G), adenine (A), and thymine (T)

Table 3. Summary of SNPs distribution across the sequences of resistance-associated genes

Name of gene Number of contigs SNPs
Synonymous Non-synonymous

Alpha-amylase inhibitor (AAI) 1 - 10
Trypsin inhibitor (TI) 3 6 28
Ubiquitin carboxyl-terminal hydrolase 13 (UB13) 5 2 9
NADH-ubiquinone oxidoreductase (NUOR) 16 3 19
Indole-3-acetic acid-amido synthetase (IAA) 3 6 30
Transcription factor WRKY 11 3 1 4
Transcription factor WRKY 40 3 - 1
Total 119

3.5. SNPs Validation and Genotyping

The selected primers were validated on 100
samples of sengon DNA with the following details:
50 susceptible tree samples versus 50 resistant tree
samples. Ten primers were used for amplification.
Based on the correlation analysis, we observed that
the samples susceptible to Boktor stem borer were
also susceptible to gall rust disease and vice versa (R
= 0.69, p-value = 2.2 x10®). Thus, we combined the
susceptibility and resistance of both attackers into
one category (Figure S2).

Differential plots from HRM analysis in this study
showed curve-shape differences between wild-type
and mutant DNA. The proper plot shows a clear melt
profile, a single peak, and grouping, as seen in the
differential plots of the IAA-2 primer (Figure 1). The
wild-type sample was a sample with a reference
base from the identification of SNPs, and the mutant
sample was a sample with changes in the nucleotide
base according to the results of SNPs identification.
The list of references and alternative bases for each
primer is presented in Table S2.

DNA mutations can cause allele pairs to be either
the same (homozygous) or different (heterozygous)
(Table S4). For example, in the TI-2 primer, the allele
pair could be AA or GA by changing the DNA base
G (guanine) to A (adenine) at a position of 850 bp.
Only 7 primers, i.e. TI-2, NUOR-1, NUOR-3, WRKY-
11, WRKY-40, IAA-1, and IAA-2 primers used in the

HRM analysis, successfully differentiated wild-types
and mutant samples. However, the wild-types and
mutant samples were not categorized according to
their resistance level (resistant or susceptible) yet.

Furthermore, a chi-square test was performed
using data from the SNP detection of 100 samples
to determine the allele segregation pattern at
each locus. As shown in Table S4, there were three
expected genotypes for each locus, of which the
expected Mendelian ratio of the genotypes was 1:2:1
(AA:AB:BB), where AA was the homozygous genotype
for the wild-type allele, AB was the heterozygous
genotype, and BB was the homozygous genotype
for the mutant allele. If the calculated y2 value < 2
table, then the observed segregation pattern follows
Mendelian law, meaning that the allele pair formed
results from an independent segregation process.

In addition to the chi-square test, the p-value (-log
10) was calculated to determine the SNP markers
association level with resistance properties. A higher
p-value indicated that the association between
SNP markers and resistance properties was more
significant. All SNP markers showed high p-values,
with WRKY 40 and NUOR 3 having the highest
p-values of 16.63 and 14.65, respectively (Table 4)
(Figure 2).

The dendrogram of grouping samples based on
genotyping using seven SNP primers in 100 samples
of F. falcata (Figure 3) showed that most samples
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were grouped according to their phenotypes, namely
resistant or susceptible. Some samples were still
incorrectly clustered into the resistant or susceptible
groups, presumably because these samples probably
had intermediate resistance or susceptibility and
required more precise phenotyping. Thus, the
developed SNP marker can distinguish between
susceptible and resistant samples.

4. Discussion

The observation of read quality follows that of
Zhu et al. (2018), who stated that the BGISEQ-500 has

a higher base and raw data quality than HiSeq4000.
Library construction on the BGISEQ-500 using
DNA nanoballs (DNB) technology can minimize
replication errors. Quality control and trimming
processes aimed to avoid sequence contamination,
adapters, low-quality bases (<Q30), and 3’/5 end
nucleotide position bias (Indriani et al. 2020).

The estimated frequency of SNPs in this study was
lower than that in Pinus pinaster (1/192 bp) (Modesto
etal. 2022), Hevea brasiliensis (1/308 bp) (Pootakham
et al. 2015), and Pisum sativum (1/475 bp) (Leonforte
etal 2013). According to Pootakham et al. (2014), the
number of samples studied impacts the frequency
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Figure 1. Differential plot of the IAA-2 locus according to the HRM melt curve

Table 4. Chi-square test of sengon trait resistance

Mendel'’s ratio Primer -log 10 (P-value) 2 table (0.05)
1:2:1 TI2 48.32* 10.49

NUOR 1 60.12* 13.05

NUOR 3 67.48* 14.65

WRKY 11 63.48* 13.78 5.99

WRKY 40 76.60* 16.63

IAA 1 61.56* 13.37

1AA_2 56.64* 12.29

Degrees of freedom = 2. * = significant on p<0.05
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Figure 3. Dendrogram of 100 samples of sengon that are resistant and susceptible to boktor stem borer and gall rust. Res
= resistant samples, Sus = susceptible samples. Red box = cluster one, blue box = cluster two
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value of SNPs. The more samples used, the greater
the chance to find new SNPs and, thus, would likely
increase the frequency value of SNPs. Additionally,
the frequency of SNPs in the previous transcriptome
data, on which this study was based, was lower than
that in the whole genome data (Anita et al. 2023)
because the transcriptome consists of only part of
the whole genome, that is, only expressed genes.
Also, the coding region (exons) of an expressed gene
used in this study to find the SNPs is relatively more
conserved than other regions of the gene, i.e. introns
(Wu et al. 2019).

SNPs can be classified as either transitions
or transversions. Transition is a change in the
nucleotide base adenine with guanine and cytosine
with thymine, or vice versa. At the same time,
transversion is a change in guanine and adenine
with thymine and cytosine, or vice versa (Luo 2016).
Based on these results, the transition-transversion
ratio of 1.8 was observed. Similar findings have
been reported for Cryptomeria japonica (Uchiyama
et al. 2012), Elaeis guineensis (Pootakham et al. 2013)
and Hevea brasiliensis (Pootakham et al. 2011, 2014;
Shearman et al. 2015). Transition substitutions are
more frequent than transversion and are thought
to be due to the 5-methylcytosine reaction, which
occurs frequently at CpG sites (Holliday and Grigg
1993; Zhang and Zhang 2005).

The advantage of detecting SNPs using
transcriptome data is that the identified nucleotide
base changes may be directly related to the traits to
be observed, such as disease resistance and plant
growth (Yu et al. 2014). Two important genes related
to resistance to herbivore insects were AAI (alpha-
amylase inhibitor) and TI (trypsin inhibitor) genes.
Alpha-amylase inhibitors and trypsin inhibitors are
inhibitory compounds that hinder the activity of
amylase and proteinase enzymes in the digestive
tract of insects; thus, they can inhibit the breakdown
of starch into simpler carbohydrate molecules and
proteins to be used in the insect metabolic system
as an energy source (Siregar et al. 2021; Karray et
al. 2022). In the case of resistance against gall rust
disease, Ubiquitin carboxyl-terminal hydrolase 13
plays a role in the jasmonic acid signaling pathway
(Jeong et al. 2017). Transcription factor genes are a
group of genes that regulate the expression of other
genes that are involved in resistance mechanisms.
WRKY transcription factor 11 and WRKY
transcription factor 40 respond positively to plant

defense against pathogens (Jiang et al. 2016; Lee et
al. 2018). NADH-ubiquinone oxidoreductase (Kant et
al. 2019) and Indole-3-acetic acid-amido synthetase
have been reported to increase plant susceptibility
to pathogens. Indole-3-acetic acid-amido synthetase
regulates auxin, stimulating excessive cell division
and causing tumor swelling (Li et al. 2022). For the
sengon tree improvement and breeding program,
any genes involved in the resistance mechanisms
against pests and disease are desirable. The SNP
markers developed in this study are all needed and
will be useful in fingerprinting and differentiating
the resistant accessions from the susceptible ones;
for example, the SNP markers related to AAI and TI
genes will likely link to resistant accessions against
the Boktor pest, while the SNP markers from IAA
might be linked to susceptible accessions.

Synonymous SNPs are changes in one nucleotide
base that do not change amino acids and are often
called silent mutations. However, non-synonymous
SNPs are changes in one nucleotide base that result
in amino acid changes (Studer et al. 2013). Non-
synonymous SNPs are thought to affect protein
activity against genes directly (Yu et al. 2014),
suggesting that these SNPs can be used as markers
to help select resistant plants.

SNP markers were created based on changes in
one nucleotide base (A, T, G, and C) in the sequences
of target genes. SNP sites located in the conserved
regionwere selected to prepare primers. Forexample,
contig16297, detected as a trypsin inhibitor gene
(accession number: cl11466), contains a conserved
region between 360 and 875. Therefore, the SNP
sites chosen for primer preparation for the trypsin
inhibitor gene were at positions 771 and 850.

Even thoughitis already in conservative territory,
the SNP site must be checked again using WGS data
to ensure that the SNP site is located in the exon. One
example is the results of ubiquitin carboxyl-terminal
hydrolase 13 (UB13) gene sequence alignment with
whole-genome sequencing (WGS) from Anita et
al. (2023). It was observed that the Sengon WGS
sequence had many introns and might cause the
UB13 primer to be unsuccessfully amplified. Introns
are DNA bases found between exons removed from
the mRNA molecule to leave a series of exons that
stick together so that the appropriate amino acid
can be encoded (Shao et al. 2021).

Primer validation was performed using Real-
Time Polymerase Chain Reaction (RT-PCR).
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According to Kelly et al (2019), the sample
concentration greatly influences the amplification
efficiency, resulting in a higher variation that is
less favorable for forming a standard curve. In this
study, the optimal concentration was in the range
of 100-500 ng/ul. However, dilution is required if
the DNA concentration is too high; higher dilutions
are unsuitable for establishing a standard curve.
The average DNA concentration used in this study
was 100 ng/ul, per the SensiFAST HRM kit protocol
(Bioline) for primer validation.

DNA amplicons were analyzed using HRM
software to detect variations in the DNA base
arrangement or mutations (Gomes et al. 2018).
HRM can detect fluorescence when double-
stranded DNA is denatured into single strands at
high temperatures. The difference in one nucleotide
base could give a different curve when the DNA
fragment is denatured, so the HRM analysis results
provide information about the sample with the
target SNPs (Gupta et al. 2022), called a differential
plot. This could explain the differences between
wild-type DNA and DNA with mutations. The wild-
type standard curve was used as the reference for
the differential plot. The standard curve of the
mutant was obtained by subtracting the normalized
fluorescence values obtained from the normalized
fluorescence standard curve of the wild-type DNA.
The transformation of the fluorescence value into a
differential plot was conducted and integrated into
HRM software (Klafke et al. 2019).

According to Krypuyetal.(2006), the visualization
of curves on different plots is strongly influenced by
DNA isolation, DNA quality, amplicon length, primer
design, and the reagent used. Moreover, unclear
clustering and overlap may occur because of intronic
SNPs (unexpected variations) located in the created
primer sequence (Stomka et al. 2017).

The results of the Chi-Square test showed that
the calculated y2 value for each primer was bigger
than the y2 table of 5.99 (Table 4), so the distribution
patterns of SNP genotypes regarding the resistance
properties were deviated from the Mendelian ratio
of 1:2:1. These results indicated that the alleles
did not segregate freely. It is suspected that there
is a linkage disequilibrium between the genes that
control resistance traits. Linkage disequilibrium
occurs when alleles of one genetic variant are
inherited or correlated with a nearby allele of
other genetic variants in the progeny population.

The dendrogram (Figure 3) shows that 75% of the
samples were separated. Cluster one (red box) was
dominated by susceptible samples, and cluster two
(black box) was dominated by resistant samples.
Some samples that were not separated according
to their clusters may have been caused by incorrect
phenotyping, in which more phenotype groups or
intermediates probably exist between the resistant
and susceptible traits. These results were in line
with the research of Shrestha et al. (2019), Liang et
al. (2015), and Wanda et al. (2015), who reported
that the genes for plant resistance to fungi, pests,
and viruses were polygenic. This indicates that two
or more genes can interact with each other during
the formation of enzymes or proteins that affect the
emergence of resistance traits.

Xu et al. (2006) stated that WRKY transcription
factor 40 is essential in the signaling pathway
of plant defense systems against pathogens.
NUOR functions as a mitochondrial component
in the ETC pathway, which plays a critical role in
energy production and metabolism in plant cells.
Compromised mitochondrial function can decrease
the production of reactive oxygen species (ROS),
important signaling molecules that play a key role
in plant defense against pathogens (Cvetkovska et
al. 2014). ROS production is typically induced in
response to pathogen attacks. It helps to activate
downstream signaling pathways that trigger various
defense responses, such as programmed cell death
and the production of antimicrobial compounds.
NUOR also regulates programmed cell death, a key
component of the plant immune response. When
plant cells detect pathogen invasion, they often
undergo programmed cell death to limit pathogen
spread. Disruptions to the function of the ETC
pathway can interfere with this process and impair
the plant's ability to limit pathogen infection (Kant
et al. 2019) effectively.

Wediscovered 496,194 SNPsin the transcriptomes
of sengon-resistant and susceptible to Boktor stem
borer and gall rust disease. SNP identification
revealed putative 119 SNPs that may be linked to
seven disease and pest-resistance genes. A few
SNPs markers developed from putative resistance
gene sequences are associated with resistance and
susceptible traits in sengon. The bypass methodology
of developing SNP markers for specific characters
using the RNAseq data has proven desirable results.
Those SNP markers are important for assisting in
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fingerprinting resistant and susceptible accessions.
Therefore, SNP markers could be applied in selection
programs for sengon trees resistant to boktor stem
borers and gall rust disease.
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Supplementary Table 1. Number of reads before and after filtering

Reads name Number of reads
Before filtering After filtering
Boktor resistant Boktor resistant 77,634,868
Boktor susceptible Boktor susceptible 79,315,980
Rust resistant Rust resistant 79,037,484
Rust susceptible Rust susceptible 79,054,112
Rust on leaves 1 Rust on leaves 1 60,259,198
Rust on leaves 2 Rust on leaves 2 64,269,442
Rust on stem 1 Rust on stem 1 64,100,912
Rust on stem 2 Rust on stem 2 58,235,308
Supplementary Table 2. Characteristics of SNP primer developed
Name of gene Primer code SNPs position Nucleotides (5’-3")
Alpha-amylase inhibitor AAL1 575 (C>T) F: TATCCCAATCCGACGACAA
R: CGGCTGACGAGAGTGAAG
AAI_2 944 (G>T) F: GGTGTCCTACAGAAGTGTGTCC
R: CGACAGGAAGAGCATTACCA
T in inhibit TI_1 771 (A>G) F: TTGTGACTTGTGTGTTGATGTG
rypsin tnfubttor R: CCCATCGGTTCTCTCTCTCT
T2 850 (G>A) F: AGGTAAGTGTGGACATGTTGGT
R: ATGCCCAGGGATGTTTATTC
Indole-3-acetic acid-amido synthetase 1AA_1 568 (C>A) F: GOGAGTTGTCCCATTGAGGTT
R: TGCTGTCACCCATTTGTCTC
[AA_2 568 (C>A) F: AGTTGTCCCATTGAGGTTGAG
R: TGTCACCCATTTGTCTCCTIT
NADH-ubiquinone oxidoreductase NUOR_1 3392 (C>T) F: CTTGCTTGCACTGAGAGACC
R: GCACGGGACACAGAATAAGA
NUOR_2 674 (A>G) F: AGGACACGGATAGAACACAAGA
R: TGCGCTTCAAAGGTAATAGG
NUOR_3 1954 (A>C) F: GCGATGAGAGGCGAAATAG
R: CGACCGACTAAGGGCAAA
Transcription factor WRKY 11 WRKY_11 3272 (C>G) F: CTTTGACTGTTGACCCTTCCT
R: GGCACCCTCACTGTCTTCTT
Transcription factor WRKY 40 WRKY_40 1052 (A>T) F: AATTGAAACATGGAACAGGAAA
R: GATGGGTATCAATGGAGGAAA
Ubiquitin carboxyl-terminal hydrolase UB13_1 4058 (T>C) F:CCGACATATCTTAGCTCCTCTTTC
13 R: CACCTTGAGGAGACCCAATC
UB13_2 4114 (A>C) F: CCGACATATCTTAGCTCCTCTIT

R: CACCTTGAGGAGACCCAATC

letters in the SNPs position column are nucleotide thymine (T), cytosine (C), guanine (G), and adenine (A). Symbol > refers
to the changes of the reference base to the alternative base. F = forward, R = reverse

Supplementary Table 3. Results of amplification of SNP primers

Primer code Expected product (bp) product size (bp) Result
AAL1 124 143 Amplified
AAIL_2 111 126 Amplified
TI_1 107 107 Amplified
TI_2 189 189 Amplified
1AA_1 123 150 Amplified
[AA_2 118 118 Amplified
NUOR_1 160 160 Amplified
NUOR_2 198 - Unamplified
NUOR_3 126 146 AmpPified
WRKY 11 170 200 Amplified
WRKY 40 216 226 Amplified
UB13_1 197 - multiple bands

UB13_2 197 - unamplified
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The antibacterial agent can be extracted from plants, animals, and
microorganisms such as fungi. The potential antibacterial activity of laccase
derived from fungi remains limited in current reports. This study aimed to
investigate the characteristics of laccase from Indonesian whiterot fungi (WRF)
and explore its potential as an antibacterial agent. The laccases were produced
by Trametes hirsuta D7, Trametes hirsuta EDN 082, Leiotrametes menziesii
BRB 73, and Lentinus sajor-caju BRB 12 using oil palm empty fruit bunch
as a substrate. The results showed that the Indonesian WRF tested produced
brownish-yellow laccase. FTIR analysis demonstrated similar peak patterns but
distinct absorption intensities among the laccases. Trametes hirsuta D7 gained
0.044 U/ml of the greatest laccase activity. Laccase, with minimal activity of
0.001 U/mI-0.026 U/ml, suppressed the propagation of Propionibacterium acnes
and Staphylococcus aureus. Escherichia coli and Pseudomonas aeruginosa could
be inhibited by the laccase with a minimum activity of 0.002 U/ml-0.044 U/ml.
However, S. aureus and E. coli showed the Minimum Bactericidal Concentration
in thelaccase activity range of 0.018 U/mI-0.308 U/ml. Gram-positive and Gram-
negative bacteria grow more slowly when the laccase is present, supposed the
laccase as a potential antibacterial agent.

KEYWORDS
Antibacterial activity,
Laccase enzyme,
Trametes hirsuta,
Leiotrametes menziesii,
Lentinus sajor-caju

1. Introduction with antibacterial compounds such as antibiotics.
However, the current overuse of antibiotics causes

Infectious disease is still a health issue. Poor issues such as the emergence of multidrug-resistant

hygiene, which promotes the growth of pathogenic
bacteria in the environment, is one of the causes of
infectious diseases. Pathogenic bacteria are parasitic
bacteria that cause disease in their hosts. Diarrhea,
digestive tract infections, respiratory tract infections,
bladder tract infections, skin lining infections
that cause acne, and other diseases are caused by
pathogenic bacteria (Hou et al. 2022). Pathogenic
bacteria commonly found include Escherichia
coli, Salmonella enterica, Propionibacterium acnes,
Citrobacter rodentium, Pseudomonas aeruginosa,
Listeria monocytogenes, and Staphylococcus aureus
(Baumler and Sperandio 2016; McLaughlin et al
2019; Widowati et al. 2021). The spread of pathogenic
bacteria can be slowed by inhibiting their growth

* Corresponding Author
E-mail Address: sita.heris.anita@brin.go.id

organisms. Antibacterial compounds are not only
used in the medical and pharmaceutical fields but
also in other industries such as food, agriculture, and
cosmetics. It is typically used as a preservative to
inhibit the development of microorganisms in goods
that could compromise product quality (Mahmud
and Khan 2018).

Antibiotic alternatives include the use of extracts
of natural ingredients from plants, animals, or
microorganisms that contain active compounds
such as alkaloid compounds (AlSheikh et al. 2020;
Stan et al. 2021). Groups of enzymes that include
protease, lipase, amylase, cellulase, peroxidase,
trypsin, lysozyme, and laccase, in addition to
extracts of natural components, exhibit antibacterial
activities (Charlotte et al. 2006; Aruwa et al. 2022).
Laccase is a versatile enzyme that can degrade
xenobiotic compounds, transform antibiotics and
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steroids, detoxify water, delignify pulp, and degrade
wastewater dyes (Becker et al. 2016; Anita et al. 2020;
Ramadhan et al. 2021; Yanto et al. 2021). Laccase is
extensively present in higher plants (Dana et al
2017), insects (Janusz et al. 2020), bacteria, and
fungi (Bertrand et al. 2013). Laccases generated
by microorganisms such as bacteria and fungi are
easier to get since the enzyme is released outside
the cell. Laccase generated by fungi has a higher
redox potential than laccase produced by bacteria.
The redox potential value is connected to the ability
of these enzymes to digest high-molecular-weight
substrates (Janusz et al. 2020).

Indonesia is known as a country with mega
biodiversity for its flora, fauna, and microorganisms.
The diversity of fungi in tropical rainforests ranks
second after insects. Fungi are often found in
the rainy season on decayed wood, litter, or as
parasites in living plants (Khayati and Warsito 2016).
Basidiomycota is a fungus with basidiocarps that
grows in various shapes, colors, and sizes. White-
rot fungi (WRF) are Basidiomycota, which colonize
wood in nature and preferentially break down lignin
to generate white rotting. Fungi cause three forms
of wood decay: white rot, brown rot, and soft rot.
These fungi are classified based on the pattern of
decay on wood (Godell et al. 2008). WRF are the best
lignin degraders. Their capacity to digest complex
and resistant organic compounds makes them
appealing microorganisms for the bioremediation of
organically polluted soil as well as the decolorization
of wastewater from the textile industry (Koyani et al.
2014; Yanto et al. 2021; Anita et al. 2022).

A previous study has shown that T. hirsuta D7
successfully decomposes chrysene, benzo[a]pyrene,
and phenanthrene (Hidayat and Yanto 2018). Trametes
hirsuta EDN 082, Leiotrametes menziesii BRB 73, and
Lentinus sajor-caju BRB 12 proved a good capability
to remove the colored textile dyes of anthraquinone,
monoazo, and diazo (Anita et al. 2022; Nurhayat et al.
2022). Charlotte et al. (2006) discovered that laccase
generated by the fungus Myceliophtera thermophila
and Polyporus pinisitus with activity levels ranging
from 0.1 to 5 mg/L could suppress the propagation
of Gram-positive bacteria Staphylococcus epidermidis
and Gram-negative bacteria Pseudomonas aeruginosa.
Laccase from M. thermophila that was immobilized
onto bacterial nanocellulose can inhibit the growth
of Gram-positive bacteria Staphylococcus aureus
and Gram-negative bacteria Escherichia coli as much
as 92% and 26%, respectively (Sampaio et al. 2016).

Verma et al. (2019) also reported that both crude and
purified laccase enzymes produced from the bacteria
Pseudomonas putida LUA15.1 inhibited the growth of
fungal plant and bacterial pathogens. However, the
antibacterial property of the laccase from white rot
fungi has never been examined.

The purpose of this research is to characterize
the laccase produced by white rot fungi Trametes
hirsuta D7, Trametes hirsuta EDN 082, Leiotrametes
mencziesii BRB 73, and Lentinus sajor-caju BRB 12,
and to evaluate its antibacterial activity against
various pathogenic bacteria. This research used
pathogenic bacteria such as Staphylococcus aureus,
Propionibacterium acnes, Pseudomonas aeruginosa,
and Escherichia coli. The antibacterial activity was
determined using diffusion and dilution methods to
obtain the Minimum Inhibitory Concentration (MIC)
and Minimum Bactericidal Concentration (MBC) of
laccase against pathogenic bacteria.

2. Materials and Methods
2.1. Substrate, and Chemical
Components

OPEFB (0il Palm Empty Fruit Bunch) was collected
from an oil palm farm in Cikasungka, West Java,
Indonesia., Indonesia. Trametes hirsuta D7 (NCBI
GenBank, accession No. KX444204) was previously
isolated from a peat swamp forest region in Riau,
Indonesia. Trametes hirsuta EDN 082 (NCBI GenBank,
accession No. MT476912) was isolated from Taman
Eden 100, Toba Samosir, North Sumatra, Indonesia.
Leiotrametes menziesii BRB 73 (NCBI GenBank,
accession No. MT804553) and Lentinus sajor-caju
BRB 12 (NCBI GenBank, accession No. OR050821)
were isolated from Berbak-Sembilang National Park,
Jambi, and South Sumatra, Indonesia. Isolates of
Pseudomonas aeruginosa ATCC 15442 and Escherichia
coli ATCC 8739 were obtained from the IPBCC (IPB
Culture Collection). Staphylococcus aureus ATCC
29213 and Propionibacterium acnes ATCC 27853 were
purchased from the Indonesian retail market. Malt
extract, potato dextrose agar (PDA), peptone, sodium
acetate, glucose, ammonium sulfate ((NH,),SO,), and
CuSO, were provided from Merck (Germany). Wako
(Japan) supplied the acetic acid. Himedia (India)
provided the nutrient agar (NA), nutrient broth (NB),
Bradford reagent, and Bovine Serum Albumin (BSA),
while Sigma Aldrich provided the 2,2-azino-bis-[3-
ethyl benzothiazoline-6-sulphonic acid] (ABTS).

Microbes,
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2.2. Fungal Cultivation and Production of
Laccase

Fungal culture and laccase synthesis were carried
out using the technique described by Ningsih et
al. (2020), with modifications to the weight of the
substrate employed. Trametes hirsuta D7, Trametes
hirsuta EDN 082, Leiotrametes menziesii BRB 73, and
Lentinus sajor-caju BRB 12 were separately cultivated
on a PDA medium (39 g/L) and culture for 7 d at
room temperature (27+3°C). Laccase was produced
via solid-state fermentation using 5 g of OPEFB
fiber in 100 ml of Erlenmeyer. The OPEFB substrate
was then treated with up to 10 ml of malt extract-
glucose-peptone (MGP) medium that consisted of
20 g/L malt extract, 20 g/L glucose, 1 g/L peptone,
and 2 mM CuSO, to increase its moisture content to
60% and induce laccase synthesis, respectively. After
sterilizing the mixture for 15 min at 121°C, they were
cooled to room temperature. Six plugs (5 mm) of the
PDA fungal colony were injected into the sterilized
substrate and cultured for 10 d at room temperature.

2.3. Crude Laccase Extraction

Crude laccase extraction was carried out according
to Anita et al. (2020). After the incubation period, the
fermented solid substrates were fully extracted in a
homogenizer at a speed of 10,000 rpm for 10 min in a
cool environment with 15 ml of 0.1 M acetate buffer,
pH 4.5. The mixtures were then filtered through filter
fabric. The filtrates were centrifuged at 4°C, 8,000
rpm for 20 min and the supernatant was treated
with (NH,),SO, to produce a 40-60% (w/v) saturated
solution. The solution was mixed for 1 h before being
centrifuged at 4°C, 8,000 rpm for 20 min. After that,
15 ml of 0.1 M acetate buffer, pH 4.5 was added to the
pellet. The crude laccases were then kept at -20°C.
For concentrated enzyme, the enzyme solution was
placed in an ultrafiltration membrane 10 kDa (YM-
10 Amicon, USA) and centrifuged at 4°C, 10,000 rpm
for 10 min (Anita et al. 2022). The solution retained
on the ultrafiltration membrane is the concentrated
crude enzyme and is stored at -20°C.

2.4. Laccase Characterization

Laccase color, functional groups, enzyme activity,
protein content, and enzyme-specific activity were
characterized. The colors of laccase analysis were
conducted according to Bahanawan et al. (2019).
The color of the enzymes produced was compared
to commercial enzyme color and the absorbance of

both colors was measured using a microplate reader
(TECAN Infinite 200 Pro, Switzerland) at 300-500
nm. Color values were also measured using a Konica
Minolta CR-10 Plus colorimeter with a D65 lighting
source specification, a photodiode array sensor,
and a 10° observer standard. Color value (E*) is a
quantitative description of color. The color analysis
used the CIE-Lab method. The color value was
calculated using Eq. 1. (Bahanawan et al. 2019).

E*=V(L*P+(a*)P+(b*) (1)
Where:

E *= color value

L * = brightness

a * =redness, and

b * = yellowness

The functional groups of the crude laccase were
analyzed based on the procedure used by Samui and
Sahu (2018) and Yanto et al. (2021) using Fourier
Transform Infrared (FTIR) (Perkin-Elmer) at 400-
4,000 nm and 32 scans. The bands were shown
in baseline mode. Laccase enzyme activities were
determined using the procedure used by Anita et
al. (2020). The spectrophotometric method was
employed to evaluate the activity of laccase. This
was achieved by monitoring the oxidation of 1 mM
2,2-azino-bis-[3-ethyl benzothiazoline-6-sulphonic
acid] (ABTS) in 0.05 M acetate buffers at a pH of
4.5. The measurements were taken at a wavelength
of 420 nm for a duration of 1 minute, while
maintaining a room temperature environment. The
test combination comprised of 100 pL of the sample,
400 pL of 0.1 M acetate buffer, and 500 pL of 2 mM
ABTS. The unit of enzyme activity (U) was established
as the quantity of enzyme necessary to catalyze
the oxidation of 1 pmol of ABTS per minute. While
protein content was determined using the Bradford
technique (Bradford 1976). Protein concentrations
were measured in milligrams per milliliter (mg/ml).
The protein standard in this research was bovine
serum albumin (BSA) (1 mg/ml). The specific activity
of the enzyme was calculated using Eq. 2. (Ningsih et
al. 2020).

c
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2.5. Antibacterial Activity Test

A bacterial culture with a 108 CFU/ml cell count
was used for the antibacterial activity assay. The
bacterial culture was added to the sterile NA medium
that had not yet solidified (medium temperature,
40°C) in amounts up to 1% (v/v) and carefully mixed.
Then the media containing the bacterial culture were
poured into the sterilized petri dish and allowed to
set. Furthermore, on the solid medium, wells were
made using a cork borer (@5 mm). 20 pl of Laccase
enzyme samples (laccase from T. hirsuta D7, T. hirsuta
EDN 082, Leiotrametes menziesii BRB 73, and Lentinus
sajor-caju BRB 12) were added separately to each
well, and chloramphenicol (CAP) 30 pg/ml used
as a positive control. The plates were placed in an
incubator for 24 h at 35+2°C. By measuring the clear
area formed surrounding the hole, the inhibition
zone in the medium was estimated (Modarresi-
Chahardehi et al. 2012). Antibacterial inhibition zone
activity was classified into categories: weak (less
than 5 mm), average (5-10 mm), strong (10-20 mm),
and extremely strong (over 20-30 mm) (Rahayu et al.
2021).

2.6. Analysis of The Minimum Inhibitory
Concentration (MIC)

The MIC was obtained using the liquid dilution
technique according to Modarresi-Chahardehi et
al. (2012) with modification in the dilution series.
The enzymes and sterile NB media were diluted
in the following ratios: 2:0, 1.6:0.4, 1.2:0.8, 0.8:1.2,
0.4:1.6, 0.2:1.8, and 0.05:1.95 (ml). Each dilution of
the enzyme sample was put into a microplate with
as much as 500 pL and 25 pL of bacterial suspension
(108 CFU/ml). As a positive control, 500 puL of NB
liquid medium was added to 25 pL of bacterial
suspension (10% CFU/ml) in a microplate. Cultures
were incubated in an incubator for 24 h at 35+2°C.
After 24 h, each sample's absorbance was measured
by using a microplate reader at 660 nm. The lowest
concentration that can inhibit bacteria was indicated
by the absence of turbidity after incubation.

2.7. Analysis of The Minimum Bactericidal
Concentration (MBC)

As much as 100 pL of bacterial isolates from the
results of MIC incubation were spread into Nutrient
Agar (NA) medium in sterilized dishes. Cultures

were incubated in an incubator at 35+2°C for 24 h.
The lowest concentration that can kill bacteria was
shown by the absence of microbial growth on the
agar media after incubation (Modarresi-Chahardehi
et al. 2012).

2.8. Statistical Analysis

The assay was performed with three replicates.
The data were subjected to analysis of variance (one-
way ANOVA) and the means were compared using
Tukey’s test at the 5% level.

3. Results

3.1. Characterization of Laccase Enzyme

T. hirsuta D7, T. hirsuta EDN 082, Leiotrametes
menziesii BRB 73, and Lentinus sajor-caju BRB 12
produces a brownish-yellow laccase. Meanwhile,
the commercial laccase enzyme is white (Figure 1A).
The laccase enzymes produced by the four fungi
were more intense in color compared to commercial
enzymes. The laccase enzyme from T. hirsuta D7
showed a higher color spectrum than the other
enzymes (Figure 1B). In contrast, the color value of
the laccase enzyme from T. hirsuta D7 is the lowest
at 53.29+0.10 when compared to the color values
of other laccase enzymes. The E values of laccase
produced by the four fungi ranged between 53.29
to 62.29. While commercial laccase has a value of
91.93+1.15 (Table 1).

The laccase enzyme FTIR spectrum and identified
bonds are shown in Figure 2 and summarized in Table
2. Characteristic bands of the commercial laccase
were identified at 3298 cm™ (O-H/N-H stretching),
which corresponds to carbonyl groups and amide A
structure; a peak at 2922 cm™ (C-H/N-H stretching)
attributed to CH, groups present in laccase protein;
a peak at 1642 cm™ (C = O / C - N stretching) from
amide I with a B-sheet structure; a peak 1360 cm
(N-H bending/C-N stretching) from amide III bands,
a peak at 1015 cm™ (C-N/C-0-C) characteristic of
protein in laccase; and a peak at 572 cm™ (C = O
bending) from amide V.

Laccase from T. hirsuta D7 and T. hirsuta EDN 082
showed the same peak. These laccases contained
peaks that were not present in commercial ones,
particularly around 3033/3061 to 3179 cm™ (N-H
stretching) from amide B and 1553/1555 cm™ (N-H
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Figure 1. The color (A) and the UV-Vis spectrum (B) of the laccase enzyme

Table 1. Color value of laccase enzyme

Comenercssl lnecsie

Laccase enzyme L (brightness) a (redness) b (yellowness) E (color value)
D7 52.1310.45° 10.13£0.21° 19.60+0.35P 53.29+0.472
EDN 082 59.27+1.16° 10.00+0.17° 24.80+0.56¢ 60.31t1.16°
BRB 73 54.13+0.45° 10.03£0.15° 19.60£0.26° 55.23+0.46*
BRB 12 61.27+1.16° 10.0710.15P 24.67+0.67¢ 62.29+1.15°
Commercial 91.90£0.10¢ -0.43+0.06? 5.40+0.00° 91.92+0.09¢

The mean value followed by the same letter is not significantly different according to Tukey (HSD) test at the 0.05

significance level

bending/C-N stretching) from the amide II band.
However, some peaks were identical to those of
commercial laccases, especially peaks at 1062/1068
cm™ as the characteristic of protein in laccase and
608/609 cm™' from amide V bands.

The peaks of BRB 12 and BRB 73 laccases show a
similar pattern. Leiotrametes menziesii BRB 73 and

Lentinus sajor-caju BRB 12 laccases also contained
peaks that did not appear in commercial laccases.
The peaks are at 3028/3030 cm™ to 3193/3197 cm!
from the amide B and 1553 cm from the amide
II band. BRB 12 and BRB 73 laccases have peaks at
1276/1280 cm™ to 1403/1404 cm™, 1069/1094 cm™',
and 609/610 cm™ attributed to the amide III bands,
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Figure 2. Laccase enzyme FTIR spectrum
Table 2. Functional groups of laccase enzyme FTIR spectrum
D7 laccase  EDN 082 BRB 12 BRB 73 Commercial Functional group Class compound
laccase laccase laccase laccase assignment (references)
Wave number (cm™)
- - - - 3298 O-H stretching, N-H Carbonyl group, Amide A
- stretching
3061 3179-3033 3193-3028 3197-3030 N-H stretching Amide B
- - - 2851 2922 C-H stretching, N-H CH, group
stretching
- - - - 1642 C=0 stretching vibration, = Amide I with a B-sheet
C-N stretching structure
vibration
1555 1553 1553 1553 - N-H bending,C-N Amide II bands
stretching vibration
- - 1403-1280 1404-1276 1360 N-H bending, C-N Amide III bands
stretching
1062 1068 1069 1094 1015 C-N stretching, C-0-C Protein in laccase,
stretching Aromatic amine
608 609 609 610 572 C=0 bending Amide VI bands

characteristic of protein in laccases, and the amide
VI band, respectively. The three peaks are identical to
those of commercial laccases.

The maximum laccase enzyme activity was
obtained in Trametes hirsuta D7, which was 0.044 U/
mL. In contrast, the protein content of T. hirsuta D7
laccase was lower than that of other fungi. Due to

this, the laccase from T. hirsuta D7 has the greatest
specific enzyme activity compared to the other
laccases. The ultrafiltration technique increased
the activity of concentrated laccase enzymes up to
12 times. Table 3 describes the laccase enzyme in
greater depth.
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3.2. Antibacterial Activity

The width of the inhibitory area was used to
evaluate the bacteria-static effect of the laccase
enzyme (Table 4). The results showed that almost all
of the inhibition zones for crude laccase enzyme from
fungi were less than 7 mm in diameter. However,
once the enzyme was concentrated, the width of the
inhibitory zone over S. aureus, P. acnes, P. aeruginosa,
and E. coli increased from 7 to 12 mm.

3.3. Minimum Inhibitory Concentration (MIC)

Table 5 shows the MIC values of the laccase
enzyme against various bacterial species, indicating
antibacterial activity. Laccase activity isolated from
T. hirsuta D7 ranged from 0.001U/ml to 0.044 U/ml,
whereas that of T. hirsuta EDN 082 ranged from 0.001
U/ml to 0.009 U/ml. Laccase activity from Leiotrametes

menziesii BRB 73 and Lentinus sajor-caju BRB 12 was
0.002-0.028 U/ml and 0.001-0.01 U/ml, respectively.
In general, minimal laccase enzyme concentrations
of 0.001 to 0.015 U/ml suppressed S. aureus growth.

The concentration of laccase enzyme necessary
to suppress the growth of P. acnes was higher, at
0.002-0.026 U/ml. The growth of P. aeruginosa could
be suppressed with a minimal laccase concentration
of 0.004-0.026 U/ml. Meanwhile, the lowest laccase
enzyme concentration required to inhibit E. coli
growth is 0.002-0.044 U/ml.

3.4. Minimum Bactericidal
(MBC)

Table 6 shows the MBC value of the laccase
enzymes. The MBC value for S. aureus was a laccase
enzyme with activity between 0.018 U/ml and 0.112

Concentration

Table 3. The characterization of laccase enzyme produced by T. hirsuta D7, T. hirsuta EDN 082, Leiotrametes menziesii BRB

73, and Lentinus sajor-caju BRB 12

Parameter D7 EDN 082 BRB 73 BRB 12
Crude enzyme activity (U/ml) 0.044 0.009 0.028 0.010
Crude protein content (mg/ml) 18.36 22.67 22.34 21.10
Crude enzyme-specific activity (U/mg) 0.0020 0.0004 0.0013 0.0005
Concentrated enzyme activity (U/ml) 0.308 0.112 0.076 0.018
Concentrated protein content (mg/ml) 25.10 20.95 24.88 25.40
Concentrated enzyme-specific activity (U/mg) 0.012 0.005 0.003 0.0007
Table 4. Inhibition zone of laccase enzyme against S. aureus, P. acnes, P. aeruginosa, and E. coli
Crude enzyme Concentrated enzyme

Inhibition zone (mm) Inhibition zone (mm)
Laccase enzyme S.aureus P.acnes P.aeruginosa E. coli S.aureus P.acnes P.aeruginosa E. coli
D7 0.0£0.0* 4.5+2.5Y 0.0+0.0° 5.0£0.0? 8.0£0.0® 7.0£0.0? 10.0+0.00  7.7+0.6a
EDN 082 1.0£0.0¢  5.0+0.0° 0.0+0.0° 5.0£0.0? 8.0£0.0® 9.0+0.0° 10.0+0.00  7.5+0.5a
BRB 73 6.5+0.1¢  1.0+0.0° 1.0£0.12 5.0£0.0? 9.0+1.0> 7.0+0.0° 12.0£1.0>  9.0+1.0®
BRB 12 4.5+0.2> 0.00.0° 0.0+0.0° 5.0£0.0? 7.0£0.0*  7.5%0.5? 10.0+0.00  7.7+0.6?
Chloramphenicol (CAP) 12.3+1.3¢ 13.0+0.0¢ 19.3+1.2®  11.0+1.7° 12.3£1.3¢ 13.0+0.0° 19.3+1.2¢  11.0+1.7°

The mean value followed by the same letter is not significantly different according to Tukey (HSD) test at the 0.05

significance level

Table 5. Minimum Inhibitory Concentration (MIC) of laccase enzyme against bacterial strain

Minimal inhibitory concentration (MIC)

Laccase Gram type Test organism

Enzyme Protein content Specific activity
activity (U/ml) (mg/ml) (U/mg)
Gram (+) S. aureus 0.015 3.67 0.0040
T hirsuta D7 P. acnes 0.026 7.35 0.0040
’ Gram (-) P. aeruginosa 0.015 3.67 0.0040
E. coli 0.026 7.35 0.0040
Gram (+) S. aureus 0.001 4,53 0.0002
T hirsuta EDN 082 P. acnes 0.004 9.07 0.0004
’ Gram () P. aeruginosa 0.004 9.07 0.0004
E. coli 0.006 13.60 0.0004
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Table 5. Continued

Laccase Gram type Test organism

Minimal inhibitory concentration (MIC)

Enzyme Protein content Specific activity
activity (U/ml) (mg/ml) (U/mg)
Gram (+) S. aureus 0.003 447 0.0006
Leiotrametes P. acnes 0.006 8.94 0.0007
menziesii BRB 73 Gram (-) P. aeruginosa 0.014 13.96 0.0010
E. coli 0.003 4.47 0.0006
S. aureus 0.002 4.22 0.0005

. . . + * ° °

Lentinus sajor-caju Gram (+) P. acnes 0.002 8.44 0.0002
BRB 12 P. aeruginosa 0.008 13.19 0.0006
Gram (-) E. coli 0.002 4.22 0.0005

Table 6. Minimum bactericidal concentration (MBC) of laccase enzyme against bacterial strain

Laccase Gram type Test organism

Minimum bactericidal concentration (MBC)

Enzyme Protein content Specific activity
activity (U/ml) (mg/ml) (U/mg)
S. aureus 0.044 18.36 0.002
Gram (+) P. acnes - - -
T. hirsuta D7 ’ .
Gram (-) P. aeruginosa - - -
E. coli 0.308 25.10 0.012
Gram (+) ISJ ZLcl;eel;s 0.112 20.95 0.005
T. hirsuta EDN 082 ’ .
Gram (-) P. aeruginosa - - -
E. coli 0.112 20.95 0.005
S. aureus 0.076 24.88 0.003
. Gram (+)
Leiotrametes P. acnes - - _
menziesii BRB 73 Gram (-) P. aeruginosa - - -
E. coli 0.076 24.88 0.003
Lenti . _ Gram (+) S. aureus 0.018 25.40 0.001
entinus sajor-caju P. acnes - - _
BRB 12 P. aeruginosa - - N
Gram (-) E. coli 0.018 25.40 0.001

U/ml. Meanwhile, greater laccase enzyme activities
(0.018 to 0.308 U/ml) were required to kill E. coli
bacteria completely. However, the laccase enzyme in
the activity range of 0.018-0.308 U/ml could not kill
P. acnes and P. aeruginosa bacteria.

4. Discussion

Four enzymes produced by four distinct
microorganisms were investigated as antibacterial
agents. Laccases are produced by Trametes hirsuta
D7, Trametes hirsuta EDN 082, Leiotrametes menziesii
BRB 73, and Lentinus sajor-caju BRB 12. The laccase
enzymes produced by these different kinds of fungi
have distinct properties. The laccases generated by
all the fungi exhibited a brownish-yellow hue. This
color contrasts with the commercial laccase enzyme
from Trametes versicolor, which is white. The brown
color appears because the extracted laccase enzyme

has not been purified like commercial laccase;
therefore, there are still numerous impurities
that may be found in the crude laccase. Dhevagi
et al. (2021) reported that the crude enzyme
mixtures are complex, multielement, and consist
of nonenzymatic proteins as well as secondary
metabolites. The color of crude enzymes can also be
caused by the residual fermentation medium used
to cultivate enzyme-producing microorganisms.
Crude enzymes from culture broth, including the
growth media, organisms (whole or fragmented),
and enzymes of interest (Robinson 2015). Zaccaria
et al. (2019) used activated carbon to pre-treat crude
enzyme extract to remove colors and inhibiting
compounds. The UV-Vis spectra of crude laccase
from four fungi were compared to the spectra of
commercial enzymes and distilled water to evaluate
the color intensity of the crude enzymes. Crude
laccase from T. hirsuta D7 has the highest color
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absorption compared to laccase from other fungi.
Even the absorbance of commercial enzymes is
comparable to distilled water's color absorption.
A high absorbance value implies a higher quantity
of substances, making the exhibited color darker
(Neldawati et al. 2013). The color values (E) of the
laccase enzyme generated by four white rot fungi
were lower than those of commercial laccase,
indicating that the laccase produced is less bright. In
this study, the color values of laccase are related to
lightness and yellowness values. Other studies have
found a correlation between increased lightness
(L) and yellowness (b) and higher E values, but not
redness (a) levels (Bahanawan et al. 2019).

Enzymes are proteins that are composed of
amino acids connected by one or more peptide
bonds. Protein-peptide bonds are amide groups.
Protein-peptide linkages are amide groups. In an
IR spectrum between 4000 and 400 cm!, protein-
containing samples show 9 unique vibrational
absorption bands caused by various vibrational
modes of the amide groups of proteins, notably
amides A, B, and I-V (Bart 2007; Ji et al. 2020; Sadat
and Joye 2020). The amide A, absorbing between
3500 and 3270 cm, arises from N-H stretching
vibration. While amide B absorbs weakly between
3100 and 3030 cm™ (Bart 2007; Ji et al. 2020).
Around 1600 and 1700 cm, amide I vibrations
absorb significantly and are particularly sensitive to
the secondary protein structure. The amide II band
absorbs at around 1550 cm™' due to a combination of
C-N stretching and N-H bending motions (Chatterley
et al. 2022). The interaction of the N-H bending and
the C-N stretching vibrations gives rise to the amide
III bands between 1420 and 1200 cm™ (Bart 2007;
Samui and Sahu 2018). The amide IV and amide V
areas are represented by absorption bands at 625-
770 cm™ and 640-800 cm™, respectively. The band
of absorption at 537-606 cm™ is associated with the
amide VI regions because of the out-of-plane C = O
bending (Darwish and Darwish 2022).

Laccase enzyme, as a protein, mostly exhibits
peaks from nine distinct vibrational absorption
bands in the IR spectrum. However, laccase's
characteristic bands were identified at 1624 and
1690 cm™ (amide I), 1420-1210 cm™ (amide III),
1165-948 cm' (characteristic of protein in laccase),
and at 800-500 cm (amide V and VI) (Samui and
Sahu 2018; Yanto et al. 2021). The peaks that were
characterized aslaccase were also seenin the laccase

generated by the four fungi in this investigation.
Laccase from T. hirsuta D7 and T. hirsuta EDN 082
showed the same peaks in the spectra at 155-
153 cm (amide II) and 609-608 cm (amide VI).
Meanwhile, the peaks laccase from Leiotremetes
menziesii BRB 73 were more comparable to the
laccase from Lentinus sajor-caju BRB 12. They shared
the same peaks at 1404-1276 cm (amide III) and
610-609 cm™ (amide VI). Several peaks differed
when the laccase IR spectra of the four fungi were
compared to commercial T. versicolor laccase. The
commercial laccase of T. versicolor has a peak at
1642 cm™' (amide I), 1360 cm-! (amide III), and 572
cm! (amide VI).

The differences in the peaks achieved could be
because laccase was produced by different species
of fungi, so the functional groups of the proteins
tend to be slightly different. Nandiyanto et al. (2019)
explained that the fingerprint area (600-1500 cm!)
tends to be unique and distinct for any compound.
However, the laccase produced by the four fungi
shows a peak at 1094-1062 cm’, indicating the
protein properties of the laccase enzyme.

Trametes hirsuta D7 produced the highest crude
laccase enzyme activity with the lowest protein
content compared to laccase from other species
of fungi. As a result, T. hirsuta D7 laccase showed
the greatest specific activity. Specific activity
determines the purity of the enzymes in the
mixture. It is the quantity of product generated
by an enzyme in a specific period under specific
circumstances per milligram of total proteins. The
value increases when the amount of protein in an
enzyme preparation decreases. At the same time, the
reaction rate remains constant or may increase due
to less interference or the elimination of inhibitors
(Robinson 2015).

The crude laccase extract was then concentrated,
and the laccase produced by T. hirsuta D7 enhanced
its enzyme activity by up to 12-fold. Trametes
hirsuta D7-specific laccase enzyme activity rises
in proportion to enzyme activity. The findings
of this study can be compared to those of earlier
investigations. Laccase activity from Aspergillus
nidulans increases 5.5-fold after the ultrafiltration
process (Vivekanandan et al. 2014). Laccase activity
after the ultrafiltration process compared to crude
enzyme broth extracted from Pleurotus sajor-caju
PS-2001 also increased 14-fold (Zaccaria et al. 2019).
A 20-fold concentration of crude laccase by Trametes
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versicolor was obtained using a UF membrane (10
kDa) (Antecka et al. 2019). After ultrafiltration,
the crude enzyme laccase generated by Pleurotus
ostreatus increases enzymatic activity by 6.6-fold.
(Nguyen et al. 2020). Ultrafiltration membranes
were shown to be effective in eliminating bigger
particles from the medium and in concentrating
certain enzymes (Zaccaria et al. 2019).

Laccase enzyme bactericidal activity was tested
using S. aureus, P. acnes, P. aeruginosa, and E. coli.
The clear zone generated surrounding the hole was
used to determine the antibacterial action. The zone
of bacterial growth inhibition was measured in
millimeters. Crude laccase enzymes from T. hirsuta
D7, T. hirsuta EDN 082, Leiotrametes menziesii BRB 73,
and Lentinus sajor-caju BRB 12 created an inhibitory
zone in the weak to moderate category. After the
laccase enzyme was concentrated, it created an
inhibitory zone ranging from moderate to strong. Li
et al. (2019) also reported that the diameter of the
inhibition zone of laccase-catalyzed chitosan-gallic
acid derivative against E. coli and S. aureus was 11.36
and 12.65 mm, respectively, indicating the strong
antibacterial activity of laccase. Rahayu et al. (2021)
classified antibacterial inhibition zone activity into
categories: weak (less than 5 mm), average (5-10
mm), strong (10-20 mm), and extremely strong
(over 20-30 mm).

The diffusion approach was used in this study
to detect the antibacterial properties of the laccase
enzymes; however, it was unable to quantify
the number of enzymes that inhibited or killed
bacterial growth. As a result, the MIC of the laccase
enzyme was measured to identify the lowest laccase
concentration required to inhibit the growth of the
bacterial strains, including Staphylococcus aureus,
Propionibacterium acnes (Gram-positive bacteria)
and Pseudomonas aeruginosa, Escherichia coli
(Gram-negative bacteria). The crude extract laccase
enzyme produced by the four fungi suppressed
the propagation of pathogenic bacteria, with MIC
values that ranged from 0.001 to 0.026 U/ml for
Gram-positive bacteria and 0.002 to 0.044 U/ml for
Gram-negative bacteria (Table 5). Li et al. (2019) also
reported that S. aureus was slightly more sensitive
to laccase-catalyzed chitosan-gallic acid derivative
than E. coli. The activity of the laccase enzyme to
suppress Gram-negative bacteria was greater than
that to suppress Gram-positive bacteria. This is
probably due to the more complex structure of the

cell wall and outer membrane in Gram-negative
bacteria which play a role in the mechanism of their
resistance to exposure to antibacterial agents. Gram-
negative bacteria have a wall and an outer complex
membrane while having low levels of peptidoglycan,
which contributes to their resilience (Sampaio et al.
2016; Besufekad et al. 2017).

Crude extract laccase enzyme exhibited poor
bactericidal activity against pathogenic bacteria.
Therefore, greater laccase enzyme activity from
concentrated laccase is required to Kkill bacteria
completely. MBC values ranging from 0.018 to 0.308
U/ml indicated their ability to kill S. aureus and
E. coli. However, higher laccase enzyme activity
was needed to kill P. acnes and P. aeruginosa.
Many previous studies have found differences in
laccase reactivity of the same or different types of
fungi on various substrates. One of the elements
influencing the differential in reactivity to the
substrate is the laccase enzyme's molecular mass
(Mansur et al. 2003). In general, the antibacterial
process can be triggered for numerous reasons,
including destroying or disrupting the molecules
that constitute the bacterial wall, removing cell
components, and carrying out processes that
disturb the function of genetic material. Bioactive
substances can disrupt the synthesis of RNA and
DNA, causing harm to the resulting genetic material.
Inhibition of bacterial growth can also occur due to
the inhibition of enzymes by microbes, resulting in
the destabilization of the cytoplasmic membrane
found in these bacteria (Aruwa et al. 2022). The
antibacterial activity of laccases is attributed to their
method of action, which involves an electrochemical
process that enables them to enter the cell walls of
microbes. This penetration leads to the leaking of
important metabolites and the physical disruption
of crucial cell activities (Sampaio et al. 2016). Apart
from the type of bacteria, the effectiveness of the
antibacterial compounds of the enzymes is greatly
influenced by the characteristics of the enzymes,
such as their molecular mass and subunits (Mansur
et al. 2003).

In conclusion, the four crude laccase enzymes
produced by the Indonesian white rot fungi Trametes
hirsuta D7, Trametes hirsuta EDN 082, Leiotrametes
mencziesii BRB 73, and Lentinus sajor-caju BRB 12
exhibited inhibitory effects on both Gram-positive
and Gram-negative bacteria. The effectiveness of
inhibition was found to be correlated with the
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laccase activities employed in the experiment.
The activity of the concentrated laccase enzyme
increased by up to 12-fold, demonstrating its
capability to eradicate Propionibacterium acnes and
Pseudomonas aeruginosa. These significant findings
contribute to the exploration of native Indonesian
white rot fungi as potential sources of antibacterial
enzymes.
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Amyloid plaques and Neurofibrillary Tangles (NFTs) are known to be key
pathological features of Alzheimer disease. To gain a better understanding of
this disease, studies were carried out on the Indonesian primates, the long-
tailed macaques, using a spontaneous Alzheimer's disease model. Examining

KEYWORDS and identifying genetic markers involved in plaque formation and NFTs in
Alzheimer, long-tailed macaques is necessary to reveal their physiological processes. In this
APR, study, the expression of genes involved in the development of amyloid plaque
CDK3, (Amyloid Precursor Protein (APP)) and those that control the phosphorylation
AKT1, . of tau protein (CDK5 and AKT1) was examined in the long-tailed macaque brain.
'I&?:i?;‘;”sg é\{ljz;caques, This study showed that APP, CDK5, and AKT1 may potentially be developed

as genetic markers of Alzheimer's disease. Long-tailed macaques exhibited the
development of amyloid plaque in the aging brain based on the analysis of the
gene expression profile of its biomarker. Furthermore, long-tailed macaques can

be optimized for neurodegenerative models.

1. Introduction

Alzheimer's is one of the main causes of dementia,
which reduces a person's capacity to carry out
daily tasks due to cognitive decline and memory
loss. WHO and Alzheimer's Disease International
(ADI) reported that 35.6 million persons globally
had Alzheimer's disease in 2010. This population
is estimated to double by 2030 and triple by 2050,
reaching an estimated 115 million individuals (World
Health Organization 2012). Over one million cases
of Alzheimer's were recorded in Indonesia in 2013,
and this condition can continue to increase over
time as the life expectancy of the Indonesian people
increased (Ministry of Health Republic of Indonesia
2019).

Alzheimer's disease has been associated with
beta-amyloid plaques, the main proteins in neuritis
deposits and neurofibrillary tangles (NFTs). Beta-
amyloid plaques resulting from proteolytic cleavage

* Corresponding Author
E-mail Address: hudada@apps.ipb.ac.id

of the precursor protein amyloid glycoprotein (APP).
The endoplasmic reticulum produces APP, which
is then transported to the Golgi complex and then
transported to the plasma membrane. Beta and
gamma secretases cleave mature APP on the plasma
membrane to make amyloid beta (Chen et al. 2017).

The physiological function of APP in the
hippocampus has been thoroughly investigated in
rodents (Del Turco et al. 2016), APP transgenic mice
(Jia et al. 2017), and STZ-induced Macaca fascicularis
(Park et al. 2015; Del Turco et al. 2016). NFT is a
protein that experiences hyperphosphorylation due
to changes in kinase or phosphate activity, which
causes the formation of NFT (Bhaskar C et al. 2018).
Amyloid plaques and NFTs can damage nearby
healthy cells, resulting in cell death. Meanwhile, CDK5
and AKT1 are two genes linked to tau protein and are
involved in the control of tau phosphorylation. CDK5
increases tau phosphorylation, which in turn can
lead to neurodegeneration. In addition, the enzyme's
activity is controlled by the endogenous activator
p35 CDK5 kinase, which phosphorylates tau protein
(Lietal 2020).
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Non-human primates have similar anatomy,
pathology, and genetics to humans (Mariya et al.
2019; Darusman et al. 2021; Higo 2021). Primates
are potential animal models to explore the molecular
mechanism of amyloid plaque formation and tau
protein (Darusman et al. 2014a; Park et al. 2015;
Latimer et al. 2019). Older vervet monkeys naturally
develop amyloid plaques in the cortex region, and
paired helix filaments are discovered that help
to generate NFTs. According to histology, amyloid
plaques have also been found in the frontal, temporal,
and parietal lobes, as well as the hippocampus, in
the aged monkey's cerebral cortex (Nakamura et al.
1998; Darusman et al. 2014a).

To determine the occurrence of a physiological
process of Alzheimer's disease, it is important
to analyze the molecular mechanism based on
genetic marker expression in an APPropriate animal
model. This study is an APProach to discovering
and understanding the underlying mechanisms of
Alzheimer's disease using adult and aged long-tailed
monkeys as translation in the human body. This
study will also examine the expression of gene APP,
CDK5, and AKT1 in the adult and aged monkeys at the
cortex and hippocampus brain region.

2. Materials and Methods

2.1. Samples Collection

The samples are brain tissue archives, where
the location of Alzheimer's disease is linked with
memory impairment and cognition of six female
long-tailed macaques (Macaca fascicularis). These
samples are divided into two groups: the adult group,
which is sampled from animals 10-12 years old, and
the old group, which is >15 years old. The animals are
from the Primate Research Center Bogor Agricultural
University (PRC IPB), West Java, Indonesia. Brain
tissue areas are the cortical and hippocampus areas,
which are used as samples and an archive stored in a
freezer at -20°C in the IPB PRC Pathology Laboratory.
Dental scaling is used to determine age (Darusman
et al. 2014b). Age parameters are defined as adults
(between 7 and 15 years) and aged (beyond 15 years)
(Gartland et al. 2020). All examination was conducted
in duplicate, and ethical clearance was obtained by
Primates Research Center IPB University as PRC -19-
A012.

2.2. RNA Extraction and cDNA Preparation

Total RNA was extracted from 2 mm? of cortical
and hippocampus sections of 6 long-tailed monkeys
using RNeasy Mini Kits (Qiagen, Hilden, Germany)
following company procedures. Brain tissues were
lysis with RLT buffer, and ethanol absolute was
added. Purification was carried out by spin column
and washed using RW and RPE buffer. RNAse
Free Water elutes the RNA in the column and its
concentration was measured using a Nanodrop 1,000
spectrophotometer (Thermofisher Scientific, USA).
For the reverse transcription process, three ng/uL
RNA was used as a template. According to company
procedures, the cDNA synthesis process was
carried out using the reverse transcriptase enzyme
(Sensifast cDNA Synthesis Kit, Bioline, Meridian
Bioscience, USA). A total amount of 10 ul RNA (3 ng/
uL) was added to 4 ul RT buffer, 1 uL RT enzyme, and
5 pL nuclease-free water. The RT-PCR mix was then
incubated in a thermocycler following the program
at 25°C for 10 minutes, 42°C for 15 minutes, and 85°C
for 5 minutes, while the cDNA was stored at 4°C.

2.3. RT-qPCR Amplification

The CFX Opus 96 instrument was used for the
PCR amplification process (Biorad, USA). A total of 18
pL of a reaction containing 6 pL of Nucleotide Free
Water (NFW), 10 uL of Sensifast Sybr mix (Bioline,
Meridian Bioscience, USA), and 1puL (10 puM) of
forward and reverse primers of APP, CDK5, AKT1, and
beta-actin (ACTB) were used in each reaction (Table
1) (Park et al. 2015). The RT-qPCR process was carried
out at 95°C for 2 minutes as predenaturation, 95°C
for 10 seconds as denaturation, 55°C for 20 seconds
as annealing, and 65°C for 10 seconds as extension
and data collecting. This process was repeated for 40
cycles.

2.4. Data Analysis

The data from the analysis include the Relative
Quantification (RQ) value, which was calculated
with a 2-ACt formula using the Cycle Threshold (Ct)
information from qPCR. This value was calculated to
measure the mRNA expression level in fold-change
after re-normalizing the ACTB housekeeping gene.

Data analysis adopted SPSS version 26 and
Microsoft Excel. The Shapiro-Wilk test and genethe
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Table 1. Gene target and primers used in this study modified from Park et al. (2015)

Primer Forward (F)/Reverse (R)

Gene symbol Gene name

ACTB Beta-actin

CDK5 Cyclin-Dependent Kinase 5

APP Amyloid Precursor Protein

AKT1 V-akt Murine Thymoma Viral Oncogene Homolog1
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase

F: ACAGAGCCTCGCCTTTGC

R: CACGATGGAGGGGAAGAC

F: CAGTGGCCCTCTATGACCAA
R: CGTTCACCAGGGATGTTGTG
F: GCAAACTGAAACCTGGGAA
R: TTCCTTCCCTTGCACAGTCT

F: CCACGCTACTTCCTCCTCAA
R: CGGATGATGAAGGTGTTGG
F: CAACAGCCTCAAGATCGTCAG
R: ACTGTGGT/CATGAGTCCTTCC

Levene test were used to determine the normality and
homogeneity of data, respectively. An independent
t-test was then performed on the data to check for
variations across areas and age groups.

3. Results

Analysis of the RT-qPCR-based relative mRNA
levels of APP, CDK5, and AKT1 gene in the cortex and
hippocampus brain region of adult and aged long-
tailed monkeys are presented in Figure 1. APP gene
is implicated in the formation of beta-amyloid, while
CDK5 and AKT1 contribute to the production of tau
protein.

3.1. Expression Analysis of APP mRNA Gene
in the Long-tailed Macaques Brain

The cortical region of the brain of aged monkeys
compared to the adults in a quantitative test of
APP gene expression, and the results revealed a
33-fold increase in gene expression, which was
statistically significant at p<0.05. Although, not
statistically different, expression of the APP gene
in the hippocampal region of the adult monkeys'
brain was 2.03 fold change higher than that of
the aged monkeys. The result also showed that
expression of the APP gene was 2.45-fold higher in
the cortical region of the aged monkeys' brains than
in the hippocampus region, but it is not statistically
significant. However, expression of the APP gene
was 26 times higher in the hippocampus region of
the adult monkey brain than in the cortical region,
which is significantly different, as indicated by
p<0.05 (Figure 2).

3.2. Expression Analysis of CDK5 mRNA Gene
in the Long-tailed Macaques Brain

CDK5 expression gene in both groups of monkeys
was compared, and the result showed that the
expression of CDK5 gene in the adult monkeys'
hippocampus area was 2.7 times higher. This result
is statistically significantly different, as indicated by
p<0.05. Meanwhile, expression of the CDK5 gene in
the cortical region of the brain of adult monkeys was
2.4 foldchange higher than the old cortex region, but
not statistically significant.

3.3. Expression Analysis of AKT1 mRNA Gene
in the Long-tailed Macaques Brain

The examination of AKT1 gene expressionresultsin
the cortex region of adult and aged monkeys showed
almost the same gene expression values. Meanwhile,
gene expression in the hippocampal region of aged
monkeys showed a 1.9 foldchange higher than adult
monkeys but not significantly different.

4. Discussion

There were two significant results findings in
this study, namely gene expression of the APP gene
and expression of the CDK5 gene. APP gene is related
to the formation of peptide amyloid beta, and the
significance found is in the cortex region, showing
that gene expression in the cortex region is higher in
aged monkeys. The results' significance statistically
indicates a link between this gene's expression and
the formation of senile plaques. These amyloid
plaques form earlier in the cortex region, indicating
that these formations occur in age monkeys.
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Figure 1. A representation of mRNA level expression of APP, CDK5, and AKT1 of the cortex and hippocampus brain region
on adult and aged long-tailed macaques. Quantification data for all genes were normalized using appropriate
reference gene ACTB and relative fold changes. Data are expressed as means = SD
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The second finding was statistically significant
(p<0.005) CDK5 gene expression in the hippocampal
region. CDK5 gene is related to pTau formation and is
statistically significant in adults. Hence, the process
of pTau formation has started in adults, or another
possibility is that pre- and post-synaptic signaling
events in neurons modulate memory formation.
CDK5 neuronal protein kinase phosphorylates
various synaptic substrates. It is involved in memory
formation (Guan et al. 2011), but in old monkeys, the
process of memory formation decreases, resulting
in lower CDK5 gene expression or CDK5 begins to
lose its function.

APP is one gene responsible for synthesizing
amyloid beta peptide or amyloid plaque. Toxic plaque
or amyloid peptide kills neuronal cells, resulting in
gradual cognitive impairment. In this study, aged
monkeys had a 33-fold higher expression of APP
gene in the cortical region than adult monkeys.
These results are consistent with a study by (Park et
al. 2015) in long-tailed macaques induced by STZ, in
which the frontal cortex showed the highest levels
of APP gene expression. Additionally, spontaneous
APP/A-immunoreactive (ir) plaques were discovered
in the neocortex and hippocampus areas of 55-year-
old female gorillas (Perez et al. 2013). In Macaca
fascicularis, the intracellular amyloid beta was
detected by immunohistochemistry in the cortical
region at different ages, and the overall level of
amyloid beta increased with the aging (Nakamura
et al. 1996, 1998; Kimura et al. 2005). Other studies
revealed that the prefrontal brain of aged monkeys
exhibits a higher amyloid beta staining (Jester et al.
2022). Neuronal synapses are created and repaired
in part by APP. However, excessive APP expression
may raise the risk of Alzheimer's disease through
decreased long-term potentiation and increasing
sensitivity to ischemic brain damage (Zhang et al.
1997; Matsuyama et al. 2007).

The results of this study are consistent with the
report of a previous investigation that the critical
region expression of aged monkeys of the APP gene
was higher than that of adult monkeys. Amyloid beta,
which causes the development of senile plaques,
can occur due to variations in gene expression levels
and noticeably varied outcomes. More functional
studies are required to fully comprehend the impact
of elevated cortical APP expression levels in old

monkeys. Furthermore, when APP is overexpressed
in mouse embryonic neural precursor cells, it speeds
up the migration of cells to the cortex, and APP
contributes quantitatively to the precise location
(Young-Pearse et al. 2007).

According to the result of this study, APP
expression in the brain of adult monkeys was 2.03
times higher in the hippocampal region than in
the aged monkeys. This can be attributed to one
of the roles of APP, which is to support neuronal
healing and differentiation in the adult monkeys'
hippocampal region. (Anand and Dhikav 2012) claim
that learning, memory, and spatial navigation occur
in the hippocampus in humans at a young age. Still,
memory and processing speed skills deteriorate
with aging (Reuben et al. 2011).

In individuals with Down syndrome, the
hippocampus is the primary site of APP expression
(Del Turco et al. 2016) and was markedly expressed
in the hippocampus of APP transgenic mice (Jia et al.
2017). At the early stages of disease progression, the
afflicted hippocampus is where memory, learning,
and formation take place (Braak and Braak 1991).
Expression of APP gene in the hippocampal region
was higher in adults than in the aged monkeys, which
is related to the development and learning of these
brain regions. Phosphorylation of APP at Thr668
dramatically increased the amount of Ab build-up
in the hippocampus of Alzheimer's patients (Lee et
al. 2003). Another idea is that the development of
amyloid plaques via -secretase and -secretase from
APP is similarly connected to the enhanced gene
expression in the hippocampus at a young age.

CDK5 is a serine/threonine kinase protein that
plays a role in cell proliferation (Allnutt et al. 2020).
According to (Cruz et al. 2003), CDK5 is mostly found
in postmitotic neurons, which are critical for brain
development, neuronal survival, synaptic plasticity,
microtubuleregulation,and painsignaling(Lopesand
Agostinho 2011). The monomeric form of CDK5 is not
enzymatically active, but it functions as an activator
and causes an increase in tau phosphorylation
and neurodegeneration. In this study, CDK5 was
analyzed using RT-qPCR to examine the potential for
tau protein formation in groups of aged and adult
long-tailed monkeys in the cortex and hippocampus.
While the cortical region did not differ substantially,
expression of CDK5 mRNA in the adult hippocampus
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region was 2.7 foldchange higher than that of the
old animals. This result is statistically different, as
indicated by p<0.05. A previous study by Oikawa
et al. (2010) discovered the production of Paired
Helical Filament (PHF), a fibril unit of NFTs, in the
hippocampus of the brain of cynomolgus monkeys.
According to (Abid et al. 2019), examining the p25
gene's expression as a CDK5 activator implicated
in tau hyperphosphorylation in mice revealed that
tau pathology worsens with advancing age. This
contradicts the result of this study, indicating that
the expression of the CDK5 gene in the hippocampal
area of adult monkeys was higher than in the aged
monkeys. This is due to the possibility that neurons'
pre- and post-synaptic signaling activities influence
memory formation. To establish memories, the
neuronal protein kinase CDK5 phosphorylates a
variety of synaptic substrates (Guan et al. 2011).
However, in old monkeys, the memory creation
process is slowed, resulting in decreased CDK5 gene
expression or loss of CDK5 function. Aging affects
brain function in the hippocampal region and can
result in memory loss. Hence, expression of the
CDK5 gene in the cortex of old monkeys diminishes.
Expression of the CDK5 gene is 2.4 times higher in
the cortical region of adults than in old monkeys.
Cruz et al. (2003) showed that mice's cortical
and hippocampal regions displayed aberrant CDK5
activity caused by the accumulation of p25 inducing
the formation of endogenous tau filaments. The
cortical tissue of old primates showed an increase
in phosphorylation exposed to Pb, leading to the
activation of kinases and activators (Bihaqi and
Zawia 2013). According to (Hisanaga and Endo 2010),
the CDK5 gene contains unique activators called p25,
p35, and p39 that can create a p35-CDK5 or a p25-
CDK5 complex and phosphorylate serine/threonine
kinase. In humans, the p25-CDK5 complex has a
substantially greater capacity to phosphorylate au
than the p35-CDK5 complex (Hashiguchi et al. 2002).
AKT1 gene, often referred to as protein kinase
B, is a component of several signaling pathways,
and its unique function is believed to be a crucial
aspect of various disease processes, such as cancer
and diabetes (Curtis and Bandyopadhyay 2021).
AKT1 participates in signaling pathways, resulting
in phosphorylated GSK3p, which is essential in

controlling the activity of glycogen synthase kinase
3-beta (GSK3-beta) (Sen et al. 2020). AKT1 regulates
cell development, proliferation, and metabolism
under physiological settings and participates in
synaptic plasticity. According to (Levengaet al. 2017),
it is crucial to the serine/threonine kinase present
in nearly all cell types throughout the body. In this
study, the hippocampus region of old monkeys
had an AKT1 gene that was 1.9 times higher than
that of adult monkeys, but this difference was not
statistically significant. AKT1 gene's expression level
in the cortical region was nearly the same in adults
and the aged.

This study examined APP, CDK5, and AKT1 gene
expression in the cortex and hippocampus of two
groups of adult and aged monkeys. The results
showed that the expression of the APP gene was
higher in the cortical region of aged monkeys
compared to adults, while the CDK5 gene was
higher in the adult hippocampus compared to that
of the aged. Furthermore, there was no significant
increase in the expression of the AKT1 gene in either
group. According to this study, APP gene expression
related to amyloid plaques in the cortex brain
region of aging cynomolgus monkeys resembles a
human phenomenon. Further studies are needed to
examine the mechanism of the formation of amyloid
beta protein by analyzing other gene expression
markers, as well as in older animals (more than
20 years) or longitudinal studies. This is needed to
determine the expression of genes at the protein
level in monkeys with poor memory and biomarkers
of neurogenerative disease of Alzheimer’s type.
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Gastropods are a highly abundant group of mollusksin the marine environment.
Marine gastropods primarily function as prey for other animals, grazers which
help recyclenutrientsand increasebioturbation activitiesin themarineecosystem.
Edible gastropods are significant to the economy of coastal communities.

KEYWORDS However, overexploitation leadsto har ming the population of marine gastropods.
abundance, The study aimed to determine the diversity of gastropods harvested at Guang-
low diversity, guang, Mati City, Davao Oriental. It also assessed the abundance of the identified
gastropods, gastropodsin thearea. This study used purposive sampling to enroll gleaners (N
Efrizz:;g = 30) who collected shells and monitored their gastropod harvest. The harvested

gastropods were segregated, counted, and identified with the help of gleaners.
A total of ten gastropod species were identified from the family of Strombidae,
Conidae, Neritidae, Cypraeidae, and Turbinidae. Themost abundant group after
harvest was Canarium urceus, with a relative abundance of 67%, followed by
Ilyanassa obsoleta, with 22%. However, the least harvested species was Nerita,
with a relative abundance of 0.18%. The findings revealed that the harvested
gastropods in Guang-guang have a diversity index of 0.99, indicating a low
diversity of gastropods in the area. This low diversity could mean the area
experienced overexploitation through time as gleaners have heavily harvested
gastropods. With that, it is highly recommended that conservation should be
prioritized to preserve the seashells.

1. Introduction

Gastropods are a highly diverse group of mollusks
having single-valve, soft bodies protected by shells
(Brown and Lydeard 2010). The gastropods are highly
abundant in marine, terrestrial, and freshwater
habitats. This group of mollusks has approximately
85,000-100,000 described species of mollusks,
including snails, slugs, and limpets (Strong et al.
2008). The most abundant and diverse marine species
are molluscs, with approximately 32,000 to 40,000
species. This total number of gastropods represents
about 23 to 32 percent of the total population of
marine gastropods (Smith et al. 2011; Appeltans et al.
2012; Zapataetal. 2014). The biotic and abiotic factors

* Corresponding Author
E-mail Address: imee.maynawang@msunaawan.edu.ph

and the gastropods’ tolerance to environmental
influences determine how gastropods are distributed
in the marine environment (Fadliyah et al. 2021).
The mangrove ecosystem provides suitable habitat
characteristics with nutrients or organic matter for
marine gastropods and other molluscan shells where
it dominates (Kabir et al. 2014; Baderan et al. 2019).
Moreover, gastropods also act as predators and
filter feeders that provide organic materials in the
marine ecosystem (Sharma et al. 2013; Bhosale et al.
2016). A previous study of the diversity of gastropods
revealed a high abundance of gastropods such as
Pomacea canaliculata (Golden Apple Snail) in rivers
and lakes in Bukidnon, Philippines (Galan et al
2015). Another study of gastropods from Malaysia
concluded that the study area has high species
diversity due to the high number of various species
present (Hamli et al. 2012). The abundance and
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diversity of gastropods depend on different factors
such as rates of exploitation level, protection of
habitat, and other anthropogenic pressures in the
area like tourism, collection, and waste management
(Cardoso et al. 2012; Seddon et al. 2014; Giimdis et al.
2022).

Gastropods can also serve as an indicator in the
marine environment. Their abundance indicates good
environmental quality (Bondarev 2014; Wu et al
2017; Ezraneti 2021). The distribution of gastropods
is influenced by environmental factors that affect the
behavior and diversity of the organisms (Koperski
2010; Scrosati et al. 2011; Marques et al. 2013).
There are environmental factors that influence the
distribution and diversity of gastropods, such as
temperature, pH, salinity, and CO,, and these changes
in the environment cause stress and significantly
affect the intertidal organisms, including gastropods
(Parker et al. 2013; Wittmann and Poértner 2013;
Llovel and Terray 2016). Additionally, the presence
of biological disturbances, such as invasive
species, will also influence the distribution of the
gastropods (Raffo et al. 2014). Moreover, because of
their nearshore habitat and accessibility to human
settlements, several gastropod species have been
used as a source of protein and livelihood through
gleaning, particularly in many coastal communities
(Flores-Garzaetal. 2012; Salim et al. 2017; de Guzman
2019; Furkon and Ambo-Rappe 2019; Balisco et al.
2022; Maynawang and Macusi 2023). This human
access resulted in trampling, marine pollution, and
threats of overcollection and gastropod population
(Nieves et al. 2010; Akele et al. 2015; Ibarra 2018).

Guang-guang is a marine protected area known for
its muddy-sandy substrate, coverage of mangroves,
and diverse marine organisms (Macusi and Tipudan
2020; Nallos and Macusi 2023). However, the area is
also open to the public for harvesting seashells and
other marine species, threatening their population.
The study aimed to determine the species
composition, relative abundance, and diversity of the
identified gastropods from the gleaners in Guang-
guang, Davao Oriental, to measure the balance of the
ecosystem or if there was a need for the conservation
of the species. Given this assessment, the status
of gastropods in Guang-guang would result in a
corresponding local government policy action.

2. Materials and Methods

2.1. Description of the Study Area

The study area was located at Guang-guang,
Barangay Dahican, Mati City, Davao Oriental (Figure
1). The area is characterized by sandy, sandy-
coralline, and sandy-muddy substrate and is part of
the mangrove area. The area is part of the protected
area in Mati City, Davao Oriental.

2.2. Data Collection

Atotal of 30 gleaners participated in the recording
of their harvested marine gastropods in the shoreline
of Guang-guang, Dahican, and Davao Oriental.
The gleaners randomly collected the gastropods
regardless of the species available. On the other
hand, gleaners used modified forks and knives to dig
any marine seashell. The collected gastropods were
segregated, identified through their local names with
the help of the gleaners, counted, recorded, and how
many hours they were gleaned. The harvesting and
recording of data were repeated for three months.
After recording the data, the gastropods were
returned to the participating gleaner for consumption
or marketing. After recording the marine gastropods,
the researchers kept a few samples of gastropods
from the gleaners to identify every species.

2.3. Data Analysis

Gastropods were identified to the Ilowest
taxonomic level based on morphological
characteristics such as shape, color, and shell using
journal publication (Dharma 1988; Poppe 2008a,
2008b). The species were also identified and
double-checked in the World Register of Marine
Species (WoRMS) database. Moreover, the relative
abundance of the gastropods was calculated using
the equation adopted from the study of Laheng et al.
(2023):

Pi= —% x100
=N

Where n, is the number of species (individuals),
and N is the total number of all species. The diversity
index was also calculated using the formula of the
Shannon-Wiener diversity index (H’):
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Figure 1. Map of the study site in Guang-guang, Mati City, Davao Oriental

H'=-3P(InP)

Where In represents the logarithm of P. There
are three classifications of the Shannon-Wiener
diversity index: H’' < 1 (low species diversity), 1 < H’
< 3 (medium species diversity), H' > 3 (high species
diversity) (Brower and Zar 1990).

3. Results

3.1. Species Composition

A total of 10 different species of gastropods
were gleaned in Guang-guang, Dahican, Mati City,
Davao Oriental (Table 1, Figure 2). The gastropods
were identified under eight families: Nassariidae (1
species), Trochidae (1 species), Conidae (1 species),
Strombidae (2 species), Turbinidae (1 species),
Cypraeidae (2 species), and Neritidae (1 species).
The Strombidae are more common gastropods
in the gleaning area. Species of Canarium urceus
and Ilyanassa obsoletea are primarily harvested in
Guang-guang to be sold in the public markets.

3.2. Abundance of Gastropods

The highest relative abundance value was
dominated by C. urceus, with 67.15% (n = 115,341)
among other harvested gastropods. In addition,
the relative abundance of T. sulcata from the family
of Potamididae is valued at 22.21% with n = 38,143
collected, followed by I. obsoleta at 6.33% (n = 10,880),
M. annulus annulus at 1.25% (n = 2,144), C. viridis at
0.91% (1,560 individuals), S. limacina limacine at
0.61% (n = 1,048), C. capitaneus at 0.57% (n = 981), T.
sparverius at 0.54% (n =925), E. chrysostomus at 0.25%
(n =433), and N. undata having the lowest value of
relative abundance at 0.18% with n =313 (Figure
3). With these, it signifies that only a few gastropod
species were caught but were highly abundant in the
area (Figure 4). Most of the identified gastropods,
include C. urceus, M. annulus annulus, C. viridis, C.
capitaneus, T. sparverius, N. undata, were commonly
harvested in muddy-sandy and sandy-coralline
substrates in the coastal area. However, the T. sulcata
and I. obsolete were commonly harvested in the
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Table 1. The composition of the taxa of harvested gastropods in Guang-Guang, Mati City

Family Genus Species

Strombidae Euprotomus Euprotomus chrysostomus (Kuroda, 1942)
Strombidae Canarium Canarium urceus (Linnaeus, 1758)
Potamididae Terebralia Terebralia sulcata (Born, 1778)

Nassariidae Ilyanassa Ilyanassa obsoleta (Say, 1822)

Conidae Conus Conus capitaneus (Linnaeus, 1758)
Trochidae Coelotrochus Coelotrochus viridis (Gmelin, 1791)
Neritidae Nerita Nerita undata (Linnaeus, 1758)

Turbinidae Turbo Turbo sparverius (Gmelin, 1791)

Cypraeidae Monetaria Monetaria annulus annulus (Linnaeus, 1758)
Cypraeidae Staphylaea Staphylaea limacina limacina (Lamarck, 1810)

Figure 2. Species composition of gastropods: (A) Canarium urceus (Linnaeus, 1758), (B) I. Terebralia sulcata (Born, 1778),
(C) Conus capitaneus (Linnaeus, 1758), (D) Ilyanassa obsoleta (Say, 1822), (E) Euprotomus chrysostomus (Kuroda,
1942), (F) Turbo sparverius (Gmelin, 1791) Monetaria annulus annulus (Linnaeus, 1758), (G) Coelotrochus viridis
(Gmelin, 1791), (H) Staphylaea limacina limacina (Lamarck, 1810), (I) Nerita undata (Linnaeus, 1758), (])
Monetaria annulus annulus (Linnaeus, 1758)
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Terebralia sulcata
Staphylaea limacina limacina
Monetaria annulus annulus
Coelotrochus viridis
llyanassa obsoleta

Conus capitaneus
Turbo sparverius
Nerita undata
Euprotomus chrysostomus
Canarium urceus 67.15
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Figure 3. Gastropods abundance in Guang-guang, Mati
City, Davao Oriental
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Figure 4. Dominance rank diversity of gastropods species
in Guang-guang, Mati City

Table 2. Diversity of harvested gastropods in Guang-guang, Mati City, Davao Oriental (ni = number of species, P, = relative

abundance of species, In = logarithm of Pi)

Species Count (n) P.=(ni/N) In(P) (P)(InP)
Canarium urceus 115,341 0.6715 0.3983 0.2674
Euprotomus chrysostomus 433 0.0025 5.9832 0.0151
Nerita undata 313 0.0018 6.3077 0.0115
Turbo sparverius 925 0.0054 5.2241 0.0281
Conus capitaneus 981 0.0057 5.1653 0.0295
Ilyanassa obsoleta 10,880 0.0633 2.7592 0.1748
Coelotrochus viridis 1,560 0.0091 4.7015 0.0427
Monetaria annulus annulus 2,144 0.0125 43835 0.0547
Staphylaea limacina limacina 1,048 0.0061 5.0993 0.0311
Terebralia sulcata 38,143 0.2221 1.5048 0.3342
Total individual 171,768 H=0.99
mangrove area of Guang-guang. These gastropods 102 -
were collected by handpicking or using a small knife. g 10 4
2 98

3.3. Diversity of Gastropods g 96

The numbers of gastropod individuals were .“-; o
analyzed to determine the overall diversity of 2 92
gastropods in the area. The result showed a diversity ? =
of 0.99 or a low diversity index (H’<1) of 0.99 (Table 0 p 000 SO0 Y000 00000
2). Moreover, the rarefaction curve showed that at Number of individuals

about ten species, this curve was already reached in
the area, showing just a few dominating species that
were collected (Figure 5).

4. Discussion

Strombidae is one of the most familiar molluscan
groups composed of about 100 species that mostly
live in sand, seagrass, and mud flats area, and they
are considered the source of food in many tropical
and subtropical regions all over the world (Oo
2018; Ardila et al. 2020). However, Strombidae is
affected by overexploitation caused by both natural
and anthropogenic stressors, which leads to a large

Figure 5. Rarefaction curve of the species

decrease in the population of marine species (Stoner
et al. 2018; Ardila et al. 2020). There are about 13
genera of Strombidae, with more than 50 different
species reported that are found in the Philippines
(Poppe 2008a, 2008b), and these include the C.
urceus (Pangarungan et al. 2022) and C. urceus
(67.15%) is also the most abundant in the muddy-
sandy substrate area in Guang-guang, Dahican,
Davao Oriental. The substrate has a presence
of seagrasses that serves as nutrient source of
Strombidae (Cappenberg et al. 2023; Latuconsina
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and Buano 2021; Natsir and Dillenia 2023). On the
other hand, the other study in Zamboanga del Norte
and Misamis Occidental, Philippines, showed that
the most abundant species found in the selected
area is the Canarium esculentum with 33.25% species,
followed by the Canarium urceus with 17.49%, and
the majority of the Strombidae species are found
in the sandy-muddy substrate (Pangarungan et al.
2022).

The collected gastropods in Guang-guang,
Dahican, Davao Oriental consisted of 10 genera and
10 species. The diversity of gastropods in Guang-
guang was low (H’ = 0.99), which means that certain
area need to be protected because the diversity of
the gastropods is declining according to the result
of the study. Other study in Baganga, Davao Oriental,
Philippines shows that the mollusks diversity in
Ban- ao is low (H' = 0.81) followed by Kinablangan
(H' = 0.46) (Bantayan et al. 2023). However, the
study in Kapas Island, Indonesia revealed that the
diversity of gastropods in the area was medium
(H' = 2.09) which means that the gastropod is
in the area is in balance condition (Laheng et al.
2023). The poor diversity index of gastropods in
Guang-guang might be affected by different factors
which affect the distribution and composition of
gastropods in the area (Setiawan et al. 2021). This
includes environmental factors, such as pollution
from nearby human activities e.g. proximity to
residential areas and existing shrimp farms and
from overharvesting (Bula et al. 2017). Similar
findings were found in Surigao del Sur, Philippines,
where overharvesting in the area resulted in low
diversity of the gastropods (Abarquez et al. 2019).
The increasing human settlement along coastlines
have increased the stress on the coastal ecosystem
(Yadav et al. 2019). This means that the abundance of
invertebrate species depends on their environment
for habitat and available food for survival.

In conclusion, the findings of the study revealed
that the species with the highest relative abundance
value was Canarium urceus from the Strombidae
with 67.15%, and the least was Nerita undata from
the Neritidae with 0.18%. It also revealed that the
diversity index of harvested gastropods in Guang-
guang, Mati City, Davao Oriental has a value of 0.99,
indicating the category of low species diversity. This
indicates that Guang-guang area is unstable due
to various factors that need to be examined and
investigated for management plans to conserve the
diversity of the species in the area.
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Actinomycetes are known to be a sour ce of natural productsand drugs. Gordonia
terrae, an actinomycete pigment producer, shows potential in producing pigment
with antimicrobial activity. This study aims to determine the antimicrobial
activity of the active pigment fraction produced by the actinomycete G. terrae,

KEYWORDS assess the effects of the active pigment fraction on microbial cells, and identify
actinomycetes, the types of compounds present in the fraction. The pigment extract exhibited
Candida, antimicrobial activity against Gram-positive bacteria and fungi. Specifically,

Gram-positive,
natural products,
pigment

it showed activity against Bacillus subtilis ATCC 6633, Staphylococcus aureus
ATCC 25293, and Candida albicans ATCC 10231. Furthermore, the study
evaluated the antimicrobial activities of the active fractions, revealed the active
fraction had better antimicrobial activity than the crude extract. Scanning
electron microscopy (SEM) confirmed that the active fraction of the pigment
causes damage to B. subtilisATCC 6633 cells, inhibits the formation of filaments
in C. albicans ATCC 10231, and alters the normal shape of the cells. LC-M S
M S results showed that the active fraction contained several compounds known
for their antimicrobial activity. Among the dominant compounds identified were
cholestyramine, aminopregnane, and sphinganine. Thus, thisstudy demonstrated
that the orange pigment extract derived from G. terrae JSN1.9 exhibitspromising
antimicrobial activity.

1. Introduction purposes. A previous study reported a blue-green
pigment from P. aeruginosa P1.S9 has a wide range

Natural products became the main source for of biological activities, including antibacterial,

hundreds of years of treatment. Application of
natural products for medicine and searching for new
drugs are still active (Prateeksha et al. 2019). Microbes
are one of the leading producers of valuable natural
products. Various excellent drug was discovered
from the natural products produced by microbes;
microbes may produce valuable natural products like
pigment (Demain 2014).

Pigments are bioactive compounds with wide
applications; pigments have been discovered,
showing antioxidant, anti-inflammatory, and
antimicrobial properties (Ramesh et al 2019).
Pigment derived from microbes can be an alternative
source of natural products for pharmaceutical

* Corresponding Author
E-mail Address: ariswa@apps.ipb.ac.id

antioxidant, and cytotoxic (Wahyudi et al. 2022).
Natural pigments from microbial are abundantly
produced from bacteria including actinomycetes,
and fungi. Among microbial pigments, actinomycete
produced pigments with the potential for
antimicrobial production. Actinomycetes are one
of the important microbes that account for 70-80%
of secondary metabolites available commercially
(Parmar and Singh 2018) and can produce bioactive
compounds and natural pigments (Ibrahim et al
2023).

Actinomycetes produce various metabolites as
pigments that are different in colors, such as blue,
brown, green, orange, red, violet, yellow, black, etc.
(Hemeda et al. 2022). Researchers have done many
studies to isolate pigment-producing actinomycetes
and screen for antimicrobial activity. It has been
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found that novel antimicrobial substances have
been produced by actinomycetes (Baniya et al. 2019).
Rare actinomycetes have attracted more attention
with the hope of discovering new antibiotics, some
antibiotics such as rifamycins, erythromycin, and
teicoplanin discovered from rare actinomycetes (Ding
et al. 2019). Orange pigment extracts derived from
the rare actinomycete Micromonospora tulbaghiae
SCA54.P2 have been reported to have antibacterial
activity, especially against Escherichia coli ATCC 8739
(Mesrian et al. 2021).

Previous studies have successfully isolated a
rare actinomycete named G. terrae JSN1.9 from rice
leaves from Jasinga, Bogor, and reported antifungal
activity against rice blast fungus (Harsonowati et
al. 2017). The strain G. terrae JSN1.9 produce an
orange intracellular pigment, and the antimicrobial
potential has yet to be studied. Research on pigments
from the rare actinomycetes genus in Indonesia still
needs to be explored and reported, especially for
its antimicrobial activity. Therefore, research on the
potential of pigments as a source of compounds
with antimicrobial activity must be carried out. This
study aimed to determine the antimicrobial activity
of the active pigment fraction derived from the
actinomycete G. terrae JSN1.9, the effect of the active
pigment fraction on microbial cells, and identify
compounds that might contribute to its antimicrobial
activity.

2. Materials and Methods

2.1. Materials

The materials used were pigmented actinomycetes
G. terrae JSN1.9, this actinomycete was routinely
cultured in International Streptomyces Project 2 (ISP2)
medium (malt extract 10 g/L, yeast extract 4 g/L, and
glucose 4 g/L). Microbes test B. subtilis ATCC 6633, E.
coli ATCC 8739, P. aeruginosa ATCC 27853, S. aureus
ATCC 25293 were routinely cultured in Tryptic Soy
Agar (TSA) (OXOID, United Kingdom) medium, and C.
albicans ATCC 10231 was routinely cultured in Potato
Dextrose Agar (PDA) (HIMEDIA, India) medium.

2.2. Pigment Production Media, Extraction,
and UV-Vis Analysis

Pigment production was carried out on ISP2
medium. One liter of G. terrae JSN1.9 culture was
incubated under shaking conditions (120 rpm) at
28°C for 10 days. The culture was centrifuged at
6,000 rpm for 15 minutes, and then the pellet was

added with chloroform solvent and centrifuged
again for 15 minutes. The supernatant was recovered,
filtered, and evaporated using a vacuum evaporator
at 40°C. Pigment characterization was carried out by
recording the maximum adsorption. As much as 0.03
g of pigment was dissolved in 1 ml of chloroform, and
its absorbance was measured at a wavelength range
of 200-800 nm using UV/Visible Spectrophotometer
(UV-Vis Hitachi U-2800) (Abubakar et al. 2022).

2.3. Antimicrobial Activity Test

The microbes test (B. subtilis, E. coli, P. aeruginosa,
S. aureus, and C. albicans) were inoculated by adding
1% (v/v) inoculum into MHA/PDA medium. On the
top of paper discs (6 mm) were added with 20 uL of
pigment extract in various concentrations (250, 500,
750, and 1,000 pg/ml). The plates were incubated at
37°C (bacteria) and 28°C (C. albicans) for 18-24 hours.
The inhibition zone around the paper disc indicated
antimicrobial activity. The positive controls used
were 100 pg/ml tetracycline (bacteria) and nystatin
(C. albicans), while the negative control was DMSO
10% (v/v) (Mesrian et al. 2021).

2.4. Mobile Phase Optimization by Thin Layer
Chromatography (TLC) and Bioautography Test

Pigment fractionation was carried out by the
TLC method using eight single eluents (n-hexane,
dichloromethane, chloroform, ethyl acetate, acetone,
ethanol, methanol, and propanol) and silica gel as the
stationary phase. A total of 10 pL (5% (w/v)) crude
pigment extract was applied to silica gel G60F-254
TLC plates (2 cm x 10 cm) using CAMAG Linomat
5 (Switzerland) and eluted in a chromatographic
vessel containing 10 ml eluent. The bands were
observed under UV light at 254 nm and 366 nm. The
best eluent was determined by observing the highest
number of bands and good separation. The two best
single eluents were mixed in various ratios from 1:9
(v/v) to 9:1 (v/v) as the mobile follow-up phase. The
best mixed mobile phase was determined from the
highest number of bands and band separation. For
the bioautography test, a total of 10 uL of pigment
extract (5% (w/v)) was applied to a TLC plate (2
cm x 10 cm). Next, the plate was eluted using the
selected mobile phase. The plate was then placed in
a Petri dish and added 15 ml of MHA/PDA medium
containing 1% (v/v) of the microbe test. Plates were
incubated at 37°C (bacteria) and 28°C (C. albicans)
for 24 hours. The inhibition zone on the TLC plate
indicated the active fraction of bands (Dewanjee
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et al. 2015 with modifications). These bands were
isolated using preparative TLC, a total (10% (w/v))
extract applied on TLC plates. The active fraction of
the bioautographic results were marked, scraped,
and collected from the plate.

2.5. Observation of Microbes Cell Damage

Cell damage was observed using scanning
electron microscopy (SEM). Cultures of B. subtilis and
C. albicans were treated with the active fraction of
pigment (1,000 pg/ml) and incubated for 24 hours.
The cultures were then centrifuged, and the cell
pellet was washed with cacodylate buffer. The cells
were treated with 2.5% glutaraldehyde for fixation.
The fixation process was carried out by mixing the
cells with 2% tannic acid and then washing them
four times with cacodylate buffer. Subsequently, the
dehydration process was carried out in five steps
using alcohol. The dehydrated cells were dried using
tert butanol and then attached to the SEM specimen
stub. The cells were further coated with gold using
an lon Coater. The JSM-IT200 SEM was used to
observe cell damage and leakage. Microbes cultures
were used as negative controls, and cultures with
the addition of tetracycline/nystatin were used as
positive controls.
2.6. Liquid Chromatography Mass
Spectrometer (LC-MS/MS) Analysis

The chemical composition of the active
fractions was analyzed by Ultra Performance
Liquid Chromatography (UPLC) coupled to a Xevo
G2-S QTOF-MS (Waters, USA) using electrospray
ionization. A mixture of distilled water + 5 mM
ammonium formate (A) and acetonitrile + 0.05%
formic acid (B) was used for the mobile phase. A
total of 5 pL of the active fraction was injected into
the High Strength Silica (HSS) LC column with the
ACQUITY UPLC® HSS C18 type (1.8 pm 2.1 x 100 mm).
The LC-MS/MS analysis results in chromatograms
and mass spectra were then interpreted using the
MassLynx V.4.1 program.

3. Results

3.1. Actinomycete Morphology

Actinomycete G. terrae JSN1.9 produced orange
colored pigment with the best pigment color
obtained during an incubation period of 10-days
(Figure 1). This actinomycete has a rounded colony,

convex elevation, entire margin, grows on the
surface of the media, looks shiny or slick on ISP2
solid medium, bacilli cell shape, and produces an
intracellular pigment.

3.2. Pigment Production Media

The actinomycete G. terrae ]SN1.9 showed orange
colonies on the ISP2 broth medium after 10 days of
incubation at room temperature. After extraction
using chloroform and evaporation, the crude
pigment extract appeared brownish and dry, yielding
9.27+0.34% (w/v) (Figure 2).

The pigment was characterized using spectrum
analysis by measuring the maximum adsorption of
the pigment. The result showed a single peak, 400-
500 nm, was obtained. Based on this maximum
adsorption measurement, it is suggested that the
pigment G. terrae JSN1.9 has maximum adsorption at
a wavelength of 410 nm (Figure 3).

3.3. Pigment and
Bioautography Test

Eight single eluents were used as the mobile phase
in the TLC test. Dichloromethane and chloroform
were the best eluents that produced the most bands
and were separated from each other. Two eluents
with the most bands were mixed in various ratios of
1:9t09:1(v/v); 8:2is the best mixture ratio because it
can produce as many as 13 bands. The bioautography
test results showed the fraction with antimicrobial
activity (Figure 4).

Chromatogram

3.4. Antimicrobial Activity

The crude pigment extract and the active fraction
showed antimicrobial activity against B. subtilis, S.
aureus, and C. albicans albicans (Figure 5). The active
fraction showed stronger antimicrobial activity
than the crude pigment. The active fraction has the
best activity against B. subtilis and C. albicans at a
concentration of 1,000 pg/ml with inhibition zone
diameters of 4.00+0.41 and 3.00+0.00, respectively
(Table 1). Both crude pigment extract and active
fraction have no activity against Gram-negative
bacteria (E. coli and P. aeruginosa).

3.5. Observation the Effect of Active Fraction
on Microbes Cell

SEM results demonstrated distinct differences in
the morphology of both microbe cells (Figure 6). The
SEM analysis showed that the untreated B. subtilis
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Figure 1. Colonies of G. terrae JSN1.9 on ISP2 solid medium (A) and Gram staining (B) (magnification 1.000x)
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Figure 2. (A) Pigment production of G. terrae JSN1.9 on ISP2 medium, (B) pigment extraction result using chloroform, (C)
and crude pigment extract
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Figure 3. Maximum adsorption of G. terrae JSN1.9 crude pigment extract on UV-Vis spectrophotometer
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BS SA CA
A B C D E
Figure 4. Chromatogram of G. terrae JSN1.9 pigment extract on a TLC plate. The active fraction is marked with a red box.

TLC plate visualization at 254 nm (A) and 366 nm (B) at UV light, the results of the bioautographic test (C) (BS: B.
subtilis, SA: S. aureus, and CA: C. albicans). Preparative TLC visualization at 254 nm (D) and 366 nm (E) at UV light
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Figure 5. Antimicrobial activity test of the active fraction of G. terrae pigment JSN1.9 on B. subtilis (A), S. aureus (B), and C.
albicans (C) at concentrations of 1,000 pg/ml, DMSO 10% on B. subtilis (D), and C. albicans (E), tetrasiklin 100 pg/
ml on S. aureus (F), and nystatin 100 pug/ml on C. albicans (G)

Table 1. Antimicrobial activity of the active fraction of G. terrae pigment extract J[SN1.9
Inhibition zone (mm)*

Active fraction Concentration (ng/ml)

BS EC PA SA CA
250 2.00£0.00 2.00+0.00 0.00+0.00 1.5040.58 1.00£0.00
500 3.000.81 3.0040.81 0.00+0.00 1.5040.58 2.0040.82
G. terrae JSN1.9 750 3.5040.00 3.5040.00 0.00+0.00 2.00+0.00 2.50+0.58
1,000 4.00+0.41 4.00+0.41 0.00+0.00 2.25+0.58 3.00+0.00
Tetracycline 100 11.00+1.41  17.00£0.82  12,75+0.29 4.00+0.81 nd
Nystatin 100 nd nd nd nd nd
DMSO 10% 100 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00

nd: not determined
*BS: B. subtilis, EC E. coli, PA: P. aeruginosa, SA: S. aureus, CA: C. albicans
*Weak: 0.1-5.0 mm, Moderate: 6.0-10.0 mm, Strong: 11.0-15.0 mm



and C. albicans cells displayed smooth surfaces with
a plump appearance and uniform sizes (Figure 6A1
and 6B1). However, cells treated with tetracycline
and the active fraction treatment showed noticeable
damage in the cells (Figure 6A2 and 6A3). The SEM
results for tetracycline and active fraction treatments
showed cell with wrinkled surfaces. SEM analysis
for C. albicans cells displayed diverse cells shapes
and filaments structures (Figure 6B). Untreated cells
exhibited smooth surfaces and a plump appearance
(Figure 6B1). On the other hand, cells treated with
nystatin display cell leakage on the surfaces (Figure
6B2). When treated with the active fraction, the cells
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showed uneven shapes and lesser cells. Furthermore,
the growth of filaments was inhibited (Figure 6B3).

3.6. Compound Identification by LC-MS/MS
Analysis

The LC-MS/MS analysis of the active fraction of G.
terrae JSN1.9 pigment showed the presence of various
compounds in the active fraction of pigments (Figure
7). Dominant peaks marked various compounds.
The most dominant compound based on the ten
highest chromatogram peaks is cholestyramine,
aminopregnane, sphinganine, dioctadecylamine,
lauryldiethanolamine, and eudesmin (Table 2).
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Figure 6. SEM images of B. subtilis (A) and C. albicans (B) at 10.000 magnification. (1) no treatment (negative control),
(2) treatment with tetracycline/nystatin (positive control), and (3) treatment with the G. terrae ]SN1.9 active
fraction. Red arrows indicate cell damage and yellow arrows indicate filaments
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Figure 7. LC-MS/MS chromatogram of the active fraction of G. terrae JSN1.9. Red arrows indicate the abundance of most
compounds

Table 2. Compound content in the active fraction of G. terrae pigment JSN1.9 as a result of LC-MS/MS analysis
Compound names Peak area (%) Formula Retention time References

Biological activities

Cholestyramine 25.64 C,H,N 15.72
Aminopregnane 10.50 C,H,N 12.42

9.85 13.39
Sphinganine 6.17 C,H,NO, 1112

5.64 10.84
Dioctadecylamine 7.07 C,H,.N 17.93
Lauryldiethanolamine 6.02 C,H,,NO, 10.46
Unknown 5.37 C,H,,0. 16.38
Unknown 5.26 C,H,0. 14.62
Eudesmin 3.06 C,,H,0 10.13

22772676

Lowering high cholesterol Morley et al. 2020

Antimicrobial Kull et al. 1953

Antibacterial Kunz and Kozjak-Pavlovic 2019
Antimicrobial Seitz et al. 2021

Antimicrobial Chaouat et al. 2013
Antimicrobial Patel and Patel 2022
Anticancer

4. Discussion

Microbes play a crucial role in developing natural
products and medical therapies. As a rich source of
natural products, microbes are considered a rich
source of diverse and unique bioactive compounds
(Abdel-Razek et al. 2020). Among these microbes,
a rare genus of actinomycetes shows particular
promise as a valuable source of bioactive compounds
(Ma et al. 2021). Notably, Gordonia has been
recognized for its capability of pigment biosynthesis
(Loh et al. 2020). In this study, Actinomycete G.
terrae JSN1.9 demonstrated the high production of
an orange pigment on the ISP2 solid medium. The
pigment was intracellular pigment because it did

not diffuse to the ISP2 medium. The orange color
was shown in the ISP2 liquid medium because the
cell biomass was still mixed with the medium.
Previous reports said that ISP2 is a medium that can
be used for pigment production in actinomycetes
(Ratte et al. 2022) and is the best media for higher
pigment production (Ayoubi et al. 2018).

Pigment characterization is used to classify
pigments into different groups. Based on the
maximum adsorption results (Figure 3), itis assumed
that the pigment produced by G. terraeJSN1.9 belongs
to the carotenoid group, which typically exhibits
colors ranging from yellow to orange. Carotenoids
absorb light in the visible region of 400-500 nm
(Udensi et al. 2022). Supporting this finding, Loh et



Sholekha S et al.

al. (2020) also reported that actinomycete G. terrae
produced carotenoid pigment under fermentation
conditions.

This study investigated the antimicrobial
activity of the pigment extract from G. terrae
JSN1.9 against various microbes, showing stronger
effects on B. subtilis, S. aureus, and C. albicans (Table
1). The inhibition zone expands as the pigment
concentration increases from 250 pg/ml to 1,000 ng/
ml. Notably, the pigment extract exhibited selective
activity, primarily inhibiting  Gram-positive
bacteria, which aligns with Yolmeh et al.'s findings
(2016), where pigments from Rhodotorula glutinis
were more effective against Gram-positive bacteria
than Gram-negative bacteria. Moreover, Kazi et al.
(2022) reported that the bioactive pigments derived
from the strain BJZ10 also showed potential as
antimicrobial agents against Gram-positive bacteria.
Bioautography assay results demonstrated that
the pigment extract of G. terrae JSN1.9 had a single
active fraction with inhibition activity against
the tested microbes, evident from the formation
of an inhibition zone around the first band. The
bioautography technique offers rapid screening for
bioactivity, particularly for antibacterial, antifungal,
antioxidant, enzyme inhibition, and other activities,
facilitating targeted isolation of active compounds/
fractions (Dewanjee et al. 2015).

The best activity of the active fraction was
obtained at a concentration of 1,000 pg/ml with
an inhibition zone diameter of 4.00+0.41 mm;
2.25+0.58 mm; and 3.00+0.00 mm for each test
microbe B. subtilis, S. aureus, and C. albicans,
respectively. The active pigment fraction of G. terrae
JSN1.9 has higher antimicrobial activity against B.
subtilis than previous studies by Keceli et al. (2013),
which reported no activity from the tested orange
pigment. These results proved that the pigment G.
terrae JSN1.9 has the potential as an antimicrobial
agent.

SEM results showed that administration of
the active pigment fraction at a concentration of
1,000 pg/ml induced cell damage in B. subtilis and
inhibited the formation of filaments and cell growth
in C. albicans (Figure 6). This damage was evident
through the observed shrinkage of cell-cultures,
non-uniform cell shapes, and cracks in the cell walls,
which can lead to cell lysis. This finding is similar to
Feng et al. study (2019), where bacteria cells treated
with an orange pigment displayed irregular and

wrinkled surfaces compared to untreated cells with
regular and smooth surfaces. On the other hand, the
transition from yeast to filament plays a critical role
in virulence and pathogenesis in Candida (Kadosh
2019). This transition is influenced by various
inducing signals present in the environment.
However, the active fraction in the tested Candida
cells inhibited the formation of filaments, suggesting
a potential reduction in pathogenicity. This result is
consistent with Romo et al. findings (2017), where
a small molecule compound named N-[3-(allyloxy)-
phenyl]-4-methoxybenzamide (9029936) had
potent inhibitory activity against filamentation and
biofilm formation by C. albicans SC5314 strain.

Through LC-MS/MS analysis (Figure 7 and Table
2), several compounds were identified in the active
fraction extract. Compounds detected in the LC-MS
analysis were based on the literature reported to
have antimicrobial activity with very diverse modes
of action. Based on SEM and LC-MS analyses, the
compounds belonging to the fraction actively have
bactericidal activity against B. subtilis ATCC 6633 and
fungistatic activity against C. albicans ATCC 10231.

The most abundant compound found in the LC-
MS analysis was cholestyramine. Cholestyramine is a
drug that can be used with antibiotics for therapeutic
purposes (Morley et al. 2020). Aminopregnane was
a member of the steroid class with antimicrobial
activity (Kull et al 1953). Sphinganine has
antibacterial activity against Gram-positive and
negative bacteria (Kunz and Kozjak-Pavlovic
2019), and dioctadecylamine was a compound
reported antimicrobial activity (Seitz et al. 2021).
Lauryldiethanolamine is a metabolite compound
with antimicrobial activity (Chaouat et al. 2013).
Additionally, eudesmin, present in the pigment
extract, has diverse biological activities, including
antibacterial, anti-inflammatory, anticancer, and
anticonvulsant activities (Patel and Patel 2022).
These identified compounds in the pigment extract
suggest its potential as a source of various bioactive
agents with promising antimicrobial properties.

In conclusion, the orange pigment produced
by actinomycete G. terrae JSN1.9 demonstrated
significant antimicrobial activity against Gram-
positive bacteria (B. subtilis and S. aureus) and C.
albicans. UV-Vis analysis confirmed that the pigment
belongs to the carotenoid group. Furthermore, the
active fraction exhibited stronger antimicrobial
activity than the crude extract. SEM analysis clearly
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revealed the noticeable differences between the
treated and untreated microbe cells, displaying
evident damage to the cells and inhibition of
filament formation. LC-MS/MS analysis also
provided insights into certain compounds that
potentially contribute to the observed antimicrobial
activity. Overall, this study highlights the potency
of the orange pigment produced by G. terrae JSN1.9
as a promising antimicrobial agent. The findings
underline the potential of this pigment and its active
fraction for further exploration and development as
a novel antimicrobial therapy.
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