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ABSTRACT

Microplastics in river water are a global risk to aquatic ecosystems due to their longevity in the environment,
causing toxicity, ingestion by organisms, and bioaccumulation. However, knowledge and research on microplastic
pollution are still scarce in Sabah, Malaysia, as no studies have been carried out before. Hence, this study aimed
(1) to determine the occurrence of microplastics in the surface water of the Mengkabong and Salut Rivers in Sabah
and (2) to assess the spatial variability in the concentration and characteristics of microplastics within these rivers.
Microplastics were extracted, counted, and characterized for their shape, colour, size, and polymer. An independent
t-test was used to compare microplastic abundance and characteristics between the two rivers, whereas
Hierarchical cluster analysis was used to group the eight stations based on similarities in microplastics. This study
detected microplastics at all stations, with a significantly higher concentration (p < 0.05) of microplastic in the
Salut River (4.78+2.43 items/L) compared to those in the Mengkabong River (1.63+0.87 items/L). Fibre was the
most abundant microplastic shape in both Mengkabong (78%) and Salut (57%), likely sourced from textile
washing, fishing, and aquaculture activities in the vicinity. Transparent microplastics were prevalent in
Mengkabong (30%), while black microplastics dominated in Salut (42%). Size distribution exhibited the opposite
trend, with 74% larger-sized microplastics in Mengkabong but 63% smaller-sized microplastics in Salut. Polymer
analysis revealed rayon (68%) dominance in Mengkabong, while polyethylene (34%) and rayon (33%) in Salut.
Spatial heterogeneity of microplastics was evident through cluster analysis, categorizing stations into clean,
moderately polluted, and polluted. Stations adjacent to areas with fewer land-based activities were clean with a
low microplastics count, while areas with intense developments, residential, and fishing activities were polluted
with high microplastic counts. This study underscores the presence of microplastics in Sabah's rivers, serving as a
foundational reference for future research. It is also imperative to conduct regular monitoring of microplastics in
the rivers of Sabah since it is anticipated that microplastics contamination will escalate in the coming years
globally.

Keywords: Fibre, microplastics, rayon, Sabah, tidal rivers

Copyright: This is an open access article distributed under the terms of the CC-BY-NC-SA (Creative Commons Attribution-NonCommercial-ShareAlike 4.0
International License) which permits unrestricted use, distribution, and reproduction in any medium, for non-commercial purposes, provided the original work of
the author(s) is properly cited.

INTRODUCTION

Increasing  plastic  pollution  particularly
microplastics has been a serious worrying issue
since the past decade (Henderson & Green,
2020; Issac & Kandasubramanian, 2021; Li et
al., 2023). Pittura et al. (2022) defined
microplastics as microscopic sized of plastic
particles smaller than 5 mm in sizes from two
manufacturing origins; primary and secondary.
Primary microplastics refer to plastic particles
that are intentionally manufactured to be
microscopic in size, such as microbeads found in
skincare products. On the other hand, secondary
microplastics are plastic particles that are formed
through the degradation and fragmentation

processes of larger plastic materials (Hocking,
2022). The surge of demand in usage of plastics
products results in their excessive production, if
are not managed properly leads to indiscriminate
disposal into the environment (Fauziah et al.,
2015). Additionally, the characteristics of
plastics such as slow degradation period along
with intense fragmentations of plastics into
microscopic size rendered them as the most
problematic  persistent pollutant in the
environment (Multisanti ef al., 2022).

Approximately 6,000 to 1.5 million tons of
microplastics are transported to the ocean
annually via rivers (D’Avignon et al., 2022). It
highlights the importance of rivers as primary
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channels for the transportation of plastic debris
from terrestrial environments to the marine
ecosystem. Anthropogenic activities, including
aquaculture and fishing activities, the direct
disposal of plastic trash, and industrial
discharges into rivers, were identified as
significant contributors to the escalation of
microplastics pollution in river ecosystems
(Choong et al., 2021; Primus & Azman, 2022).
The transportation and  deposition of
microplastics in river ecosystems are influenced
by various factors, including the presence of
nearby sources, land use patterns, river flow
dynamics, hydraulic conditions, and the terrain
of the surrounding area. Additionally, the
characteristics of the microplastic particles play
a role in their movement and distribution within
rivers (Lin et al., 2018; Idrus et al., 2022).

The rapid pace of new constructions and
infrastructural changes in Sabah have greatly
affected the general lifestyle of its residents,
leading to the mismanagement of plastic garbage
(Dusim, 2021). Despite having awareness of
increasing plastic and microplastic pollution, the
knowledge and research of microplastic
pollution in Sabah however is still scarce. The
majority of microplastic study conducted in
Malaysian river waters has been concentrated on
the regions of Peninsular and Sarawak. Seven
studies were conducted in Peninsular Malaysia;
Skudai River and Tebrau River in Johor (Sarijan
et al, 2018), Cherating River in Pahang
(Pariatamby et al., 2020), Dungun River in
Terengganu (Hwi et al., 2020), Klang River
Estuary (Zaki et al., 2021), Langat Rivers
(Suardy et al., 2020) in Selangor, Melayu River
in Johor (Primus & Azman, 2022), and three
rivers in East Malaysia; Kuching Rivers
(Johnson et al., 2020), Miri River Estuary (Liong
et al.,2021), and Baram River Estuary (Choong
etal.,2021) in Sarawak. The lack of documented
works pertaining to research on microplastics in
the river waters of Sabah accelerates the need of
conducting this study.

Recognizing the substantial reliance of local
communities on rivers and coastal areas for vital
resources such as water, sustenance, and other
basic necessities in their daily lives and
endeavours, it becomes imperative to assess the
rising issue of microplastic pollution as a key
indicator of river water quality in Sabah. The
rivers in the Tuaran District, which originate
from the headwaters of the Crocker Range

Microplastics in the River Waters of Sabah 2

Mountain and flow westward towards the South
China Sea in Sabah, have played an important
part in supplying fish and water for industrial,
agricultural, and residential purposes in both the
Tuaran and Kota Kinabalu Districts (Montoi et
al.,2017). On the other hand, these river systems
are important conduits for transporting
pollutants such as microplastics from nearby
inland sources into the marine environment (Liu
et al., 2021). The distribution and fate of
microplastics in these rivers could be influenced
by velocity changes and tidal influx (Choong et
al., 2021; Jendanklang et al., 2023).

Conducting a study into the occurrence of
microplastic within the rivers of Tuaran is a
preliminary endeavour aimed at expanding our
knowledge of microplastic pollution in the
region of Sabah. Knowing the microplastic
status of these rivers allows further mitigation
efforts by relevant agencies to monitor and
reduce their presence in the environment along
with promoting more further extensive research
on this research area. Therefore, the objectives of
this study were primarily to determine the
occurrence of microplastics in the waters of
Mengkabong and Salut Rivers in Tuaran, Sabah,
and to assess the spatial variability in the
concentration and characteristics of
microplastics within these rivers.

MATERIALS AND METHODS
Study Area and Sampling Stations

Tuaran District is located in the west coast
division of Sabah, having a tropical humid
climate with an average rainfall of 2,800 mm.
The annual average population growth rate for
Tuaran is 2.8%, with a current total population
of 135.7 thousand people recorded residing latest
in 2020 by the Department of Statistics of
Malaysia (2022). Rivers from the Tuaran District
were selected in this study as they are one of the
most important rivers in Sabah for fishing and
aquaculture activities. Moreover, the expansion
of'adjacent Kota Kinabalu and Sepanggar Towns
pressurised the urbanisation of the Tuaran
District from its increasing developments. Two
tidal rivers were selected for this study namely
Mengkabong River, situated adjacent to Tanjung
Badak, and Salut River, located close to Kuala
Karambunai. A total of eight sampling stations
were selected, with each river having four
sampling stations with approximately 2 km
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apart. Samplings were conducted during the
period of high tide on 16" of February 2023 at
Mengkabong River and on 15" of March 2023 at
Salut River. Figure 1 shows the map of study
area with sampling stations while Table 1 shows
their sampling details.

Water Sample Collection

Bulk sample of 30 L of surface water was
collected using a stainless-steel bucket and
sieved using a 10 pm stainless sieve on field in a
boat (Huang et al., 2020). Retained materials
were transferred into capped glass bottles using
distilled water. All water samples were taken in
triplicates for each station. All collected samples
were taken to the Institute of Tropical Biology
and Conservation (ITBC), Universiti Malaysia
Sabah (UMS) for further laboratory analysis.

Microplastics in the River Waters of Sabah 3

Sample Analysis
Microplastics Extraction

Microplastics were extracted from water
samples by density separation method following
Lin et al. (2018). Prior to microplastics
extraction, organic matter in water samples were
first digested using wet peroxide oxidation.
Approximately 150 ml of 35% hydrogen
peroxide (H.O,) were added to the glass bottles
and incubated in incubator at 65 °C for 24 hours
to aid in complete breakdown of organic matter.
Digested samples were then sieved and rinsed
with distilled water before pouring the residuals
into 100 ml glass beakers using salt solution, 5
M of sodium chloride (NaCl). The salt solution
was further added until the beaker’s mouth and
covered loosely with aluminium foil.
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Figure 1. Map A: The map of study area of Mengkabong and Salut Rivers at Tuaran District of Sabah. Map B:
Detailed sampling stations were indicated with blue circle and number for the stations
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Table 1. Description of sampling stations and sampling regime

River Station Depth (m)  Coordinates Time  Observation
Mengkabong Station 1 6.5 06°08'27.2"N 9.20 Downstream near Mengkabong
River (S1) 116°09'42.0" E am Bridge
(16-02-2023) Station2 15 06°08'41.2"N 1.00 Clear, surrounded by mangroves
(S2) 116°10'43"E pm
Station3 3 06°08'52.1"N 11.58  Below village houses
(S3) 116°11'46.1" E am
Station4 2 06°08'32.2"N 10.50  Upstream near to village houses,
(S4) 116°12'18.9" E am aquaculture and fishing activities.
Observed waste dump near shore
and floating plastic wrappers and
bottles
Salut River Station 1 3.17 06°04.037' N 10.10  Located downstream at Kampung
(15-3-2023) (S1) 116°09.025'E am Batangan, nearby to Trombong
bay
Station2 3 06°7'04.2"N 1.30 Located near to a fishing jetty and
(S2) 116°08'07.4"E pm a construction area
Station3 2.6 06°5'59.5"N 12.21  Located near to residential flats
(S3) 116°8'19.3"E pm
Station 4 2 06°06'0.4"N 11.28  Located at the upstream boundary
(S4) 116°8'59.9"E am of the mangroves

The solution was allowed to settle overnight
where the supernatant of the solution was then
pump filtered through a 1.2 um pore size glass
microfiber filter (Whatman GF/C) the following
day. The filter paper was placed in a clean glass
petri dish and allowed to air dry before
microscope examination. This process was
repeated three times. Blank samples were
prepared with distilled water and allowed to go
through similar process as samples for quality
control. To minimise external microplastics
contamination from surrounding, only glass and
stainless-steel equipment were used throughout
microplastics extraction and examination in
laboratory. Additionally, all equipment was
rinsed with distilled water prior any
microplastics analysis.

Microplastics Examination and Identification

In this study, microplastics were classified as
plastic particles ranging from 10 ym to 5 mm in
size. The size was further classified into two
categories: small microplastics (SMP) that
ranged from 10 um to 1 mm, and large
microplastics (LMP), which ranged from 1 mm
to 5 mm. Microplastics were examined for visual
identification, sorting, and counting process
under a stereo microscope (Leica EZ24).
Microplastics observed were sorted and
classified according to shapes (fibre, filament,
foam, fragment, pellet, and film) following

Singh et al. (2022) and colours (black, blue, red,
white, yellow, transparent) following Peng et al.
(2017) as described in Table 2. All colours were
noted based on the surface colour dominancy,
with the exception of transparent, which was
noted based on the colour of the patches (if any)
to minimize overestimation of transparent
microplastic due to discolouration. Polymer
types were identified by using micro-FTIR
(Nicolet iN10 MX) scanned with a spectral range
of 4000-1200 cm™' in the ALS Technichem
Laboratory, Malaysia. The spectrum obtained
were compared with available libraries on
established database on polymers type with
quality matching more than 80%. Only one
replicate at each station was conducted for
polymer type analysis.

Data Analysis

All data obtained during microplastics
examination were recorded in concentration
units of items/L. Prior to statistical analysis, all
parameters were checked for outliers using
boxplots, tested for normality using the Shapiro-
Wilk's test, and examined for equality of
variances using Levene's test. Normality and
Levene's tests showed that the data was normally
distributed and had equal variances (p>0.05).
Therefore, a parametric test, the independent t-
test, was used. Independent t-test was carried out
to compare if there was any significant
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difference in microplastics concentration and
characteristics between Mengkabong and Salut
Rivers at p value < 0.05. Next, Hierarchical
cluster analysis was used to investigate the
grouping of sampling stations based on the
similarities of microplastics concentration and
characteristics of shape, colour and size of
microplastics. Ward’s method using Euclidean

Microplastics in the River Waters of Sabah 5

distances as a measure of similarity and Z-score
standardization of variables was used in this
analysis. Output of the analysis was presented in
a dendrogram with the cluster’s number and
linkage distances less than 60% was considered
statistically significant. All statistical analysis
was carried out using Statistical Software for
Social Sciences (SPSS Version 25).

Table 2. Categories used in description and identification of microplastics

Characteristic Categories Description References

Shape Fibre A very thin threadlike straight structure Singh et al. (2022)
Filament A thicker and harder straight structure
Foam A sponge-like lightweight structure
Fragment An irregular edge of hard structures
Pellet A round spherical hard structure
Film A thin layer plan of flimsy structure

Colour Black Black, transparent black, grey and white-striped Peng et al. (2017)

black
Blue Deep blue, light blue, deep green, light green
Red Red, purple, pink
White Opaque white, silver
Yellow Yellow, brown, orange
Transparent  Colourless
RESULTS observed in both rivers were fibre, film,

Microplastics Occurrence and
Characteristics

Microplastics were present in all Mengkabong
and Salut Rivers stations (Figure 2). The
abundance of microplastics in Salut River water
(4.78 £ 2.43 items/L) were three times higher
than in Mengkabong River water (1.63 + 0.87
items/L). Station 4 of Mengkabong River and
Station 1 of Salut River waters recorded the
highest number of microplastics, accounting 2.7
items/L and 6.5 items/L, respectively. The
concentration of microplastics in the waters of
the Mengkabong River displayed a decreasing
pattern as it moved from the upstream station
(Station 4) to the downstream station (Station 1).
Conversely, the concentration of microplastics in
the waters of the Salut River exhibited an
opposite trend, increasing as it moved from
upstream to downstream.

Both large size microplastics (LMP) and
small size microplastics (SMP) were found in
this study (Figure 3). Mengkabong River
recorded 74% of LMP and the Salut River
recorded 63% of SMP from their total counts.
This pattern was similarly found in each
respective individual station of the rivers, as
depicted in Figure 4. Microplastics shapes

fragment, and foam, as shown in Figure 5. There
were no pellet or filament observed in any
stations. Fibre was the most abundant shape in
both Mengkabong River (78%) and Salut River
(57%) (Figure 6). Microplastics colours in
Mengkabong and Salut Rivers waters were
black, blue, red, yellow, white and transparent
(Figure 7). In Mengkabong, transparent (30%),
blue (26%) and black (24%) microplastics were
dominant. Meanwhile in Salut, black (42%) and
yellow (30%) microplastics were dominant
(Figure 8). Microplastics polymers detected in
Mengkabong River were rayon (68%) and
polytetrafluoroethylene (PTFE) (25%).
Meanwhile  Salut River recorded high
percentages of polyethylene (PE) (34%), rayon
(33%), ethylene propylene diene monomer
(EPDM) (21%) and polyethylene terephthalate
(PET) (9%) as shown in Figure 9.
Spatial Variation of Microplastic
Composition in Rivers

The results of independent t-test show that Salut
River had significantly higher total microplastics
(3.16 items/L, p value < 0.05), foam (0.02 mg/L,
p value = 0.04) and SMP (2.58 items/L, p value
= 0.02) than in Mengkabong River (Table 3).
Microplastics showed spatial heterogeneity in
the Mengkabong and Salut Rivers where the
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Hierarchical cluster analysis test grouped the
eight stations into four different clusters
according to the abundance and characteristic of
microplastics (Figure 10). In general, the river
stations were clustered based on three categories
where it goes from clean, moderate to most
microplastic polluted rivers as it goes down from
Clusters 1 to 4. Stations 1, 2, and 3 of
Mengkabong River and Station 4 of Salut River
were clustered together as Cluster 1. This cluster
was the indicative of minimal microplastic
pollution, with microplastics counts less than 1.9
items/L. These stations were also grouped
together as they are shared the same similarities
of clean surroundings. Cluster 2 indicates a
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moderate level of microplastic pollution, as
evidenced at Station 2 of Mengkabong River,
which documented high fibres (84%). Clusters 3
and 4 encompassed the remaining stations along
the Salut River, that exhibit high microplastics
counts (> 5.3 items/L) but distinct microplastics
compositions. Both of these two stations were
situated in close proximity to residential areas
along the Salut River. Lastly, Station 2 of Salut
River stands alone in cluster 4 because it had the
highest percentage of fibre (80%), and large
sized microplastics (51%). Additionally, the
percentage of black colour (68%) microplastics
were also higher than other stations.
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Figure 2. Microplastic concentration (items/L) in Mengkabong and Salut Rivers from downstream (S1) to

upstream (S4) direction
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Figure 3. The difference between small sized microplastics (SMP) and large sized microplastics (LMP) observed

in Mengkabong and Salut Rivers
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Figure 4. Composition of microplastics size observed in (a) Mengkabong River, (b) Salut River, and (c) individual
stations of Mengkabong and Salut Rivers

Figure 5. Examples of microplastics shape observed in Mengkabong and Salut Rivers waters, namely (a) fragment,
(b) fibre, (c) film, and (d) foam
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Kalwant-Singh et al. 2024 Microplastics in the River Waters of Sabah 9

(a) MENGKABONG (b) SALUT
W Black ®Blue ®mRed Yellow  White = Trans W Black ®mBlue ® Red Yellow White = Trans
1%
30%
(c)
100%
90%
80%
T 70%
»  60%
L
B 50%
@
g- 40%
L 30%
= 20%
10%
0%
S1 52 S3 54 S1 S2 s3 54
Mengkabong Salut
W Black mBlue M Red Yellow White Trans
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Figure 9. Composition of microplastics polymer type analysed by micro-FTIR in (a) Mengkabong River (b) and
Salut River
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Table 3. Mean difference of microplastics concentration and characteristics between the Mengkabong and Salut
Rivers

Parameters Mengkabong Salut Mean difference p value
Total microplastics (items/L) 1.63 £0.87 4.78+2.43 -3.16 0.05
Shape Fibre 1.26 £0.78 271+£1.93 -1.45 0.21
Foam 0.003 £ 0.01 0.03 £0.02 -0.02 0.04
Fragment 0.22+0.08 1.87 +£1.48 -1.65 0.11
Film 0.15+0.04 0.18£0.12 -0.03 0.62
Colour Black 0.39+0.14 2.01 £1.61 -1.63 0.09
Blue 0.43+£0.28 0.36+£0.17 0.08 0.67
Red 0.20+0.16 0.29+0.16 -0.09 0.46
Yellow 0.06 £0.03 1.42£1.27 -1.36 0.12
White 0.07 £0.05 0.03 £0.02 0.04 0.19
Transparent 0.48 +0.26 0.68 + 0.58 -0.19 0.57
Size LMP 1.20+1.0.72 1.77£1.22 -0.57 0.46
SMP 043+0.15 3.01 £1.67 -2.58 0.02

Positive value of mean difference indicates parameter studied was higher in the Mengkabong River whereas negative value
indicates parameter studied was higher in Salut River. The significant difference in mean was indicated in bold, p value <
0.05.

Dendrogram using Ward Linkage
Rescaled Distance Cluster Combine
0 5 10 15 20 25
I | 1 | ]

52- 2 i
MEMNGKABONG :
i

:I Cluster 1
54- SALUT 8 .
51- 1 i
MENGKABONG :
53- 3
MENGKABONG ]
- '
i
54- ‘ :
i

MENGKABONG ' Cluster 2
:
i

¢ Cluster 3
51- 5ALUT s T
i
i
53-54LUT 7 i

v Clugter 4
i
52- SALUT 6 .

Figure 10. Clustering of the eight sampling stations of Mengkabong and Salut Rivers based on the similarities of
microplastics concentration and characteristics. Red box on the left indicates stations in Mengkabong River and
blue box for stations in Salut River.
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DISCUSSION

Microplastic Pollution Status in Mengkabong
and Salut Rivers

Microplastics have been documented to
contaminate aquatic ecosystems worldwide, and
the present study reveals that Sabah is no
exception. Microplastics were found in both
Mengkabong and Salut Rivers in the present
study but in different level of pollution status.
Microplastic in Salut River was significantly
higher (p wvalue < 0.05) compared to
Mengkabong River. In addition, cluster analysis
demonstrated that most stations in the
Mengkabong River were grouped in the Cluster
1 indicative of minimal microplastic pollution
whereas stations in Salut River were grouped
into clusters indicative of moderate and high
counts of microplastics. One of the main factors
that affecting the pollution level is the adjacent
land use. Salut River is more urbanised with
developments compared to Mengkabong River
leading to higher microplastics counts coming
possibly from land-based activities such as
increased residential, more notable industrial
presence, and recreational developments
compared to Mengkabong River. Salut River is
also smaller and shallower than Mengkabong
River thus, contributing to more concentrated
microplastics influx per chance due to a reduced
dilution (De Arbeloa & Marzadri, 2024). The
observed trend of decreasing microplastic
concentrations downstream in the Mengkabong
River, contrasted with increasing counts
downstream in the Salut River, can be attributed
to the intensity of the land uses adjacent to the
sampling stations. The substantial land
utilization in the vicinity of the stations could
serve as a notable origin of microplastics
entering the nearby river waters. The closer the
river with area of intense activities, the more
pronounced the occurrence of microplastic in
that specific waterway (Idrus ef al., 2022).

Given the lack of international or national
regulations pertaining to microplastics pollution
standards, this study undertook a comparison of
microplastic in relation to similar studies
conducted in tidal rivers or estuaries (Table 4).
Overall, Mengkabong River in the present study
recorded as the least polluted with microplastics
while the microplastics count in Salut River
waters were comparatively higher than rivers in
Selangor (Zaki et al., 2021) and Johor (Primus
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and Azman, 2022) but less polluted than rivers in
Sarawak (Choong et al., 2021; Liong et al.,
2021), Vietnam and Thailand (Babel et al,
2022). The relatively lower levels of
microplastics in the current study can be ascribed
to the existence of mangrove forests in the Salut
and Mengkabong Rivers. Similarly, Zaki et al.
(2021) demonstrated that lower microplastic
count was observed at area covered with forests
and mangroves with less anthropogenic
activities at that vicinity. Primus and Azman
(2022) also attributed the lower microplastics
count at Melayu River, Johor, as that particular
area was preserved for eco-tourism activities and
surrounded by mangroves forest. Mangrove
forest could act as a natural physical barrier that
traps, captures and retains microplastics by
filtration process of mangrove sediment and
roots system and thus, prevents microplastics
entry into the river waters from plastic waste
released from adjacent land.

The low microplastics counts in the present
study also attributable to a lower intensity of
anthropogenic activity as compared to a more
urbanized river. The Saigon River in Thailand
and the Miri River Estuary in Sarawak, for
instance, were loaded with high microplastics
due to their urban setting and the extensive land
utilization for residential purposes, commercial
activities, aquaculture and fishing operations
that contributes to source of microplastics
(Liong et al., 2021: Babel et al., 2022). High
microplastics presence in river waters in these
urbanised areas were reported to be sourced from
intense residential activities through everyday
plastic use and disposal practices (Hwi et al.,
2020), industrial processes through
manufacturing and wastewater discharge
(Choong et al., 2021), while fishing activities
contributed through the degradation and
fragmentations of  plastic-based  fishing
equipment (Johnson et al., 2020).

Microplastics Characteristics and Their
Potential Entry Sources

All microplastics in both present rivers were of
secondary microplastics from the fragmentations
of larger plastics as no pellets were recorded. It
was observed that domestic wastes consisting
plastics were piled up nearby the village houses
while plastic bottles, wrappers and large
fragments were seen floating in those river
waters during sampling. Long exposure to direct
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sunlight and sufficient oxygen could lead to
microcracking and embrittlement of surface
plastic leads to fragmentations of these larger
plastics into small sized microplastics following
physical, chemical and biological processes
(Qaisrani et al., 2020). The initiated UV-induced
photo-oxidation then continues with
autocatalytic degradation, which reduces the
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polymer's molecular weight and weakens its
structural  integrity to  more  smaller
fragmentations easily (Andrady, 2011). The
elevated concentrations of SMP across all
stations in the Salut River also may indicate a
pronounced fragmentation process, leading to an
increased abundance in the smaller size
microplastics range (He et al., 2020).

Table 4. Comparison of the microplastics concentration (Items/L) in river waters

Location Concentration Remarks Reference
(items/L)
Mengkabong River, 1.63£0.87  Surrounded mainly with mangrove forests with less Present study
Sabah anthropogenic activities except at village houses that
has fishing activities.
Klang River 2.5+2.00 Urban areas of industrial, residential and fishing and ~ Zaki et al.
Estuary, Selangor ecosystem of mangrove forests. (2021)
Melayu River, 3.0+0.00 Reserved river for eco-tourism activities. Residential ~ Primus and
Johor and fishing area surrounded by mangrove forests. Azman
(2022)
Salut River, Sabah 4.78+2.43  Surrounded by anthropogenic activities along river Present study
such as villages, residential and fishing.
Miri River Estuary, 12.34+ 1.54  Upstream surface water runoff end point while Liong et al.
Sarawak residential, agricultural and industrial activities at (2021)
river banks. Improper waste disposal: Vast plastic
wastes of bags, bottles, containers reported in
terrestrial environment.
Baram River 13.65+4.65 Illegal waste disposal with anthropogenic activities of Choong ef al.
Estuary, Sarawak fishing. Lower estuary comprises of large wood (2021)
production industries and interisland ports and
shipyards.
Saigon River, 42.00+5.00 Low population density of new residential area and Babel et al.
Vietnam agriculture activities but has canal water influence (2022)
that carries sewages.
Chao Phraya River, 48.00 +£ 8.00  Extensive urban area for industrial, aquaculture, Babel et al.
Thailand fishing and residential activities. (2022)

The diverse and distinct characteristics of
microplastics found in different stations are
inherently linked to their respective sources,
from which these pollutants originated. The
highest abundance of fibres observed in both
Mengkabong and  Salut Rivers were
hypothesized to originate from the fishing and
aquaculture activities. Aquaculture activities of
mussels and oysters were carried out in river
waters at upstream (Station 4) of Mengkabong
River while there was a fishing jetty at Station 2
of Salut River. Fishing equipment, such as
fishing ropes, lines, and nets, are composed of
fibres that could be released into rivers as a result
of their breakdown during fishing operations
(Zaki et al., 2021). Besides, the prevalence of
fibres may also be contributed from the release
of synthetic fibres from the domestic wastewater

discharge that sips through filtration into
watercourses (Chen et al., 2021).

The occurrence of a substantial quantity of
fibre has also been documented in previous
studies such as the Melayu River in Johor
(Primus & Azaman, 2022) and Cherating River
in Pahang (Pariatamby et al., 2020). The lower
density and high surface area to volume area of
fibres compared to other microplastics shapes
allows them to remain floating on surface water.
Therefore, fibres tend to accumulate and become
more prevalent in aquatic environments (Choong
et al., 2021). Contradictorily, the percentage of
fragment was greater than fibre at Stations 1 and
4 in Salut River, due to the substantial
fragmentation of plastics derived from domestic
garbage coming from nearby housing villages
(Zaki et al., 2021). Additionally, the elevated
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presence of foam in the waters of the Salut River
may be traced back to the foam shape plastic
used for furniture and mattresses, shoe soles and
car seats from these domestic households, as
supported by the polyurethane (PU) that found in
the Salut River (Liong et al., 2021).

Microplastics in river waters display a diverse
array of colours, providing valuable insights into
their transportation and sources. The observed
colours of microplastics play a crucial role in
deciphering their origin and subsequent transport
mechanisms within aquatic ecosystems. The
prevalence of transparent, blue and black colours
in this study may stem from fishing activities, as
fibres from fishing nets and lines exhibit the
same colours. Corroboratively, there was a
notable abundance of fibre in this study
potentially sourced from the similar fishing
activities. This emphasizes that the colours
observed can serve as a secondary confirmation
of the microplastics' origin after initially
discerning the source based on microplastic
shapes. Likewise, other research studies have
recorded that colour assisted in determining the
origin of microplastics whereby in their
investigations, the transparent (Wang et al,
2017; Hwi et al., 2020), blue (Primus & Azman,
2022) and black (Liu et al., 2021) colours were
also identified as fibres sourced from fishing
activities.

The present study revealed that rayon was the
most abundant polymer type in the Mengkabong
River, accounting for 68% of the total polymer
types, and the second most abundant polymer
type in the Salut River (33%). Rayon is semi-
synthetic cellulose-based polymer fibres from
artificial clothing, textiles manufacturing,
bedding, linens and fishing nets supports those
fibres possibly released from household clothing
washing and fishing activities. Hwi et al. (2020)
mentioned that if the particular rayon was
material from the natural fibre, there would be an
assignment band at 1,735 cm™! corresponding to
C=0 stretching of an ester. Notably, this peak
was absent in the rayon spectrum (Figure 11)
therefore verified that the they were not natural
fibre and were an actual plastic derived polymer.
Natural rayon is from animal and plants and is
not considered as plastic. Man-made fibres
chemically synthesised through the
polymerization of plastic materials unlike the
non-natural fibre rayon. A high percentage of
PTFE microplastics (25%) was also found in the
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Mengkabong River. This polymer type of
microplastics is commonly used in non-stick
coatings for cookware and labware, implying
that microplastics are soured from the domestic
waste. Also, the fact that polyamide (PA)
microplastics, which are commonly used in
textiles, fishing lines, and nets, were found in the
Mengkabong River lends credence to the idea
that the fibres came from fishing or textiles (Zaki
etal., 2021).

In contrast, PE (32%) was the most abundant
in the Salut River, and when combined with PET
(9%) yields the highest percentage (41%) of
plastic polymer type found in Salut River waters.
PE are often used in manufacturing products
such as packaging like plastic bags and films,
containers for plastic bottles, pipes and plumbing
components, toys and household items (Ezeudu
et al., 2024). Similarly, PET is commonly
utilized for more rigid packaging and containers,
in addition to the application as polyester fibres
used for clothing and textiles (Choong et al.,
2021). Additionally, EPDM, which is commonly
used for automotive parts such as seals, roofing
materials, and construction manufacturing
(Liong et al., 2021) was also abundant (21%) in
Salut River. The presence of these polymer type
microplastics suggests a possible origin from
household appliances and construction materials
from residential flats and a construction site
spotted in Salut River.

The Potential Ecological Impacts of
Microplastic to Aquatic Ecosystems

The occurrence of microplastics in the
Mengkabong and Salut Rivers can pose an
environmental hazard and health risk to the
aquatic organisms inhabiting the rivers’
ecosystem. The widespread dispersion of these
microplastics makes their removal from the
rivers challenging due to their small size
properties. The microplastics in river waters can
be transported to the ocean by currents
(D’ Avignon et al., 2022) or deposited into river
bottom (He ef al., 2019). The transportation of
microplastics in river waters varies among rivers
as it is greatly influenced by the hydrological
features such as the overall topography, water
flow and velocity as well as hydraulic
parameters like depth and width of that particular
river (Choong et al., 2021). The present study is
a preliminary endeavour with a one-time
sampling in these rivers, hence, further studies



Kalwant-Singh et al. 2024

on temporal and tidal variations of microplastics
abundance in rivers should be conducted to
better = understanding the dynamic of
microplastics in the rivers for better management
plan.

The next alarming issue is that aquatic
organisms such as fish (Primus & Azaman,
2022), zooplanktons (Amin et al., 2020) and
invertebrates (Fachruddin et al.,, 2020) can
inadvertently ingest microplastics and mistake
them for food. Both Mengkabong and Salut
Rivers had the highest fibre which can be
mistakenly ingested by these organisms that
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favours fibres shape microplastics due to the
resemblances to their diet. For instance, Yasaka
et al. (2022) discovered ingestion of fibres by
two fish species, Barbonymus altus and Laides
longibarbis were due to their threadlike
resemblance of food to worms or zooplanktons.
Numerous other studies have also shown that
fibre is the highest microplastics shape extracted
from fish (Lim et al., 2023; Matupang et al.,
2023). Similarly, a study in the Bohai Sea, China,
interestingly found microplastics being ingested
by zooplankton were predominately blue fibres,
likely due to the specific composition of
microplastics in the area (Zheng et al., 2020).
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Figure 11. Micro-FTIR spectrum of polymer type (a) rayon, (b) polytetrafluoroethylene (PTFE), (c) ethylene
propylene diene monomer (EPDM), (d) polyethylene (PE), (e) polyurethane (PU), (f) polyethylene terephthalate
(PET), (g) polymethylmethacrylate (PMMA), and (h) polyamide (PA).
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In addition to microplastic shape, studies
have shown that microplastics smaller than 1
mm are frequently ingested by fish (Bianchi et
al., 2020; Primus & Azman, 2022; Arshad et al.,
2023), as well as by zooplanktons (Zheng et al,
2020) and invertebrates like mussels (Li et al.,
2021). Consequently, the presence of a high
number of small-sized microplastics in the water
column of the Salut River may expose these
organisms to a higher risk of ingestion. The
presence of high numbers of transparent, blue
and white microplastics in Mengkabong River
waters and black and yellow microplastics in
Salut River might be another risk factor to
specific aquatic organisms that resembles their
food preferences (Xiong et al., 2019; Okamoto
etal, 2022).

The deposited microplastics in the benthic
realm poses ingestion risk to benthic
invertebrates too (Bertoli et al, 2022).
Microplastic contamination levels in grazers and
filter-feeders were found to be three to five times
greater than in predators and omnivores with
highest microplastics count recorded in bivalves
followed by gastropods, polychaete, amphipods,
and actinia in Terra Nova Bay (Sfriso et al.,
2020). Although aquatic invertebrates capable of
ingesting microplastics, invertebrate like mussel
can expel 81-85% of the ingested microplastics
through bio deposits (pseudofeces) within six
days of depuration (Fernandez & Albentosa,
2019).

Lastly, both rivers in Sabah examined in this
study showed a higher percentage of rayon in
water. The rayon identified in this study was
found to be synthetic fibres, and consequently,
their effects on river waters are akin to those of
fibre-shaped microplastics. Different polymer
type of microplastics can pose different toxicity
level to aquatic organisms based on their
chemical structures and compositions (Laila et
al., 2020). Given all the potential risks of
ingestion and toxicity, this study serves as a
starting point to accelerate more research on the
potential ecological impact of microplastic on
native aquatic species in Sabah waters since
microplastics were found in the present study.

CONCLUSION

The present study demonstrated that the
Mengkabong and Salut Rivers, located in Sabah,
exhibits a low level of microplastics pollution.
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The microplastic concentrations in Salut River
were significantly higher than Mengkabong
River, which can be attributed to the greater level
of development observed in the Salut River area.
The microplastics found in both rivers were from
the secondary microplastics and consisted
primarily fibre, fragment, foam and film. The
sources of microplastics in these rivers are
mainly from domestic, fishing, and aquaculture
activities.  Microplastics  showed  spatial
heterogeneity in the Mengkabong and Salut
Rivers where the adjacent anthropogenic
activities and land uses influence the abundance
and characteristics of microplastics in rivers.
Despite the low level of microplastic pollution,
regular monitoring is necessary to evaluate the
long-term pollution status of rivers and the
potential ecological impacts of microplastics on
aquatic organisms. This study can serve as a
reference and a starting point to accelerate
further research on microplastic pollution in
Sabah rivers since there is confirmed presence of
microplastics influx in the studied rivers.
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ABSTRACT

Water quality deterioration is a major global issue due to population growth and rapid economic development,
making healthy water essential for human societies' and ecosystems' sustainable development. Therefore, the
current study aims to evaluate the quality of Euphrates River water through its chemical and physical parameters,
as well as the distribution of the phytoplankton community. An environmental comparison was conducted between
three stations in Ramadi city to assess the Euphrates River's water quality. The comparison was based on
physicochemical and biological variables. Fifteen environmental parameters were measured: temperature, pH,
electrical conductivity, dissolved oxygen, biochemical oxygen demand, total turbidity, total dissolved solids,
alkalinity, bicarbonate, nitrate, sulfate, phosphate, calcium, magnesium, and chloride. The occurrence of seasonal
phytoplankton communities was also examined, and the Palmer diversity index, water quality index, and Pearson
correlation were calculated. Significant differences were found in the physical and chemical variables of the
Euphrates water between studied stations, and in the biological diversity of phytoplankton. The highest average
temperature was 26.5 °C at station 1, the highest average pH was 7.575 at station 3, and the electrical conductivity
was high at both stations 1 and 3, reaching 810 uS/cm. The Biochemical Oxygen Demand (BOD) ranged from
1.375 to 1.675 mg/L, the lowest average total hardness was 304.5 mg/L at station 3 and the highest average was
310.75 mg/L at station 1. In addition, the study revealed a high diversity in phytoplankton species and groups. 45
genera of green algae were found at all stations, while only 4 genera of Euglenophyceae and Dinophyceae were
found. The study confirmed that the quality of the Euphrates River's water is medium and is characterized by high
contamination with organic materials, according to the pollution index for water. It was concluded that
phytoplankton groups are a sensitive and useful indicator of waterway health.
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INTRODUCTION Water quality in many bodies of water is
subject to a variety of influences, such as climate
change (Akhtar et al., 2021), natural sources
(Yousif et al., 2024), human activities,

specifically mining (Soleimani et al., 2018),

Water quality is a critical factor in determining
the health status of water bodies, which directly
affects human health. Human activities can

cause significant damage to water bodies,
thereby depleting natural water resources. As a
result of rapid economic progress and population
expansion, water quality degradation has
emerged as a major concern worldwide (Zhang
et al., 2021). Eutrophication, biodiversity
extinction, and serious risks to public health are
just a few of the negative impacts that this issue
may have. Spatiotemporal variations and trends
in water quality can be attributed to a variety of
human activities, pollution sources, and
geographic changes (Xu et al., 2022).

sewage discharge (Abbasnia et al., 2018),
agricultural and urban activities, and industrial
pollution (Pereira et al., 2023), while synergistic
impacts have the potential to significantly alter
water quality, leading to eutrophication, reduced
dissolved oxygen levels, and other issues.
Protecting and managing water quantity and
quality is becoming more difficult due to the
numerous threats to the aquatic environment
(Weng et al., 2023).

Phytoplankton are essential to freshwater
ecosystems because they are the principal
producers and a fundamental component of
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aquatic ecosystems, and because of their short
life cycle, extensive dispersion, and vital
function in energy flow, material cycle, and
information transmission (Li et al., 2019; Aboim
et al., 2019; Huang et al., 2023). Considered
crucial markers of river health, phytoplankton
composition, population size, and variety reveal
a lot about water quality (Fathan et al., 2020).
Phytoplankton have varying levels of sensitivity
to water contamination, making them an
excellent early warning system for water quality
deterioration. Therefore, phytoplankton are
reliable environmental indicators for assessing
the extent of pollution in different water bodies.
The density of phytoplankton is influenced by
various complex factors, which depend on the
interactions and  relationships  between
physicochemical parameters (Al-Anzy et al.,
2023). The ever-changing nature of water
environmental quality can be fully and promptly
understood by  studying  phytoplankton
community traits (Sabater-Liesa et al., 2018).

River health evaluation systems are now
incorporating biological evaluation indices and
water quality methodologies, which are crucial
for assessing levels of water pollution and
nutrition (Sabater-Liesa et al., 2018; Noon et al.,
2021; Zhang et al., 2021; Qu & Zhou, 2024).
Thus, in order to effectively safeguard the
environment and comprehend the effects of
human activities on water quality and its
variability of spatio-temporal features, aquatic
biology-based water quality assessments are
crucial (Edan & Shargi, 2020).

The Euphrates River is one of the two major
rivers that flow through Irag. Its source is in
Turkey, and it flows through Syria before
entering Irag from the western border. Finally, it
discharges into the Shatt al-Arab. It is considered
one of the longest rivers in West Asia, with forty
percent of its water flowing into Turkey, twenty-
5% into Syria, and 35% into Irag. Unfortunately,

Table 1. Geographic location of study stations
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the most significant problem facing rivers and
streams in Iraq is pollution (Sharqi et al., 2021).
The assessment of the ecological condition or
potential of rivers generally relies on the
evaluation of biological components, including

phytoplankton, phytobenthos (mostly
diatomaceous), macrophytes, zoobenthos, and
ichthyofauna (Dembowska, 2021).

Phytoplankton communities thrive in large,
continuous-flow rivers that have extended water
retention periods. Phytoplankton, as the primary
component of the trophic hierarchy, show the
highest degree of response to changes in the
aquatic environment, making them a very
reliable indicator of water quality (Chidiac et al.,
2023).

Limited studies have been conducted to
assess the water quality of the Euphrates River
using phytoplankton. It is crucial to comprehend
the fluctuations in water quality over time and
location, as well as the primary sources of
influence. This understanding can aid in the
developing effective methods for evaluating
water quality, which is essential for
environmental governance and public health.
This study aimed to assess the water quality of
the Euphrates River through its chemical and
physical parameters, as well as the distribution
of the phytoplankton community, by calculating
pollution indices.

MATERIALS AND METHODS
Location of Study

The study was carried out in Ramadi, Anbar,
Iraq. Three stations were chosen along the
Euphrates River: the first station is situated at the
eastern entrance to Ramadi, the second is in the
city centre, and the third station is directly before
the Al-Warar Canal Dam. Further details about
the stations are included in Table 1 and Figure 1.

Stations Latitude (Northwards) Longitude (Eastwards)
1 43°15'52" 25°26'23"
2 43°17' 53" 27°26' 33"
3 43°19' 05" 36° 26' 33"
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Figure 1. Sampling stations in the Euphrates River, Anbar, Iraq

Sample Collection
Physical and chemical parameters

Water samples were collected from the
Euphrates River once a month during the period
from July — October 2023 during the morning
hours from 8:00 a.m. — 10:00 a.m. Water samples
were collected in polypropylene bottles to
measure turbidity and nutrients. Other water
samples were collected in dark bottles for
biochemical  oxygen demand (BOD),
immediately fixed with Winkler's reagent, and
estimated in the lab using titration. A multi-
sensor device (WTW 340i/set, Germany) was
utilized for on-station measurement of water
parameters, including temperature in Celsius,
electrical conductivity (EC), pH, and dissolved
oxygen (DO) concentration. Samples were
analyzed in the lab using a spectrophotometer
(PG T80*, England). Turbidity was measured by
the nephelometric method using a HACH 2100P
Portable turbidimeter, USEPA 180.1, EU.
Analysis of essential nutrient parameters (nitrite,
nitrate, ammonia, and phosphate) was performed
in accordance with Standard Methods for the
Examination of Water and Wastewater, 24th
Edition (Lipps et al., 2023). Each parameter was
measured three times to ensure accuracy and
consistency. The Water Quality Index (WQI)
was calculated using Eq. (1) according to the

National Sanitation Foundation Water Quality
Index (NSF-WQI) method, and the water quality
was determined based on the classification given
in Chidiac et al. (2023) as shown in Table 2.

NSFWQI = Y™, Qi Wi Eq.(1)

Where NSF-WQI is the score of the water
quality index; Qi is the sub-index value of the
water quality parameter; Wi is the weighted
score; and n is the number of water quality
parameters.

Phytoplankton Sampling and Identification

Phytoplankton samples were gathered from a
depth of 1 m using a standard Towing-Henson
plankton net (mouth diameter 0.35 nm)
constructed of threaded nylon fabric (mesh size
25 um). The obtained phytoplankton biomass
was immediately transferred to 100 ml sample
tubes containing 5% neutralized formalin for
microscopic examination. Taxonomic
identification was done using a compound light
microscope at 1000X magnification and taken
with a Nikon 90i Eclipse trinocular microscope.

A sample of 1 ml was collected and
transferred into the counting chamber of the
Sedgwick Rafter in order to conduct a
guantitative  analysis  of  phytoplankton
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communities. Once the substance had
accumulated for a period of time, it was tallied.
Each group was tallied a minimum of five times.
Averaging was performed on the values. A
calculation was performed to determine the
overall count of phytoplankton in a 1 L water
sample (Al-Obeidi & Al-Tamimi, 2024). The
identification of phytoplankton species was
conducted by consulting established guides and
textbooks (Van Vuuren, 2006; Bellinger &
Sigee, 2015). Water quality characteristics (low
or high organic pollution) were evaluated using
the pollution index developed by Palmer (1969)

Table 2. Water quality and pollution indices classification
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who created a list of 60 genera and 80 species of
algae that are tolerant of organic pollution. He
developed the Palmer algae genus index to
assess the organic pollution of water bodies. This
index is still used today and is calculated using a
table listing the 20 algae genera that are most
tolerant of organic pollution, each of which is
assigned a number based on its relative
tolerance. The total score obtained from the
numbers assigned to each genus at each
sampling station is used to assess organic
pollution according to the classification given in
Table 2.

NSF WQI Palmer Index

Index score Quality Status Index score Quality Status

0-25 Very Bad <10 Very light organic pollution
26-50 Bad 10to 15 Light organic pollution
51-70 Moderate 15t0 20 Moderate organic pollution
71-90 Good > 20 High organic pollution
91-100 Very Good

Statistical Analysis

Statistical analysis was performed using SPSS
version 23. All data were expressed as mean and
standard deviation. Analysis of variance
(ANOVA) was used to examine multivariate
spatial and  temporal  differences in
physicochemical parameters and phytoplankton
data. Tukey's test was used for post-hoc multiple
comparisons between means of variables.
Significance was attributed to values at p < 0.05.

RESULTS AND DISCUSSION
Physical and Chemical Parameters

Data from measurements of physicochemical
parameters of temperature, pH, conductivity,
turbidity, dissolved oxygen, BOD, and nutrients
in the Euphrates at different sites are presented
in Table 3. The highest temperature at Site 1 was
recorded in August at 29 °C, while Site 2
recorded the highest temperature in July at 28
°C. The highest water temperature for site 3 was
recorded in July at 29 °C. Water temperature
changes depending on the change in air
temperature (Saod et al., 2019). As for the pH
values, the highest value recorded in October
was in Stations 1 and 3 (7.8), while it increased

slightly in Station 2 and reached 7.9 for the same
month. The lowest pH value was recorded in
Station 1 and Station 2 at 7.3 for August and
July, while it decreased slightly in Station 3 to
reach 7.2 for the month as a result of the scarcity
of water from the Euphrates River in the summer
season.

The Euphrates River’s water is alkaline
because of its highest carbonate and bicarbonate
contents. The maximum values of electric
conductivity noted in July were 1060, 1068, and
1071 pS/cm respectively. The lowest ones were
recorded in September reaching 627 uS/cm. This
is caused by the fact that river levels during rainy
months are lower than their normal levels which
makes the wet months have a smaller
conductivity value. On the other hand, resistivity
values are generally higher for the arid period
and this can be related to the phenomenon of
lower water levels, which are intensified by the
higher temperature and the inflow of salt from
human activities (Hussein et al., 2023).
Regarding DO value, the highest value of DO
was reported in October reaching up to 13 mg/L
in station 2, whereas 12 and 13 mg/L in stations
1 and 3. The lowest value was 8 mg/L for July in
stations 1 and 3 whereas 9 mg/L in station 2.
Therefore, the Euphrates River water is well-
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aerated (Muhammad & Ali, 2013; Hanjaniamin
et al., 2022). Furthermore, the highest value of
BOD was 2 mg/L at stations 1 and 2 for October,
while the highest was 1.9 in station 3 for July and
October, but the lowest value was 1.2 and 1.4
mg/L in August and September, respectively.
Based on these results, the Euphrates River
water can be classified as clean water. The
results of this study are consistent with the
results indicated by (Khlaif & Al-Hassany,
2023). The highest total hardness (TH) value
was recorded in July for all study stations and
amounted to 353, 358, and 356 mg/L,
respectively, while the lowest value was
recorded in October in Stations 1 and 2, where it
reached 226 mg/L, while Station 3 recorded It
rose to 253 mg/L. Based on the findings of the
present investigation of total hardness values, the
Euphrates River is classified as having medium
hardness (Khudair, 2023). As for calcium ions,
the highest value for this element was recorded
in July in all study stations and was 124, 129, and
128 mgl/L, respectively, while the lowest value
recorded in October and in all stations was 50,
52, and 56 mg/L, respectively.

High calcium values during dry seasons may
be caused by lower water levels at higher
temperatures (Dey et al., 2021). As for
magnesium (Mg), the highest value obtained was
in August at all study stations; as it reached 49
mg/L for Stations (1 and 2) while Station (3)
recorded a value of about 48 mg/L where
October had the lowest values. It can occur in 24,
28, and 25 mg/L for all study stations to exist
high Mg values of dry season may be caused by
river water heat up accompanied by low river
water levels (Wiranegara et al., 2023), or the
river may enter and pass-through agricultural
land and precipitate, or it may be due to the
decomposition of algae or other living organisms
and their return to the river water (Han et al.,
2022). The greater influence of the calcium
concentration over Mg values can be explained
by sewage and irrigation wastewater that is
poured into the river saturated with sulphate,
resulting in magnesium precipitation as MgSOa4
(Potasznik et al., 2015). The highest value of
total dissolved solids in water was recorded
during July for all study stations and amounted
to 562,569 and 560 mg/L, respectively, while the
lowest value was recorded during October for all
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study stations and was 331, 326, and 322 mg/L,
respectively. The values recorded for TDS in the
present study are within the permissible limits
(Al-Heety et al., 2011). The highest total
alkalinity (TA) value was recorded in August,
and for all study cases, it was 188, 185, and 180
mg/L of CaCOs, respectively, while the lowest
value was recorded during October and for all
states of the study and was 115, 116, and 113
mg/L of CaCOs, respectively. Higher TA values
in the dry season may be attributed to lower
phytoplankton densities, leading to lower
carbonate and bicarbonate consumption from
water (Rao & Rao, 2016).

The highest value recorded for the chloride
ion (Cl) was at Station 1 of 168 mg/L
during July, while the lowest value was recorded
at Station 3 of 72 mg/L during September. The
values recorded for Cl in the current study are
within permissible limits (Saod et al., 2019). In
terms of sulfate values, the highest concentration
was recorded at Station 3 during July, reaching
296 mg/L. On the other hand, the lowest
concentration was recorded during October in
the same location, reaching 164 mg/L. The high
concentration of sulfates in the water is due to
the decrease in water levels and the influence of
agricultural lands adjacent to the Euphrates
River (Jalal et al., 2023). The phosphate PO4
values monitored at Station 3 reached 0.31 mg/L
in October, while the lowest value was at Station
2 and was 0.1 mg/L during August. The high
phosphate values in the wet season may be
attributed to the rains, which wash away (PO.)
from agricultural lands laden with phosphate
fertilizers into the river water (Mekawey et al.,
2023). In the nitrate (NOs3), the highest value was
recorded at Station 1, which was 4.2 mg/L in
August; the lowest value was recorded at Station
1; it was 1.4 mg/L in October; the high NOs;
values during the dry season may be due to the
effect of the river on sewage water and
agricultural land water (Li et al., 2023); and
finally, the highest rate of turbidity (Tur.) was in
the share of Station 1, and it was 18 NTU during
September, while the lowest value for it was in
Station 3, and it amounted to 6 NTU in October.
The high turbidity values at Station 1 are due to
the turbulence of the water, as it is located near
the Ramadi Dam.



Mohammed et al. 2024

Water Quality of Euphrates River

Table 3. Physicochemical parameters in the modeling stations of Euphrates River — Ramadi

Parameters Station 1 Station 2 Station 3 p value
Temp. (°C) 26.5+4.04 25.25+3.30 26.25+3.10 0.800
pH 7.5+0.26 7.55+0.24 7.575+0.32 0.944
EC. (us/cm) 810+202.98 804.75+199.95 810.25+210.64 0.989
DO (mg/L) 9.5+1.29 11+0.82 10.75+1.71 0.039
BOD (mg/L) 1.675+0.26 1.375+0.48 1.525+0.36 0.044
T.H. (mg/L) 310.75+45.98 305.5+£59.44 304.5+57.69 0.598
Ca (mg/L) 91.25+32.26 89.75+28.62 91+30.17 0.986
Mg (mg/L) 39+10.49 37.75£12.66 38.75+.88 0.690
T.D.S (mg/L) 425+102.30 428.25+99.69 429+104.89 0.998
AIK (mg/L) 148.75+33.75 154.25+34.94 152+33.67 0.489
Cl (mg/L) 106+37.17 111+42.97 108.5+0.29 0.052
SO4 (mg/L) 225.25+61.05 225.75+58.35 225.75+61.14 0.999
PO, (mg/L) 0.2575+0.12 0.325+0.13 0.25+0.13 0.025
NOs (mg/L) 2.625+0.99 2.875+1.26 0+0 0.019
Turb. (mg/L) 11.5+3.87 13.75+3.77 0+0 0.001
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Phytoplankton Diversity

Table 4 shows the classification and density of
phytoplankton for all the studied stations during
the study period. Regarding the algal classes that
were diagnosed, they were connected to many
algal classes and genera. In Station 1, green
algae were dominated Chlorophyceae with 45
genera, then Cyanophyceae with 17 genera, and
so was Euglenophyceae. The Euglenophyceae,
diagnosed with four genera, is considered
evidence of organic pollution, and its absence
indicates clean river water (Khudair, 2023). The
Dinophyceae, with  three genera, the
Bacillariophyceae centrals, with six genera, and
the pennales, with twenty genera, followed.
Finally, the Crysophyceae, identified as a single
genus, was found. As for Station 2, the
Bacillariophyceae (pennales) were diagnosed
with 44 genera and the Bacillartophyceae
(certrales) with 6 genera, as well as the sentesns,
and almost 11 sub-species were recorded. As for
Station 3, the dominance was for the
Chlorophyceae with 24 genera, then the
Cyanophaceae with 17 genera, then the
Euglenophyceae with 5 genera, the Dinophyceae
with 2 genera, and finally the golden algae
(Crysophyceae) with one genus.

The greater percentage of green algae density
(52%) over blue-green algae (8%) confirms that
the Euphrates River water in the current study
stations is fresh and moderately polluted water
(Khaleefa & Kamel, 2021). The highest total
number of phytoplankton cells was recorded in
Station 1 with limits of 1.272 x 107 cell/ml

(Table 4), which may be attributed to the station
not being affected by human activities (Yousif et
al., 2024), while lower numbers were recorded
in Station 2 and 3.

NSF-WQI and Palmer’s Index

According to the NSF-WQI (Figure 2), most of
the stations recorded values during the months of
the study that exceeded 60. Therefore, the
Euphrates River water in the current study area
is considered to be of medium quality despite
recording values that exceeded 20 according to
Palmer's Pollution Index (Figure 3). This result
indicates that the water in the studied area has
high organic pollution, which may be due to the
large numbers of species recorded in the study
stations, which have a high classification
according to the table prepared by this guide,
Euglena and Oscillatoria (Al-Kanani & Al-Essa,
2018; Khalaf & Sharqi, 2023).

A group of blue-green algae and euglenoids,
indicative of the eutrophication water condition,
were classified as Ocsillatoria limosa, O. tenuis,
Euglena acus, and E. gracilis. While the species
of daitoms were classified for the condition of
the eutrophication water, which is as follows:
Cocconeis placentula, Cyclotella meneghiniana,
Diatoma vulgare, and Hantzschia amphioxys,
this confirms that the water in the Euphrates
River at the current study stations suffers from
high organic pollution. This result is consistent
with the study conducted by Tamaki and Obedi
(2023).
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Table 4. Classification and density of phytoplankton (cell/ml) in during the study period
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Taxa Station 1 Station 2 Station 3
Cyanophyceae

Anabaena aequalis ++ ++ +
Anabaena wisconsinensis ++ - +
Chroococcus disperses ++ ++ +
C. turgidus + + +
Gomphosphaeria aponima + + +
Merlsmopedia aponglauca ++ ++ +
M. punctata + - ++
Nostoc linckia + + +
Oscillatoria amoena + + +
0. angusta Koppe + + +
O. limosa Roth + + +
O. tenuis + ++ +
O. nigra + ++ +
O. sancta + + +
Rhabdoderm sigmoidea + + +
R. linuaris ++ - +
Spirulina laxa ++ ++ +
Euglenophyceae

Euglena proxima + + +
E. convolute + + +
E. acus + - +
E. gracilis + + +
Crysophyceae

Mallomouas caudate +++ ++ +
Dinophyceae

Peridinium cinctum +++ +++ +
P. cinctum ++ ++ +
P. puillum ++ ++ +
Chlorophyceae

Chlorella vulgaris +++ T+ +
Closterium lanceolatum ++ ++ ++
C. setaceum +4+4+ 4+ ++
Cosmarium bioculatum +++ +++ +
C. botrytis +++ T+ +
C. depressum ++ - +
C. granatum +++ +++ +
C. quadrifarium ++ ++ +
C. subtumidum +++ +++ +
C. subcrenatum +++ +++ ++
Crucigenia rectangularis +++ +++ +
Dictyosphaerium pulchellum + ++ +
D. ehrenbergianum +++ - +
Golenkinia paucipina +++ - +
G. radiata +H+ . ++
Kirchneriella obesa +++ +++ ++
Lagerheimia citriformis ++ ++ +
L. subsala +++ 4+ ot
Microspora ++ -+ ++
M. floccose ++ ++ +
Mougeotia elegantula + + +
Oedogonium cardicum ++ ++ +
O. gallicum + + +
O. gigas + - +
O. elliptica ++ + ++
O. eremosphaeria ++ ++ ++
O. plusiosporum + + +
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Table 4 (continued).

O. undulatum
Pediastrum boryanum
P.simplex meyen

P. simplex
Scenedesmus aburdanus
S. aburdanus

S. armatus

S. arcuatus

S. quadricarda
Spirogyera collinsii

S. subsalsa
Staurastrum anatinum
S. polymorphum

S. punctulatum

S. tetracerum
Ulothrix subilissiuma

Bacillaptophyceae - Centrates

Aulacoseira granulate
A. italic

A. varians

Cyclotella meneghiniana
C. ocellata
Stephanodiscus astera

Bacillaptophyceae- Pennales

Amphora venta
Asterionella bleakeleyi
Bacillaria paxillifer
Cocconeis pediculs

C. placentula
Cymbella affinis
Cymatopleura solea
C. tumida

Diploneis psudovalis
D. smuthii

Diatoma vulgare
Fragllaria covotonursis
F. pulchella
Gomphonema gracile
G. olivaceum
Hantzschia amphioxys
Mastogloia brauni

M. elliptica

M. smithi

M. smithi

Navicula anglica

N. laterostarata

N. parva

N.salinarum

N. subrhyncocephata
Nitzschia acicularia
N. amphibia

N. dissipata

N. fasciculate

N. elongatula
N.obtusa

N. palea

Pleurosigma angulatum
P. elongatum
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Table 4 (continued).
Rhapalodia gibba + + +
Rhaicosphenia abbreviate + + +
Synedra fasciculate ++ ++ +
S. pulchella + + +
S. ulna + + +
Surirella ovalis + + +
Tryblionella hungarica + + +
T. levidensis + + +
T. littralis + + +
Total count 1272 927 510
+ (< 5 cell/ml), ++ (5- 10 cell/ ml), +++(> 10 cell/ ml)
80 -
mS1 =S2 =S3
70 |

NSF-WQI score
2 g & 2 2

[
=]

July
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Months

Figure 2. The values of the NSF-WQI in the study stations
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Figure 3. Spatial and temporal variations of Palmer pollution index in the Euphrates River
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CONCLUSION

Many rivers around the world suffer from
pollution problems. Therefore, the current study
focused on evaluating the quality of Euphrates
River water using chemical, physical, and
biological criteria in the presence of
phytoplankton. A spatial and temporal
comparison was made for three stations in the
Euphrates River in Ramadi city. The comparison
was based on physical, chemical, and biological
variables. The current study showed a variation
in physical and chemical tests at all stations and
in different months, and a large biological
diversity was observed in algae categories and at
all study stations. The Euphrates River water in
the current study area is considered medium
quality and has high organic pollution. We
recommend conducting a comprehensive
assessment of the Euphrates River in Irag and the
need to address its pollution problems, especially
organic pollution.
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ABSTRACT

Puffer fish oil extracted from Xenopterus naritus represents a beneficial source of bioactive compounds with
health-promoting properties. Despite the known benefits of puffer fish oil, there is a lack of detailed information
on its fatty acid composition. This study aimed to fill this gap by investigating the fatty acid profiles of puffer fish
oil extracted from the liver and muscle tissues. The oil was extracted using the solvent Bligh & Dyer method, and
the samples were derivatized into fatty acid methyl esters (FAME) before being analyzed via Shimadzu QP2010
Plus gas chromatography-mass spectrometry (GC-MS). This analysis highlighted the prevalence of omega-3 fatty
acids, particularly Docosahexaenoic acid (DHA) (8.28 + 0.08% in liver, 6.15 + 0.33% in muscle oil) and
Eicosapentaenoic acid (EPA) (3.29 £ 0.12% in liver and 2.16 + 0.06% in muscle oil), along with the abundance of
omega-6 and omega-9 fatty acids, including arachidonic and oleic acid. Additionally, the antimicrobial properties
of these fish oils were assessed against Gram-negative and Gram-positive bacteria using the Minimum Inhibitory
Concentration (MIC) method, revealing promising inhibitory effects, with liver oil demonstrating greater efficacy.
These findings suggest that puffer fish oil is rich in beneficial fatty acids and possesses antimicrobial properties
that could find applications in food preservation, medicine, and agriculture, thereby offering a fresh perspective
on the functional and nutritional value of Xenopterus naritus.
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INTRODUCTION

Omega-3 fatty acids are abundant in fish oil,
which is well known for its many health
advantages. Fish consumption offers numerous
health benefits, including protection against
atherosclerotic lesions, liver diseases, and
cholestasis. These benefits are due to the
presence of fish oil, peptides, hydrolysates,
essential vitamins, and various fatty acids (Chen
et al., 2022). Additionally, fish consumption and
omega-3 supplementation have been shown to
reduce inflammation and improve outcomes in
cognitive health, muscle mass decline, cancer
treatment, and critical illness (Troesch et al.,
2020). Omega-3 and omega-6 fatty acids that
obtained from both terrestrial and marine
sources provide protection against diseases like
osteoarthritis, cancer, and  autoimmune
disorders, and contribute to various cellular
activities including cell signaling, structural

integrity, and regulation of blood pressure and
glucose levels (Abbott et al., 2020).
Furthermore, EPA and DHA are omega-3 fatty
acids which are rich in fish oil, and have been
linked to improved brain structure and function,
reduced mortality, lower risk of ischemic stroke,
and better cognitive health (von Schacky, 2021).
The quality of fish oil can be improved through
the sustainable recovery of omega-3 fatty acids
from fish waste, which enhances its nutritional
value and environmental sustainability (Alfio et
al., 2021).

Fish oil, rich in polyunsaturated fatty acids
(PUFA), has remarkable antibacterial properties
(Noutsa et al., 2022). These PUFAs disrupt
bacterial communication, ATP production, and
membrane properties, making them potent
antimicrobial agents (Kannan et al., 2021).
Moreover, they have the potential to hinder
bacterial colonization and the expression of
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virulence factors. Recent research has
highlighted specific omega-3 polyunsaturated
fatty acids (-3 PUFAs), such as
docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA), for their
significant antimicrobial activity against various
bacterial strains, including multi-drug resistant
strains isolated from patients with periprosthetic
joint infections (PJI) (Coraca-Huber et al.,
2021). These omega-3 PUFAs have been shown
to disrupt bacterial communication, ATP
production, and membrane properties, rendering
them potent antimicrobial agents. Additionally,
they possess the ability to hinder bacterial
colonization and the expression of virulence
factors, which are crucial for infection
establishment. This underscores the importance
of exploring marine species, such as fish, as
valuable sources of these potent antibacterial
compounds (Inguglia et al., 2020).

Xenopterus naritus belongs to the family
Tetraodontidae and is a marine fish that can
inhabit  both  saltwater and freshwater
environments, including Malaysian waters
(Mohd Nor Azman et al., 2014). In Malaysia,
puffer fish including species such as
Lagocephalus lunaris, L. sceleratus and L.
spadiceus are caught and become a local
delicacy (Mohd Nor Azman et al., 2014).
Among these, X. naritus stands out as a
migratory species inhabiting the South China
Sea's coastline waters off Sarawak (Ahmad
Nasir et al., 2017). In Sarawak, X. naritus also
known as rebellious “Buntal Kuning” or yellow
pufferfish, is celebrated as a culinary delight
(Mohd Nor Azman et al., 2014). The Yellow
puffer fish exhibits a torpedo-shaped body with
striking yellow or golden coloration, particularly
on its lower body portion. These migratory fish
return to rivers for spawning with juveniles
found in coastal waters during the non-spawning
season (Mohd Nor Azman & Wan Norhana,
2013).

However, puffer fish widely recognized for
its toxicity attributed to the presence of
tetrodotoxin (TTX) leading to lack essential
nutritional information specifically regarding the
fatty acid profile of X. naritus. This study aims
to address the lack of knowledge regarding the
nutritional  value of X. naritus by
comprehensively analyzing its fatty acid
composition from liver and muscle tissues. The
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findings highlight the significant presence of
omega-3 fatty acids (DHA and EPA) alongside
omega-6 and omega-9 fatty acids, emphasizing
the potential nutritional benefits for human
health. Additionally, this research promotes X.
naritus fish oils as a promising supplement with
antimicrobial properties against gram-positive
and gram-negative bacteria, aiming to contribute
to informed consumption and utilization of this
species.

MATERIALS AND METHODS

Collection of Puffer Fish Samples and
Extraction of Fish Oils

Puffer fish specimens (Figure 1) were purchased
from Kubah Ria wet fish markets in Kuching,
Sarawak. The fish were selected for their
marketable size with an average weight of
between 1 and 1.2 kilograms each. The fish
samples were carefully brought to the lab and
kept there at -20 °C. The fish samples were
prepared to separate liver and muscle tissue. The
liver and muscle tissue, each weighing 100
grams were then brought together separately.
According to Iverson et al. (2001), oil extraction
from the pooled samples was done using the
procedure outlined in the method of Bligh and
Dyer (1959). The solvent mixture consisted of
chloroform, methanol, and water in a 1:2:1 ratio
(v/iviv). The homogenized samples were
centrifuged at 3000 rpm for 10 minutes to
separate the chloroform phase, which contained
the fish oil. The chloroform phase was collected
and subjected to solvent evaporation using a
rotary evaporator to remove the chloroform. The
concentrated fish oils were then blown with
nitrogen gas to create an inert atmosphere and
prevent oxidation. The oil refining process was
following Nazir et al. (2017) with minor
adjustments that involved three stages:
degumming, neutralization, and bleaching. For
degumming, the oil was heated and stirred at 70
°C, then centrifuged with hot water to separate
oil, gum, and water layers, repeating until neutral
pH was achieved. In neutralization, the
degummed oil was heated and stirred at 80 °C,
treated with a 20% KOH solution, and
centrifuged to obtain oil, soap stock, and water
layers, repeating until neutral pH. Finally, in
bleaching, the neutralized oil was heated (80 —
100 °C), stirred with 1% activated charcoal,
filtered, completing the process.



Mohamad et al. 2024

Fatty Acid Composition and Antibacterial Activities of Puffer Fish 33

Figure 1. Yellow Puffer Fish, Xenopterus naritus

Fatty Acids Profiling in Xenopterus naritus by
GC/MS Analysis

The extracted fish oil was derivatized following
the procedure by Ichihara et al. (1996) with
minor changes. In a centrifuge tube, a 20 mg oil
sample was dissolved in 2 ml of n-heptane. The
tube was then filled with 4 ml of 2 M methanolic
potassium hydroxide, which was vortexed for 2
minutes at room temperature before being
centrifuged for 10 minutes at 4000 rpm. After
centrifugation and standing for 10 minutes, a
clear solution of fatty acid methyl ester (FAME)
separated on the cloudy aqueous layer. The top
FAME layer, dissolved in n-heptane, was
collected and analyzed directly using a
Shimadzu gas chromatograph (GC-MS), model
QP2010plus. The methylated oil samples were
injected directly into the GC-MS column. The
column used was a DB5 column measuring 30 m
X 0.25 mm x 250 pm with an autosampler. The
test was started at 50 °C for 10 minutes, followed
by a temperature increase to 350 °C at a rate of
4.5 °C/min to maintain final temperature for 10
minutes. The carrier gas was helium flowing at a
rate of 1.0 ml/min. The retention times were
compared to an external standard solution
composed of a mixture of 37 FAME
components, known as FAME 37, to determine
the peaks.

Minimum Inhibitory Concentration (MIC)
evaluation

According to the procedure outlined by Simplice
et al. (2018), the antibacterial effectiveness of
fish oil was evaluated using a broth

microdilution technique in 96-well microtitre
plates. Inoculum preparation was performed
using the broth culture method, in which
bacterial colonies were transferred to Mueller-
Hinton broth (MHB) using a loop and then
incubated at 35 — 37 °C for 24 h. To obtain
turbidity corresponding to a McFarland standard
of 0.5, the culture was adjusted with MHB.
Turbidity adjustment was assessed
photometrically at 625 nm (UV-VIS
spectrophotometer, UV-1900i, SHIMADZU) in
the desired absorbance range of 0.08 — 0.10
using EUCAST guidelines (2003). The fish oil
stock solution was prepared by dissolving the oil
in a 5% Tween 20 solution. This stock solution
was then serially diluted to achieve
concentrations ranging from 7.8 to 500 mg/ml,
with each well containing a total volume of 100
ul. Each well was then filled with 100 ul of
bacterial inoculum. The growth was then
observed on the microtitre plates using P-
iodotetrazolium chloride (INT; 0.2 mg/ml) and
incubated at 35 °C for 18 hours.
lodonitrotetrazolium, a yellow dye, became pink
in response to the living bacteria. The MIC was
determined as the lowest oil concentration at
which no obvious color change was observed.
As a positive control, chloramphenicol was
utilized at doses ranging from 3.9 to 250 g/ml.

RESULTS
Puffer Fish Oils Characterization
By using GC/MS, the fish oil fatty acid profiles

(Figure 2) that were extracted from the liver and
muscle of X. naritus were qualitatively
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described. The analysis shows in Table 1
determines differences in the composition of
saturated fatty acids (SFAs) and unsaturated
fatty acids (UFASs) between liver and muscle
tissues. In the liver, SFAs comprised 38.91% of
the total fatty acids while UFAs made up
61.09%. This indicates a higher prevalence of
UFAs in liver tissue. Conversely, muscle tissue
showed a lower proportion of SFAs at 32.19%
and a higher proportion of UFAs at 67.81%
suggesting a greater abundance of UFAs in
muscle tissue.

The study identified key fatty acids that were
the primary contributors to each category in both
liver and muscle tissues. Palmitic acid (C16:0)
emerged as the most predominant SFA in both
liver and muscle tissues which underscoring its
significance in the fatty acid composition of
these tissues. Oleic acid (C18:1n-9) was
recognized as the primary monounsaturated fatty
acid (MUFA) in both liver and muscle tissues
highlighting its prominent role in these tissues.
Docosahexaenoic acid or DHA (C22:6n-3) stood
out as the dominant polyunsaturated fatty acid
(PUFA) in both liver and muscle tissues.

In addition, liver tissue exhibited a higher
concentration of specific MUFAs including
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Vaccenic acid, Cis-10-heptadecenoic acid,
Eruric acid and Gondoic acid as compared to
muscle tissue. Conversely, liver tissue displayed
a greater abundance of certain PUFAs, such as
Adrenic acid, Arachidonic acid,
Eicosapentaenoic acid and Docosapentaenoic
acid when contrasted with muscle tissue.

Although the current study did not analysed
toxicity, previous research has detected
tetrodotoxin (TTX) in both muscle and liver
tissues of X. naritus, with variations depending
on individual specimens, seasons, and tissues
(Mohd Nor Azman et al., 2014). For instance,
samples from Betong, Sarawak, showed TTX
levels of 17.8 pg/g in liver tissue and 11.1 pg/g
in muscle tissue (Mohd Nor Azman et al., 2014).
These concentrations are considered weakly
toxic (Noguchi et al., 2006) but still exceed the
Japanese safety limit for human consumption
(>2 pg/g), as Malaysia does not have specific
regulations for TTX. Nevertheless, with proper
preparation, the fish can be made safe to eat.

Overall, liver tissue contains a higher
percentage of SFAs, while muscle tissue has a
higher percentage of UFAs. Palmitic acid, oleic
acid, and docosahexaenoic acid play pivotal
roles as major constituents in these tissues.

Table 1. Fatty acid profile of Xenopterus naritus in liver and muscle oil

Relative % + D.S

Name IUPAC -
Liver Muscle

Myristic acid C14:0 2.1+0.07 2.46 +0.06
Pentadecanoic acid C15:0 1.53+0.38 2.29 +0.06
Palmitic acid C16:0 17.37+0.28 15.67 £ 0.51
Heptadecanoic acid C17:0 2.86 +0.06 2.73+0.05
Stearic acid C18:0 9.62 +0.27 6.87 + 0.53
Heneicosanoic acid C21:.0 2.24 +0.09 2.17+0.14
Tricosanoic acid C23:.0 1.92 +£0.29 0+0
Lignoceric acid C24.0 0.26 £ 0.05 00
Palmitoleic acid C16:1n-7 8.53+0.28 9.19+0.22
Cis-10-heptadecenoic acid C17:1n-7 0.53+0.22 2.62 £0.45
Vaccenic acid C18:1n-7 0.95+0.09 2.08+£0.43
Oleic acid C18:1n-9 15.2+£0.19 20.05 +0.39
Paullinic acid C20:1n-7 0.86 £0.11 0+0
Gondoic acid C20:1n-9 1.35+0.44 5.05+0.91
Eruric acid C22:1n-9 0.79+0.34 3.25+0.64
Linoleic acid C18:2n-6 246 +0.34 2.27 +£0.07
Arachidonic acid C20:4n-6 3.25+0.47 2.02+0.44
Adrenic acid C22:4n-6 7.57 +0.43 5.97 +£0.13
Docosapentaenoic acid C22:5n-6 29+0.35 1.91+0.02
Eicosapentaenoic acid C20:5n-3 3.29+0.12 2.16 + 0.06
Docosapentaenoic acid C22:5n-3 5.84+0.25 4.93+0.14
Docosahexaenoic acid C22..6n-3 8.28 £ 0.08 6.15+0.33
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Figure 2. GC-MS Chromatogram of (A) standard solution containing 37 FAMEs, (B) fatty acid profiles in X.
naritus liver oil, and (C) muscle oil by Bligh & Dyer method
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Antibacterial Activity of the X. naritus Fish
Oils

The study assessed the antimicrobial
effectiveness of oils extracted from both the liver
and muscle tissue of puffer fish. In order to
undertake this study, the MIC values against
Gram-positive and Gram-negative reference
strains of bacteria were evaluated. Table 2
provides an overview of the findings to present
the antimicrobial activity of these fish oils. The
liver oil displayed superior antimicrobial activity
against several  Gram-positive  bacteria,
including S. aureus, B. cereus, and S.
saprophyticus with MIC values of 125 mg/ml as
compared to the muscle oil with higher MICs
(250-500% v/v). On the other hand, liver oil
demonstrated increased potency against Gram-
negative bacteria with K. pneumonia (MIC 62.5
mg/ml), while both oils were equally effective
against E. coli and E. cloacae (MIC 125 mg/ml).

DISCUSSION

Due to its toxicity, puffer fish is always regarded
as trash fish by trawlers. The huge mass of
caught puffer fish may be a significant source of
bioactive chemicals for supplementation in diet.
X. naritus is a good protein resources and can be
taken into account for human diet (Mohd Nor
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Azman et al, 2015) PUFAs is another
significant source of high quality bioactive
molecules that can be extracted from puffer fish
oil.

The male X. naritus can represent up to 22.5
cm in total length and 274.05 g in body weight,
while female X. naritus can up to 33.9 cm in total
length and 711.00 g in body weight (Mohd Nor
Azman & Wan Norhana, 2013).

This study has confirmed that PUFAs are
present in the oil extracted from the X. naritus
liver and muscle tissues and have demonstrated
how these PUFAs are characterize by the
presence of omega-3 fatty acids (Table 2). The
most abundant omega-3 found in the fish oil was
the DHA, which represent 8.28+0.08% in liver
oil and 6.15+0.33% in muscle oil. Besides EPA
represent 3.29+0.12% in liver and 2.16+0.06%
in muscle also have health beneficial. The DHA
and EPA is really important in the human diet
such as proper fetal and infant development
(Carver et al.,2001; Ramakrishnan et al., 2010),
cardiovascular function (Kromhout et al., 2010;
Bernasconi et al., 2021), Alzheimer’s disease
(Quinn et al., 2010), immune response (Krauss-
Etschmann et al., 2008), cognitive function
(Titova et al., 2013) eye health (Cortina &
Bazan, 2011) and prebiotics (Fu et al., 2021).

Table 2. MIC of Xenopterus naritus from liver and muscle oil against gram-positive and gram-negative strains

MIC (mg/ml)

Bacteria strains Liver Muscle
.. S. aureus 125 250
Gram-positive B. cereus 125 500
S. saprophyticus 125 500
Gram-negative E. coli 125 250
K. pneumonia 62.5 500
E. clocae 125 250

The omega-6 linoleic acids are also the major
precursor of the eicosanoids, including
thromboxane, prostaglandins, prostacyclin,
anandamides, and leukotrienes which regulate a
wide range of physiological processes (Innes &
Calder, 2018). Arachidonic acid (ARA) is a
crucial component of cell structure and is
required for growth and development as well as
in the event of severe or pervasive cell injury
(Tallima & Ridi, 2018). The liver (15.20 £ 19%)

and muscles (20.050 + 39%) contained the
highest concentrations of omega-9 oleic acid.
This molecule is MUFA has shown to exert
many biological function. Incorporating oleic
acid into diets could be a valuable strategy in the
context of high-lipid dietary trends with
potential benefits for growth performance, feed
utilization and overall health (Martins et al.,
2023).
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Fatty acids play a significant role in the fight
against microbial infections. Fatty acids may
exert their antimicrobial effects by altering the
hydrophobicity, charge, and integrity of cell
membranes, which causes electron leakage and
subsequent cell death (Inguglia et al., 2020). A
number of microorganisms have been shown to
be resistant to omega-6, -7, and -9 fatty acids,
such as arachidonic, linoleic, oleic, and
palmitoleic acid, as well as their methyl esters
and ethyl esters (Huang et al., 2010). A number
of microorganisms have been shown to be
resistant to omega-6, -7, and -9 fatty acids, such
as arachidonic, linoleic, oleic, and palmitoleic
acid, as well as their methyl esters and ethyl
esters (Huang et al., 2010). Fatty acids are
appealing for a variety of applications in
medicine, agriculture, and food preservation,
especially where convents are involved. This is
because of their mechanism of antibacterial
activity involves disruption of the bacterial cell
membrane, interference with the electron
transport chain and oxidative phosphorylation,
impairment of nutrient uptake, inhibition of
enzyme activity, auto-oxidation degradation,
generation of peroxidation products and direct
lysis of bacterial cells (Desbois & Smith, 2010).

In this study, the liver and muscle of puffers
were tested for their antimicrobial abilities
against Gram-positive and Gram-negative
pathogens, and the results revealed a range of
MIC values. Liver oil inhibit the growth of
Gram-positive and Gram-negative bacteria with
concentration at 125 mg/ml except, K.
pneumonia (62.5 mg/ml). On the other hand,
muscle oil inhibits the growth of bacteria with
higher MIC than liver oil. This difference in
effectiveness could be attributed to the fatty acid
compositions of the oils.

Fish oil that contain PUFA inhibits bacterial
growth by disrupting cell ~membrane
hydrophobicity, charge, and integrity, leading to
electron leakage and cell death (Calo et al.,
2015). Fatty acids play a crucial role in
combating  microorganism  infections, as
pathogens produce virulence factors and form
biofilms (Schroeder et al., 2017). Both omega-3
fatty acids, particularly linolenic acid, and
omega-6, -7, -9 fatty acids, including y-linolenic,
linoleic, arachidonic, palmitoleic, and oleic
acids, demonstrate antimicrobial properties
(Chanda et al., 2018). These fatty acids
contribute  to  bacterial death  through
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mechanisms such as cell lysis, enzyme activity
inhibition, and the production of lethal oxidation
products (Desbois & Smith, 2010). Our findings
suggest that fish oil from liver and muscle is
effective  against tested  microorganisms
regardless of the bacterial wall type, with liver
oil showing greater efficacy, possibly due to
differences in fatty acid compositions (Inguglia
et al., 2020). Hence, PUFA specifically accounts
for the antibacterial activity, emphasizing the
importance of preventing PUFA oxidation
(Simplice et al., 2018).

CONCLUSION

This study highlights the nutritional value of
puffer fish oil from X. naritus, countering its
negative reputation due to toxicity concerns. The
fatty acid profile revealed high levels of
beneficial omega-3, omega-6, and omega-9 fatty
acids, important for fetal development,
cardiovascular health, cognitive function, and
immune response. Additionally, the
antimicrobial properties of the oil, particularly
from the liver, showed significant potency
against both Gram-positive and Gram-negative
bacteria. Although this study did not measure
tetrodotoxin (TTX) levels, previous research
indicates weakly toxic TTX concentrations in X.
naritus, exceeding the safe limit for
consumption. However, proper preparation can
make the fish safe to eat. Overall, this study
provides valuable insights into the nutritional
and antimicrobial benefits of puffer fish oil,
while also addressing safety considerations
related to TTX.
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ABSTRACT

Initial efforts to cultivate Holothuria scabra in coastal communities on Malawali faced several challenges. Most
notable were the high mortality rate and slow growth, especially after several harvests. In this study, an attempt
was made to improve cultivation techniques to increase the growth and survival rate of hatchery-produced H.
scabra on Malawali Island. A comparative analysis of growth and survival rates of 50 H. scabra juveniles (8.68
3.88 g [mean + S.D.]) kept in 4 m? (stocking density: 12 ind. m™2) and 16 m? (3 ind. m2) experimental pens with
and without sediment enrichment with Sargassum spp. (enrichment ratio: 3% total biomass) for a period of 6
months was conducted. Several key biophysical parameters were recorded, including total organic matter (TOM)
and chlorophyll-a (Chl-a). The results indicate that lower stocking density and sediment enrichment did not lead
to a higher survival rate of juvenile H. scabra. However, stocking density had a noticeable effect on the growth of
juvenile H. scabra. The average final total biomass of juveniles in enriched and non-enriched pens with low
stocking density was significantly higher (1890.45 g and 1667.65 g, respectively), while juveniles in enriched and
non-enriched pens with high stocking density had the lowest total biomass (889.7 g and 350.15 g, respectively).
While there was no significant difference in TOM content between enriched and non-enriched pens on each
observation day (one-way ANOVA; p > 0.05), the pooled data showed that enriched pens had significantly higher
TOM content. Conversely, the enriched pens have a significantly higher Chl-a concentration than the non-enriched
pens. Conclusively, the research findings indicate that a stocking density of 3 ind. m™2 is a feasible approach to
maximise the biomass of H. scabra in grow-out pens. On Malawali Island, it was also discovered that while a 3%
sediment enrichment alters the properties of the sediment, it is insufficient to sustain H. scabra's ideal development
and survival. This study offers insights into sea cucumber farming in the region but highlights the need for further
research. Future studies should determine optimal sediment enrichment ratios and use larger sample sizes with
sufficient replicates for more conclusive results.
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INTRODUCTION H. whitmaei) on the IUCN Red List (IUCN,
2023).

The sea cucumber has a significant cultural value

in Malaysia. About 80 out of 1200 sea cucumber
species live in the marine and coastal waters of
the country (Kamarudin et al., 2017). These sea
cucumbers are mainly exported to the Chinese
market (Hair et al., 2016; Conand, 2018) and are
highly sought-after for their nutritional and
medicinal properties (Conand, 2006). This has
led to an increase in demand and subsequent
overexploitation, resulting in some species being
classified as vulnerable (Holothuria fuscogilva)
or endangered (H. scabra, H. nobilis, H. lessoni,

Over the past decade, Sabah has emerged as
the major center of sea cucumber production in
Malaysia, with the highest production in the
country, particularly in Tun Mustapha Park
(TMP), Sabah (Chor et al., 2016). Generally, the
sea cucumber farms were constructed near sandy
beaches, mangroves, coral reefs, and seagrass,
such as Sibogo Island, Malawali Island, Tigabu
Island, and Balambangan Island (Lim et al.,
2021). For coastal communities, sea cucumber
farming has become a significant livelihood
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option. Additionally, for many small-scale
fishermen who have traditionally depended on
declining wild fisheries, this sector offers a
substitute source of income. These communities
can lessen their economic vulnerability and
improve food security through sea cucumber
farming (Hair et al., 2019). Furthermore, the
grow-out culture of sea cucumbers, like H.
scabra, is easy and accessible for low-income
households (Juinio-Mefiez et al., 2017).

However, the initial attempts to farm H.
scabra in the coastal regions, particularly in
Malawali Island, Kudat faced numerous
challenges that affected profitability. These
challenges include the high mortality rate and
slow growth of the farmed H. scabra. Farmers
reported that the growth performance of their
cultured H. scabra decreased significantly after
two or three farming cycles. In addition, H.
scabra farming practices in TMP are considered
unsustainable as they rely too heavily on wild
stocks, leading to the loss of marine habitats and
inappropriate management practices.

Several developing countries, such as Fiji,
Maldives, Papua New Guinea, Madagascar,
Philippines, and Indonesia use the traditional sea
ranching method of "place, grow and take"
(Juinio-Mefiez et al., 2012; 2013; Robinson &
Pascal, 2012; Hair et al., 2016). Studies on sea
cucumber farming have moved from
monoculture to polyculture in the recent decade.
According to Namukose et al. (2016) and
Hamad et al. (2019), co-cultivating H. scabra
with seaweed is one of the most effective
methods for modern and successful sea
cucumber farming. Additionally, Yu et al.
(2014) and Cubillo et al. (2016) revealed that sea
cucumbers farming in the IMTA (Integrated
Multi-trophic Aquaculture) system aid in the
bioturbation of sediments, improving nutrient
cycling and lowering the buildup of organic
matter, all of which can lessen the adverse
effects of intense aquaculture system, which also
indicated the ecological benefits of this farming.
Small-scale fishermen in coastal communities
utilise extensive sea pens to accelerate the
growth of wild-caught H. scabra (Hair et al.,
2016). However, the feasibility of these culture
systems depends on environmental variables that
promote high growth and survival of hatchery-
produced juveniles after release, as emphasised
by Dumalan et al. (2019).
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Stocking density is a crucial parameter that
influences the growth and survival of sea
cucumbers in aguaculture. Too low a stocking
density can reduce productivity and wastes
space, while too high a stocking density
increases competition and limits available space
(Serang et al., 2016). A study by Lavitra et al.
(2010) suggests that the optimal stocking density
for sea cucumbers is 3 ind. m? and achieves the
highest growth rate (0.64 g day?). Sea
cucumbers, including H. scabra, feed on
sediments, with organic matter being an
important component of their diet (Liu et al.,
2010). Sargsassum spp. and compost fertilisers
have been used to enrich the sediment in sea pen,
promoting the growth of microalgae and directly
supporting the growth of H. scabra due to
increased food availability (Sinsona & Juinio-
Mefiez, 2018; Sabilu et al., 2022).

Despite the extensive sea cucumber farming,
there has been no formal assessment of the area
under cultivation on Malawali Island. This study
aims to refine the farming technique to improve
the growth and survival rate of H. scabra,
particularly on Malawali Island, focusing on a
small-scale community-based H. scabra farm.
The research will compare growth and survival
rates at different stocking densities with and
without sediment enrichment with Sargassum
spp. This study hypothesized that low stocking
density with the addition of sediment enrichment
with Sargassum spp. will result in higher growth
and survival rates of H. scabra juveniles in sea
pens.

MATERIALS AND METHODS
Access License

This project was approved by the Sabah
Biodiversity Centre (SABC) with access licence
reference number JKM/MBS.1000-2/2 JLD. 13
(126) and gained ethical approval for animal
research studies with file number AEC 0014 /
2022.

Experimental Site

The research site chosen for this study was
located on the northern side of Malawali
(Figure 1). The sea pens were constructed
within the existing farm owned by the
community. The selected research site is
characterised by extensive intertidal and
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shallow water areas characterised by a flat
topography and sufficient sediment depth to
allow for the installation of the pens. The
sediment depth corresponds to the minimum
requirement of at least 20 cm recommended by
(Rougier et al., 2013).

In addition, factors such as visibility and
accessibility for both the community and the
monitoring team were considered when
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selecting the site to facilitate maintenance and
monitoring of the enclosures. The rectangular
sea pens of 16 m? and 4 m? were set up in a
similar habitat to ensure that the habitat would
not be a disturbance factor. The research sites
consist of small patches of Enhalus acoroides,
Halodule spp, Cymdocea sp. and Thalassia
hemprichii seagrass species. However, the
population density of each seagrass species was
not gquantified.
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Figure 1. Location of the study site (Malawali)
Experimental Juveniles

The experimental animals used in this study
were produced at the Borneo Scabra Hatchery in
Tuaran, Sabah. A total of 600 H. scabra
juveniles (8.68 + 3.88 [S.D.] g body weight)
from a single spawning were transported from
the hatchery to the experimental sites in plastic
bags filled with water (70%) and oxygen (30%)
at a cool temperature.

Grow-Out Pen Trial and Sediment
Enrichment

Sea pens measuring 2x2x1 m and 4x4x1 m
(WxLxH) were constructed to maintain the
natural habitat of the H. scabra juvenile while
allowing a regular water supply and water

e ——— e~
0.000 2.000 4.000 6.000 8.000 10.000 12.000

14.000 16.000

exchange. These sea pens were built with an 8
mm thick HDPE mesh net and stakes made from
a rust-prone PVC pipe. The PVC pipes were
reinforced by filling them with cement to create
robust stakes. These stakes were buried 20-30
cm deep into the sediment together with the
bottom net of the pen to prevent the juveniles
from escaping by burrowing, as recommended
by Purcell & Simutoga (2008) and Robinson &
Pascal (2012).

In this experiment, a comparison of growth
and survival rates was conducted with 50 H.
scabra juveniles placed over a period of 188
days (6 months 4 days) in experimental pens of
4 m? (stocking density: 12 ind. m?) and 16 m? (3
ind. m2) with or without sediment enrichment
with Sargassum spp. Four treatment pens were
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used (16U (control) = 3 ind. m™ stocking density
without enrichment; 16E = 3 ind. m stocking
density with enrichment; 4U = 12 ind. m?
stocking density without enrichment; 4E = 12
ind. m2stocking density with enrichment). The
initial mean stocking weight of H. scabra
juveniles in each treatment pens showed no
significant difference (one-way ANOVA, p =
0.488).

The preparation and method of enrichment
followed the approach described by Sinsona &
Juinio-Mefiez (2018). Sargassum spp. were
collected, rinsed with freshwater to remove
debris, and then sun-dried. After drying under
natural sunlight, the Sargassum spp. was ground
with an electronic grinder for about 25 seconds.
Prior to enrichment, the Sargassum spp. was
soaked overnight to increase its specific gravity
and prevent it from floating during enrichment to
ensure that it remained submerged in the
sediment. The soaked Sargassum spp. was
mixed directly into the top 2 cm layer of the
sediment layer in pens 4E and 16E on day 1 and
re-enriched every 30 days (Sinsona & Juinio-
Mefiez, 2018). During the 6-month experiment,
the monthly enrichment amount was determined
based on the body weight of the H. scabra
juveniles in each treatment pen, using 3% of the
body weight and adjusted every 30 days
according to the weight of the juveniles. Ahmed
et al. (2018) used an enrichment ratio of 3% total
biomass for daily enrichment. However, since
the enrichment in this study was only performed
once a month during the monthly site visit, the
3% total biomass was multiplied by 30 days.

Data Collection and Calculation for Growth
and Survival of Juveniles in Grow-out Pens

Before transporting and stocking juveniles into
each pen, their weight was measured using
digital scales with 1 decimal point, individually
(Dumalan et al., 2019). During the
measurement, the H. scabra juveniles were
manually removed from the pens and placed in a
basin. To facilitate the expulsion of excess water
from the body, the animals were allowed to
remain out of the water for 2 minutes before
weighing. Following the method described by
Dumalan et al. (2019), the juveniles were
carefully dried with a towel before being
weighed using a digital scale accurate to one
decimal place. Only the weight of H. scabra was
used as their growth measurement because their
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body length is inconsistent since it is influenced
by stress (Lavitra et al., 2010).

Monitoring of growth and survival was
conducted monthly during the spring low tide to
facilitate access to the experimental sites: day O,
33, 63, 90, 119, 157, 188. The monitoring of the
growth and survival of H. scabra juveniles
involved the active participation of Malawali
community members, who formed the
monitoring team and supervisor of this
community-based project. The field supervisor
took responsibility for daily or weekly
surveillance of the experimental pens to prevent
poaching.

Survival rates in each pen were calculated
monthly as a percentage of the remaining H.
scabra juveniles. The absolute growth rate
(AGR) was calculated as difference between the
juvenile’s average final weight and average
initial weight over the number of rearing days
(Yussuf & Yahya, 2021):

6w (i) - ettt g (1)

The total biomass was calculated by adding
the individual weights per pen and expressing
the result in grammes. Biomass increment was
calculated to determine how much the total
biomass in each experimental pens increased
throughout the experimental period:

(final biomass—initial biomass)

] x 100. Eq.2)

Biom incr. %) =
tomass increment (A)) [ initial biomass

Sediment Enrichment

To assess relative food abundance, sediment
samples were collected from all treatment pens
to analyse chlorophyll-a (Chl-a) and total
organic matter (TOM). The sediment samples
were collected prior to the next sediment
enrichment. Analyses were performed on day O,
33, 63, 90, 119, 157 and 188. Samples were
collected from the top 2-3 cm of the surface at
five random points within the pens using a 20 ml
cut-off syringe as described in the method of
Dumalan et al. (2019).

To ensure representative data, the samples
from a single pen were combined in a zip-lock
bag. As direct on-site analysis was impractical,
all samples were stored in a cool box with ice to
prevent oxidation and transported to the Borneo
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Marine Research Institute. Upon arrival at the
facility, the samples were frozen prior to
analysis. To determine the TOM of the
sediments, the loss on ignition method was used
according to the procedure described by (Heiri et
al., 2001). For the determination of Chl-a in the
sediment, the spectrophotometric method
explained by Slater & Carton (2009) was used.

Water Quality

The water parameters such as temperature (°C),
salinity (ppt), pH, and dissolve oxygen (mg L?)
of each site were measured in situ using a YSI
multiparameter at every monitoring time
(monthly).

Statistical Analysis

Normality and homogeneity of variance were
tested using the Shapiro-Wilk test or Levene
test, with the significance level set at p < 0.05.
Logarithmic and square root transformation
were conducted to normalize the data. A one-
way ANOVA was used to assess significant
differences in mean survival, total biomass,
mean weight, and biomass increment in H.
scabra juveniles between treatments on the same
observation day. Post-hoc comparisons were
performed using Duncan’s multiple range test to
identify specific differences between treatment
groups. Similarly, a one-way ANOVA with
Duncan’s multiple range test was used to assess
the difference in TOM and Chl-a content in the
same monitoring day. Meanwhile, A Kruskal-
wallis was used to assess significant differences
of TOM and Chl-a, with pairwise comparison to
identify the specific difference between
treatment groups for the pooled data (combined
from day 0 to day 188). The combined effect of
stocking density and additional sediment
enrichment on the survival rate, total biomass,
mean weight, and biomass increment of H.
scabra was analysed using a two-way ANOVA.
A significance level of p < 0.05 was used for all
statistical analyses, and SPSS Statistics version
28 was used for data processing.

RESULTS

Growth and Survival of Juveniles in Grow-
Out Pen

Although there were no statistically significant
differences in survival rates related to the
addition of enrichment, stocking density, or the
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interaction between these two factors (Two-way
ANOVA,; p>0.05; Table 1), the pen with low
stocking density and enrichment (16E)
consistently showed higher survival throughout
the experiment. Monthly data on survival
percentage, total biomass, and mean weight
during the grow-out trials are illustrated in
Figure 2. The highest mortality occurred within
the first two months after stocking across all
pens. Notably, the pen with high stocking
density and no enrichment (4U) experienced a
significant decline in juvenile numbers from
June to July, ending the experiment with the
lowest survival rate (7 £ 5.66%) and total
biomass (350.15 + 213.6 g pen™).

Additionally, total biomass and mean weight
of juveniles were not significantly different with
respect to additional of enrichment and
interaction between two main factors (p > 0.05;
Table 1) but both total biomass and mean weight
were significantly different with respect to
stocking density (Two-way ANOVA; p = 0.022;
Table 1). Maximum biomass (g pen?) was
reached after 4 months of rearing at low stocking
density (16U; 2422.25 + 169.25 g pen't and 16E;
2727.25 + 444.25 g pen) and after 3 months of
rearing at high stocking density (4U; 709.4 +
97.8 g pen and 4E; 1172.5 + 74.05 g pen™).
AGR is not significantly different with respect to
additional of enrichment, stocking density and
interaction between two main factors (Two-way
ANOVA,; p > 0.05; Table 1). AGR of juveniles
reared in 16U was higher (0.63 + 0.18 g day?)
but not significantly different with 16E (0.52 +
0.03 g day?), 4U (0.49 + 0.08 g day?), and 4E
(0.41 £ 0.11 g day™).

Based on the monthly survival rate (Figure 2)
in grow-out sea pens, there was a dramatic
decline of juvenile sandfish in almost all
treatments after one month of stocking.
Throughout the experimental period, 4U pens
exhibit  lowest survival although not
significantly different from the other pens (One-
way ANOVA; p > 0.05) Meanwhile, 16E
consistently has slightly higher survival
compared to the other treatments. At the end of
the experiment, no treatment showed higher than
45% survival rate, with the highest is 35.00 £
12.73%, followed by 29.00 £ 21.21%, 20.00 +
5.66% and the lowest is 7.00 + 1.41% for 16E,
16U, 4E and 4U respectively. On month 3 and 4
of the experiment, some of the juveniles in site
A spotted with skin ulceration disease (SKUDs).
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Despite the lack of proof, there is always a
possibility that the disease contributed to the
deaths of the juveniles. Monthly patterns
indicate that continuous decline of juveniles
occurred in all treatments. The inconsistent
pattern of survival especially in 4U and 4E pens
could be due to the difficulty in retrieving the
juveniles during monitoring.

Sediment Characteristics: Total Organic
Matter and Chlorophyll-A

The TOM and Chl-a content for each therapy are
displayed monthly in Table 2. During the
observation day, the TOM content in all
treatments did not differ statistically
significantly (p>0.05), even though TOM was
consistently slightly higher in the enriched pens
(4E and 16E). However, the pooled data of TOM
throughout the study showed that enriched pens
(4E) and (16E) are significantly higher than
those unenriched pens (4U) and (16U). (Kruskal-
wallis with pairwise comparison; p=0.10) (see
Table 2). At the start of the experiment,
chlorophyll-a content was significantly higher in
the high stocking density and enrichment pens
(4E) but was not significantly different from
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16E. The Chl-a content in the pens with
enrichment (4E and 16E) remained consistently
higher than in the pens without enrichment (p<
0.05). Similarly, the pooled data of Chl-a
throughout the experiment showed that enriched
pens are significantly higher than those
unenriched pens (p< 0.01). From these results, it
can be concluded that Sargassum spp. has
altered the sediment characteristics of the sea
pens.

Water Quality

The monthly seawater temperatures in the
experimental sea pens were relatively high
during the study (28.3 — 32.9 °C) but still within
the optimal range. The lowest temperature was
recorded in June with a range of 28.8 — 29.1 °C
and in November (28.3 — 29.5 °C) as it was
cloudy during the monitoring. The highest
temperature was in September (32.8 — 32.9 °C).
Salinity ranged from 30.5 — 33.41 ppt, with the
lowest salinity measured in November (28.2 —
31.2 ppt) which is still in optimal range for sea
cucumber farming. Meanwhile, dissolved
oxygen ranged from 3.65 t0 6.08 mg L.

Table 1. Two-way ANOVA (significant at p<0.05) of survival (%), total biomass (g), mean weight (g) and AGR

(g day) of juveniles between each treatment for 7 months.

DF MS F p-value
Survival (%) Enrichment 1 180.500 1.118 0.350
Stocking density 1 684.500 4.238 0.109
Enrichment x stocking 1 24.500 0.152 0.717
density
Error 4 161.500
Total biomass Enrichment 1 0.098 2.689 0.176
(0) Stocking density 1 0.485 13.378 0.022*
Enrichment x stocking 1 0.048 1.325 0.314
density
Error 4 0.036
Mean weight Enrichment 1 1274.163 1.534 0.219
(0) Stocking density 1 4523.357 5.447 0.022*
Enrichment x stocking 1 65.310 .079 0.780
density
Error 87 830.486
AGR (g day™) Enrichment 1 0.018 1.452 0.295
Stocking density 1 .031 2.509 0.188
Enrichment x stocking 1 .001 0.040 0.851
density
Error 4 0.012

Significant difference at p<0.05. Asterisk (*) indicates significant difference.
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Figure 2. Monthly survival rate, total biomass and mean weight of juveniles. Error bars indicate standard
deviation. 16U (3 ind.m2, non-enrich), 16E (3 ind.m, enriched), 4U (12 ind.m"2, non-enrich) and 4E (12 ind.m,

enriched).
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Table 2. Monthly TOM and Chl-a + S.D in enriched and unenriched pens.

Day/Parameter/ 16U 4U 4E 16E
Treatment (Control)
0 TOM (%) 3.10+0.53% 3.33+0.75? 3.07+0.112 3.27+0.312
Chl-a (ug/g) 1.0420.13 0.88+0.35" 2.60+0.27° 1.74+0.29%
33 TOM (%) 3.06+0.332 3.05+0.212 3.21+0.232 3.64+0.742
Chl-a (ug/g) 1.08+0.29% 1.14+0.42° 2.3240.8%® 2.61+0.792
63 TOM (%) 3.24+0.122 3.07+0.242 3.07+0.262 3.31+0.292
Chl-a (ug/g) 1.23+0.42% 0.71+0.08° 1.34+0.31° 1.78+0.312
90 TOM (%) 2.89+0.692 2.94+0.612 3.56+0.352 3.33+0.822
Chl-a (ug/g) 1.29+0.42° 0.71+0.25% 1.82+1.30° 1.42+0.48°
119 TOM (%) 3.14+0.232 2.91+0.29? 3.16+0.282 3.24+0.19°
Chl-a (ug/g) 0.87+0.292 0.74+0.122 1.05+0.25% 1.13+0.19?
157 TOM (%) 3.16+0.202 2.95+0.322 3.09+0.222 3.51+0.55?
Chl-a (ug/g) 1.34+0.81° 1.36+0.65? 2.45+0.20? 2.42+0.722
188 TOM (%) 3.39+0.202 3.1+0.10? 3.61+0.362 3.66+0.31?
Chl-a (ug/g) 0.79+0.42° 1.05+0.15° 2.08+0.522 2.18+0.90?

Different letter superscripts indicate significance differences (One-way ANOVA; p < 0.05). 16U = Low stocking

density with no enrichment, 4U = high stocking density with no enrichment, 16E = low stocking density with

enrichment, 4E = high stocking density with enrichment.

DISCUSSION

The aim of this study was to evaluate the effects
of stocking density and sediment enrichment
with Sargassum spp. on the growth and survival
rate of pen cultured H. scabra, commonly known
as sandfish. Sea cucumber aquaculture is of
significant interest due to its economic
importance and ecological value. The main
results of this study show that stocking density
influences the total biomass and mean weight of
farmed H. scabra (initial size at stocking: 8.68 =
3.88 [S.D.] g body weight). Although the
stocking density of H. scabra has been studied in
a number of studies, similar research is essential
to verify results across a range of environmental
conditions and methods of farming. Although
no statistically significant difference (p > 0.05)
was found between the growth and survival rate
of H. scabra juveniles in enriched and
unenriched sediment, it is still necessary to
consider possible trends or patterns that could
have practical implications for future studies.

Statistically, stocking density had no significant
effect on H. scabra survival in this study (p >
0.05), although survival was slightly higher at
low stocking densities (3 ind. m?). Similar
results were found in a previous study that
suggested a stocking density of 3 ind. m? to give
sea cucumbers a better chance of finding
sufficient food sources in an environment with
limited supply and available area (Serang et al.,
2016).

Results of previous studies have shown that
the growth of sea cucumbers is positively
influenced by the enrichment of sediments with
Sargassum spp. (Sinsona & Juinio-Mefiez,
2018). Although the study found no significant
differences in the survival and growth
performance (total biomass and AGR) of H.
scabra between the pens with enriched sediment
and those without, it is important to note that the
pens with lower stocking density with the
sediment enriched with Sargassum spp.
consistently showed better survival rates and
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growth performance. The statistical
insignificance of this result could be caused by
the small sample size. However, this result is
consistent with other studies by Sinsona &
Juinio-Mefiez (2018) which show that sediment
enrichment has no significant effect on the
survival of H. scabra juveniles in pen cultures.

In addition to TOM, Chl-a found in the
sediment is an indicator of benthic microalgae,
which are a food source for deposit feeders such
as sea cucumbers (Hartati et al.,, 2017). A
previous study reported that Chl-a levels of ~ 4
ug g can increase by more than 17 g in just 30
days (Sinsona & Juinio-Mefiez, 2018) and that
an enrichment ratio of 0.9 kg m2 increases Chl-
a by ~2.4 ug g2 In the same study, the organic
matter content in the enriched sediments was
high (14.4 — 15.5%) compared to this study
(~3%). Of note, Chl-a and TOM content is low
at these sites, which was probably consumed by
the cultured H. scabra in the existing farms
owned by the community. Additionally,
enriched pens consistently have a slightly higher
TOM and Chl-a content than non-enriched pens,
suggesting that powdered Sargassum spp. in sea
pens support the development of microalgae in
the sediment. Enrichment of the sediment
provided more food resources. However, the
enrichment ratio (3% of total biomass) is not
sufficient to support the ideal development and
survival of juvenile H. scabra at a high stocking
density, suggesting that a higher enrichment
ratio needs to be used in future studies.

In this study, juveniles of H. scabra raised in
pen cultures showed poor survival rates (7 — 35%
with initial weight: 8.68 £ 3.88 g), similar to the
reports of Dumalan et al. (2019). In a previous
study, only 12% of the juveniles (initial weight:
6.7 £ 0.7 g) survived after 8 months of grow out
in seagrass bed areas while the mortality rate in
the fish farm was 100%. In the same study,
however, a survival rate of 65% was recorded for
larger juvenile fish (initial weight: 57.4 £ 4.3 g)
after 8 months of rearing in the seagrass area and
49% in the fish farm. Since neither stocking
density nor sediment enrichment had a
significant effect on the survival rate of H.
scabra (p>0.05), escape was more likely the
main cause of survival in this study. In addition,
the highest mortality rate in all enclosures
occurred in the 1% and 2" month after stocking,
suggesting that transport stress could be one of
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the main reasons for the low survival rate. The
transport of the juveniles from the hatchery to
the experimental sea pen took about 4 hours by
car and 1.5 hours by boat. According to Purcell
et al. (2006), the issue in transporting live sea
cucumber in water medium is the declining pH
level when the water temperature is not
maintained properly. The declines in pH at
ambient water temperature would be stressful for
the juveniles, as high-water temperature could
lead to higher metabolic activity and ammonia
excretion, thus increasing stress (Estudillo &
Duray, 2003).

Although the top of the pens was covered
with mesh net, the juveniles were able to slip
through the gaps at the bottom of the pens more
easily. A similar problem had previously been
documented by Namukose et al. (2016). In
addition, these openings attracted other marine
animals, including potential predators such as
crabs, which could enter the pens and prey on the
sea cucumbers (Pitt et al., 2004; Namukose et
al., 2016). In this study, crabs and fish were
observed in the sea pens, which could pose a
direct threat to the survival of H. scabra. Lavitra
et al. (2009) and Altamirano et al. (2017)
considered crabs such as Thalamita crenata as
the most severe predator of juvenile sea
cucumber.

The monthly water quality in this study is in
the optimal range for temperature and salinity.
Optimal temperature of H. scabra varies from
26-33°C (Agudo, 2006; Lavitra et al., 2010;
Kihnhold, 2017). Optimal salinity for H. scabra
cultivation ranging from 27-35 ppt (Agudo,
2006) and 28-32 ppt (Serang et al., 2016).
However, the DO level in this study may be low
(<5.0 mg L'1), while the optimal DO level for sea
cucumber culture according to Oh et al. (2015)
is above 5.0 mg L. Towards the end of the
experiment  (November), frequent rainfall
occurred due to the onset of the northeast
monsoon, which brings heavy rainfall to
Peninsular Malaysia, west of Sarawak and east
of Sabah (Malaysia Meteorological Department:
https://www.met.gov.my/ ). The sharp decline in
the survival rate of H. scabra in sea pens might
coincides with this rainy season. Juinio-Mefiez
et al. (2013) previously found a sharp decrease
in biomass in sea pens after a thypoon, which can
be attributed to a change in sediment quality in
the sea pen.
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Based on this observation, the northeast
monsoon in Malawali can occur from October to
January, suggesting that the ideal grow-out
period in Malawali is between February and
September (8 months) to avoid high mortality or
negative growth due to harsh weather. However,
to reach a harvestable size in 8 months, which is
typically > 300 g (Dumalan et al., 2019), the
growth rate should be at least 1.2 g day™.
Comparing this growth rate with the current
average absolute growth rate in Malawali, which
is between 0.413 and 0.633 g day?, it becomes
clear that reaching a harvestable size within 6
months is a challenge. However, the use of larger
juveniles at release may be considered in a future
study.

While sea pens are effective in many ways,
they come with their own challenges in open
environments. These challenges include high
costs of construction, cleaning and maintenance
(Robinson & Pascal, 2012). Sea pens are also
susceptible to unfavourable weather conditions
such as storms and rough seas, which can shorten
their lifespan if they are not designed and
maintained appropriately. In our case, heavy rain
and storms led to the collapse of our
experimental sea pens after 5 to 7 months of
operation. This unfortunate event led to the
escape of juvenile sea cucumbers and the
interruption of data collection, so the experiment
had to be cancelled prematurely and shortened
from the originally planned 10 months to 6
months. For future studies, an improved
construction of the enclosures that can withstand
strong waves and heavy rain should be
considered.

The presence of a clear trend in survival and
growth of cultured H. scabra despite a lack of
statistical significance is an intriguing aspect of
our results. There are a number of possible
causes for this scenario, all of which should be
carefully considered. The sample size is limited
due to a limited source of hatchery-produced H.
scabra juveniles, replication is insufficient due
to limited sea pens, and the variability within the
data is large, so the statistical test is unable to
detect a significant difference.

CONCLUSION
As a conclusion, lower stocking density led to a

higher biomass, but did not significantly affect
the survival rate. In pens with enriched sediment,
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the results were slightly better, although not
statistically significantly different. This study
suggests that low stocking density (3 ind.m?)
with sediment enrichment by Sargassum spp.
may promote higher biomass, but the optimal
enrichment ratio remains to be determined.
Several problems such as escape, and predation
were observed. The study has also shown the
importance of considering seasonal weather
effects. This study provides valuable insights
into sea cucumber farming in this region, but
also acknowledges limitations and emphasises
the need for future research and consideration of
environmental ~ aspects when  optimising
practises. Future studies ought to concentrate on
figuring out the best ratios of sediment
enrichment for large-scale, sustainable sea
cucumber farming to increase biomass while
preserving high survival rates. Increasing the
length of the study might facilitate the capturing
of seasonal fluctuations and long-term impacts.
Additionally, further research with a larger
sample size, and sufficient replicates of sea pen
are required for conclusive findings.
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ABSTRACT

The effect of salinity manipulation on the blood parameters and stress responses of red tilapia, Oreochromis spp.
During infection with Vibrio harveyi was investigated. The fish were reared in five different salinities (0, 5, 10,
15, and 20 ppt) with three replicates for 30 days and were injected with 108 CFU/mL V. harveyi intramuscularly
in all treatments except the negative control. After infection, the fish were observed for clinical signs for 14 days,
collected blood samples, and measured stress responses in 0, 2, 3, 4, 5, 6, 7, and 14-days post-infection (dpi) with
V. harveyi, meanwhile the cortisol plasma was taken on 0, 2, 3, 4, 5, and 6-dpi. The analysis of blood parameters
consisted of total erythrocyte count (RBCs), total leucocyte count (WBCs), hemoglobin (Hb) level, percentage of
monocytes (Mon), lymphocytes (Lym) and neutrophils (Neu). The stress response parameters included primary
responses (cortisol plasma), secondary responses (blood glucose), and tertiary responses (ventilation rate). The
results indicate that salinity manipulation influenced the resistance of red tilapia after infection with V. harveyi.
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INTRODUCTION

Red tilapia (Oreochromis spp.) is one of the
euryhaline commodities that have the highest
production value in Indonesia compared to other
fish species from 2015 — 2020 (Kementerian
Kelautan dan Perikanan, 2022). This fish can be
cultivated in a high salinity medium and is
susceptible to bacterial pathogens (Vadhel et al.,
2017) including Aeromoniasis (Azzam-Sayuti et
al., 2021); Streptococcosis (Palang et al., 2020)
and Vibriosis (Eissa et al., 2024). Luminous
disease is one of the infectious diseases that
cause mass mortality in brackish water and
marine culture, including at the nursery and
growth stages of fish (Zhang et al., 2020). This
disease causes high mortality and losses in
aquaculture (up to 75%), including in marine
teleosts (Acanthurus sohal) (Hashem & El-
Barbary, 2013), shrimp (Penaeus vannamei)
(Nurhafizah et al., 2021), abalone (Haliotis
tuberculata) (Cardinaud et al., 2014), sea
cucumber (Holothuria scabra) (Becker et al.,
2004), and seahorse (Hippocampus kuda) (Xie et

al., 2020). Furthermore, infection with V.
harveyi also has an impact on human health
(Brehm et al., 2020).

This disease is caused by Vibrio harveyi, a
curved rod (comma) shaped bacterium,
measuring 1.4 — 5.0 um in length, and 0.3 — 1.3
pum in width. It is a facultative anaerobe with
polar flagella for movement (Montanchez &
Kaberdin, 2020). This opportunistic pathogen
forms yellow colonies in Thiosulphate Citrate
Bile Salt (TCBS) agar medium, exhibits
bioluminescence, and requires sodium chloride
to grow (Austin & Zhang, 2006). Several extra-
cellular products (ECP) have been produced
from V. harveyi including gelatinase, caseinase,
lipase, phospholipase, and hemolysins (Zhang et
al., 2020). All of the ECPs produced from V.
harveyi play as virulence factors in infecting the
host. Infected fish show several alterations in
behavior and lesions in external and internal
organs. Behavioral changes seen in infected fish
include passive swimming at the bottom of the
pond, loss of balance, and abrupt darting
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(Yanuhar et al., 2022). The organ lesions
accompanying with this disease consist of skin
pigmentation and ulceration, ascites,
inflammation in the heart, lesions in the dorsal
body and fin, and necrosis and congestion in the
liver and kidney (Atujona et al., 2018).

Salinity manipulation can be used as an
environmental tool to control opportunistic
pathogens that cause mortality in cultured
organisms. Salinity increased from 0.5 ppt to 3.5
— 4.5 ppt can reduce the rate of pathogen
transmission from infected fish (Clulow et al.,
2018). Hauton et al. (2000) reported that high
salinities show a significant effect on the
immune system of the European flat oyster
(Ostrea edulis) by increasing the number of large
granulocytes. The effect of salinity in enhancing
the immune system of aquatic organisms has
been reported in other studies, including grass
carp after being challenged with Flavobacterium
columnare (Fang et al., 2022); Pacific oyster
(Crastorea gigas) after infection with V.
alginolyticus (Li et al., 2022) and coastal fish
(Scatophagus argus) during infection with
Aeromonas hydrophila (Lu et al., 2022).

Stress responses can be used as indicators to
evaluate the fish’s condition after infection with
pathogens (Shahjahan et al., 2022). The stress
responses that are shown include primary
responses  (increased the  secretion  of
corticosteroid and catecholamine hormones)
(Bonga, 1997); secondary responses (increased
in glucose, lactate and heat-shock proteins)
(Harper & Wolf, 2009), and tertiary responses
consisting of changes in performance
characteristics and behavioral patterns (Barton,
2002; Balasch & Tort, 2019). Furthermore,
hematological analysis can be used to monitor
the health status of fish, including erythrocyte
count (RBC); hematocrit (Ht), hemoglobin
concentration (Hb); leucocyte count (WBC);
differential leucocyte count (DLC); and
thrombocyte count (TC) (Witeska et al., 2022).

Salinity is one of the major environmental
factors affecting to the immune system. It is
necessary to determine the effect of salinity
changes on immune system of euryhaline fish
infected with pathogens. However, the effect of
salinity manipulation in reducing stress
responses and increasing the immunity of red
tilapia against infection has not been revealed
before. Therefore, the objective of this study was
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to analyze the hematological parameters and
stress responses of red tilapia after being
exposed to different salinity mediums and
challenged with V. harveyi. The output of this
study could be used in conjunction with the
prevention of bacterial infection using
environmental factor manipulation.

MATERIALS AND METHODS
Ethics Statement

This study was conducted from April to May
2022 at the Fish Anatomy Laboratory School of
Health and Natural Sciences, Universitas
Airlangga. The research was undertaken in
accordance with the Law of the Republic of
Indonesia No. 18 of 2002 on the National System
of Research, Development, and Application of
Science and Technology. The research was
conducted with the approval of the School of
Health and Life Sciences, Universitas Airlangga
(ethical approval: 932/UN3.1.16/KP/2022).

Experimental Fish and Bacterial Isolates

Three hundred and sixty healthy red tilapia,
Oreochromis spp. (10 = 1.4 cm in mean length
and 16.9 £ 0.5 g in mean weight) were collected
from the Fish Hatchery Center of Kabat,
Banyuwangi, East Java. They were divided into
18 glass aquariums (volume 36 L, 20 fish for
each) and reared in freshwater with well
aeration. The experimental fish  were
acclimatized for 7 days and fed with commercial
pellets (30 % crude protein, 6 % lipid, and 3 %
carbohydrate Matahari Sakti, Indonesia), three
times a day (06.00 pm, 02.00 am and 10.00 am)
and until satiation. The water quality parameters
(temperature, pH, dissolved oxygen, and
ammonia) were controlled to maintain optimum
conditions. After 7 days, the fish were assigned
to each salinity treatment with 5 ppt uplift every
3 days and reared for 30 days adaptation period.

Vibrio harveyi isolates were obtained from
the Installation of Brackish Water Aquaculture,
Jepara, Central Java inoculated and sub-cultured
in TCBS agar medium (Merck, Germany). These
isolates were then characterized using a
biochemical test based on Barrow & Feltham,
(1999).

Vibrio harveyi Pathogenicity Confirmation
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The pure isolate of V. harveyi after biochemical
confirmation was reintroduced to healthy red
tilapia using Koch's Postulates procedures based
on Mangunwardoyo et al. (2016). During the
pathogenicity confirmation, fish were placed in
an anesthetic tank (100 ppm eugenol) for 60 sec
and injected with 0.1 ml of bacterial suspension
in NaCl 0.9 % solution (density, 10° CFU ml?)
intramuscularly, and 0.1 ml of NaCl 0.9 %
solution for the negative control.

Experimental Design and In-vivo Challenge

This research was conducted with six
experimental groups, each with triplicates. The
experimental groups included rearing fish in O
ppt for positive (PC) and negative control (NC);
5 ppt (T1), 10 ppt (T2), 15 ppt (T3), and 20 ppt
(T4) for 30-day rearing period. After that, all fish
being challenged with V. harveyi in NaCl 0.9%
solution (density, 106 CFU ml?) to all treatments
and PC except NC was injected with 0.1 mL of
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NaCl 0.9% solution, the fish were kept for 14
days and fed with the same commercial feed
(Matahari Sakti, Indonesia). After infection, the
fish were returned to each aquarium and the
survival rate was observed. All solid waste was
removed from each aquarium once a day (every
morning), and water quality parameters
(temperature, pH, dissolved oxygen, and
ammonia concentration) were measured every
morning (06:00 — 06:30 am) and evening (04:00
— 04:30 pm) and maintained at optimum
conditions (Table 1). The temperature and pH of
the rearing water were measured by a water
thermometer (Resun, Indonesia) and pH
indicator paper (Merck, Germany), respectively.
In the meanwhile, dissolved oxygen and
ammonia concentration of the rearing water
were obtained by a DO meter (Horiba, Poland)
and SERA-ammonium/ammonia test kit (SERA,
Germany), respectively. The research flow chart
was represented in Figure 1.

Fish acclimatization, n = 360

1? days

, %3 ,><3 ,><3 |><3 |><3 x3
Positive Negative 5 ppt 10 ppt 15 ppt 20 ppt
Control, Control, n=20 n=20 n=20 n=20
n=20 n=20

1 30 days rearing period

Bacterial challenge of Vibrio harveyi
(intramuscular, 0,1 ml, 10¢ CFUml!)

1

Survival rate

n=20
sampling days = 14 dpi

Figure 1. Research flow chart

Hematological sampling
n =2, each aquarium

sampling days (0, 2, 3, 4,
5.6, 7, and 14-dpi)
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Hematological Sampling

Sampling for blood examination was taken
before (0 dpi) and after (2, 3, 4, 5, 6, 7, and 14-
dpi) challenges with V. harveyi for stress
responses (blood glucose) (Odhiambo et al.,
2020) and blood analyses, including total
erythrocyte (RBCs), total leukocyte (WBCs),
hemoglobin (Hb), percentage of monocyte
(Mon), lymphocyte (Lym), and neutrophil
(Neu), refers to Blaxhall & Daisley (1973),
except cortisol plasma was taken on 2, 3, 4, 5,
and 6-dpi with V. harveyi. Two fish were
randomly sampled from each aquarium and
moved to an anesthetic tank (100 ppm eugenol)
for 60 sec. Blood was taken from two fish in each
treatment from vena caudalis using a syringe and
collected in an anticoagulant tube. Cortisol
plasma and blood glucose were examined using
the Enzyme-linked immunosorbent assay
(ELISA) method according to Sadoul & Geffroy,
(2019) and a glucometer (Easy Touch Glucose
Test, Taiwan) refers to Bartofikova et al., (2016),
respectively. Analysis of ventilation rate as
tertiary stress responses was conducted on 0, 2,
3, 4,5, 6,7, and 14-dpi with V. harveyi using a
hand counter every 10 minutes for 1 hour in the
evening. Ventilation rates were counted and
averaged from all fish from each aquarium for
analysis (Flint et al., 2015). The survival rate of
fish was counted based on Do Huu et al. (2016)

[Eq.(D)].
Survival rate (SR) = % X 100% Eq.(1)

Description:
Nt = fish number day-t (fish)
NO = fish number day-0 (fish)

Statistical Analyses

All parameters including blood profiles, stress
response parameters, and water quality were
analyzed descriptively and compared with
normal values. Survival rate was analyzed by
one-way Analysis of Variance (ANOVA) and
followed by the Duncan Multiple Range Test
(DMRT). Significance was determined at P
values < 0.05.

RESULTS

The results of the observation of blood
parameters (Figure 2) showed a decrease in
RBCs (Figure 2a) and Hb levels (Figure 2b)
from 1-dpi tol4-dpi, especially in T4 (20 ppt)
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compared to other treatments. The total WBCs
(Figure 2c) showed an increasing trend in all
treatments from 1-dpi until 6-dpi and remained
stable until 14-dpi. There was a rise in the
percentage of neutrophils (Figure 2d) to a peak
at 4-dpi and 5-dpi in all treatments and then a
decrease until 14-dpi. Meanwhile, the monocyte
percentages (Figure 2e) increased to a maximum
at 6-dpi in all treatments and decreased in the
following days, except in the negative control
(NC). The lymphocyte percentage (Figure 2f)
showed a decline from 2-dpi to 5-dpi and then
increased from 5-dpi until 14-dpi.

Observation of the stress response of red
tilapia after infection with V. harveyi (Figure 3)
presents a similar trend in all parameters
(cortisol plasma, blood glucose, and ventilation
rate). They all increased until reaching the
maximum value in the middle of the observation
and then slowly decreased until the end of the
study, except for the negative control (NC).
Cortisol plasma (Figure 3a), blood glucose
(Figure 3b), and ventilation rate (Figure 3c) were
peaked at 4-dpi, 5-dpi or 6-dpi, and 5-dpi,
respectively.

The survival rate of Oreochromis spp. (Figure
4) varies significantly between treatments. The
highest value in NC is not statistically different
from T1, T2, or T3 (P > 0.05). However, its
values are significantly different from PC and T4
(P < 0.05). Water quality parameters (Table 1)
are optimum for Oreochromis spp. cultivation.

DISCUSSION

V. harveyi is a bacterial pathogen causing
Vibriosis disease, leading to several changes in
blood parameters and high fish mortality (Zhang
et al., 2020). Vibriosis in fish induces various
modifications in total red blood cells (RBCs),
white blood cells (WBCs), hemoglobin levels
(Hb), and differential leucocytes (Qiao et al.,
2012). The hematological parameters and stress
responses of red tilapia showed several changes
after being treated in different salinity mediums
and challenged with V. harveyi.

RBCs are the most numerous cell types
essential to gas exchange in vertebrates (Shen et
al., 2018). In the present study, the RBC count
of red tilapia after infection with V. harveyi
decreased in all treatments (Figure 2a), with the
highest decrease observed in T4 (salinity of 20
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ppt) to 2.01 x 10° cells mL?. However, when
compared to the normal value of RBCs in tilapia,
the value still falls within the ranges of 2.08 to
293 x 10° cells mL* (Vo et al, 2022).
Ruwandeepika et al. (2012) stated that V.
harveyi can secrete the hemolysin toxin, which
lyses the RBCs and causes hemorrhage and
ulcers on the skin. Furthermore, Herndndez-
Cabanyero et al. (2022) reported that Vibrio
infection can trigger an acute inflammatory
response and a cytokine storm that leads to fish
mortality. Previous studies have also reported
similar results in sea bass (Lates calcarifer)
(Pattah et al., 2020) and yellowtail kingfish
(Seriola lalandi) (Le & Fotedar, 2014).

Hb is a protein in vertebrate erythrocytes that
used to transport and store oxygen (Wicher and
Fries, 2006). The mean values of hemoglobin
levels (Figure 2b) demonstrated a decline in all
treatments from the beginning to the end of the
observation, similar to the RBC count. The
highest decline occurred in T4 (salinity of 20
ppt) compared to all groups, including the
control. RBCs function to transfer hemoglobin to
the body tissues, and therefore, there is a positive
correlation between hemoglobin and RBCs,
leading to anemia in fish (Witeska, 2015;
Yuhana et al., 2019). Jun & Woo (2003) stated
that Vibrio bacteria secrete not only hemolysin
but also siderophores, which can disrupt iron
uptake, especially from hemoglobin. Studies in
Salmo salar in Chile (Ruiz et al., 2016) and
European sea bass (Dicentrarchus labrax)
(Abdel-Tawwab et al., 2020) have reported a
decrease in hemoglobin levels after infection
with Vibrio. As a result, these data showed that
infection of Vibrio can affect to the RBCs and
hemoglobin from infected fish at high salinity.

Leucocytes have an important role in the
fish’s immune system to fight against pathogens.
Based on the results, the WBCs value (Figure 2c)
shows an increase from 1-dpi to 14-dpi in all
treatments, including the control, and is higher
than the normal value (range 7.5 — 8.2 x 10* cells
mL) (Mauel et al., 2007). Group T4 (salinity 20
ppt) peaked at 6-dpi and dropped from 7-dpi to
14-dpi. This indicates that red tilapia responds to
pathogen infection. The leukocytes will migrate
and converge at the site of infection to defeat
these pathogens (Ellis, 1977). The leukocyte
levels dropped until the end of the observation.
This happens because the leucocytes extravasate
from the blood vessels and migrate to the
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infected tissue (Nourshargh and Alon, 2014).
Some reports also state similar results, such as in
tilapia fish (Oreochromis mossambicus) after
infection with V. parahaemolyticus (Fatima et
al., 2022) and Aeromonas hydrophila (Silviana
et al., 2022). Zhang et al. (2020) state that V.
harveyi secretes biofilm compounds that can
survive and spread throughout the fish’s body
and enhance the fish’s immune system.

Neutrophils plays vital roles in wound
healing, tissue regeneration, immune system
signaling, and pathogen defense (Speirs et al.,
2024). The percentage of neutrophils (Figure 2d)
shows an increasing number after infection with
V. harveyi until the 4-dpi and then slowly
decreases until 14-dpi. The increasing
neutrophils indicate that red tilapia responds to
V. harveyi infection, and it is higher than the
normal value (less than 5%) (Havixbeck et al.,
2016). Neutrophil cells are the first leukocyte
cells that migrate directly after infection and
eliminate the pathogens through several
mechanisms (Mortaz et al., 2018). Furthermore,
Zhao et al. (2017) state that chemotactic signals
derived from pathogens and the host rapidly
recruit neutrophils from the blood to infection
sites. The decreasing number of neutrophils
between 5-dpi and 14-dpi suggests that
neutrophil cells can control and eliminate the
pathogens. This is done through various
mechanisms, such as producing reactive oxygen
species (ROS) and releasing toxic intracellular
granules (Havixbeck & Barreda, 2015).
Buchmann (2022) stated that neutrophils can use
Toll-like receptors (TLRs) and pattern
recognition receptors (PRRs) to trap the
pathogen and be easily engulfed by phagocytic
cells. This result is similar to a previous study in
hybrid sturgeon (Xiao et al., 2022) and
humpback grouper (Cromileptes altivelis)
(Dangeubun and Metungun, 2017) after being
infected with Vibrio.

During the inflammatory process, monocytes
help to maintain tissue-resident macrophage
populations (Witeska et al., 2022). The mean
values of monocyte percentages (Figure 2e)
slowly uplifted to a peak at 6-dpi and dropped
significantly until 14-dpi, but still within normal
values. The normal value of monocytes in tilapia
ranged from 11 — 24% (Corréa et al., 2017). The
increasing monocyte count indicates that
immune responses in red tilapia have been
induced after infection with V. harveyi.
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Monocytes are the largest type of leukocyte cells
and have high phagocytosis activity. They can
migrate and differentiate into macrophages in
the tissues (Fischer et al., 2006). The
antipathogenic activities of monocytes include
macrophage polarization, cytokine production,
antigen  presentation, and  phagocytosis
mechanisms (Lu and Chen, 2019). At 6-dpi, the
percentage of monocytes decreased
considerably. This is because monocytes have a
short life span in the bloodstream (10 — 20
hours), leading to fluctuations in their numbers
(Grayfer et al., 2018). Several studies have
reported similar results, such as in ayu
(Plecoglossus altivelis) (Lu et al., 2021) and sea
bass (Lates calcarifer) (Pattah et al., 2020) when
facing Vibrio infection.

Lymphocytes play an important role in the
innate immunity of teleosts (Van Muiswinkel,
1993). The percentage of lymphocytes (Figure
2f) in red tilapia after infection with V. harveyi
slowly dropped until 5-dpi, then gradually
increased until 14-dpi. Nevertheless, the values
were within the range of normal conditions,
ranging from 30.9 to 86.5% (Corréacet al., 2017).
The decline in lymphocyte percentage after
infection is caused by the dominance of
neutrophils in WBCs at the beginning of the
infection, replacing the number of lymphocytes
(Scapigliati et al., 2018). From 6-dpi to 14-dpi,
the percentage of lymphocytes were steadily
increased. This shows that the humoral immune
response of red tilapia was activated to protect
the fish from recurrent infections (Scapigliati,
2013). Activation of adaptive immunity in
lymphocytes requires exposure to antigens
presented by major histocompatibility complex
(MHC) molecules (Zapata et al., 2006). Previous
studies have also supported this result, such as in
pompano fish (Trachinotus ovatus) (Do Huu et
al., 2016) and gilthead seabream (Chaves-Pozo
et al., 2005) during Vibrio infections. Taken
together, these findings suggest that Vibrio
infection can enhance the immune response of
red tilapia.

Stress responses in fish were divided into
three groups, primarily, secondary, and tertiary.
Secretion of cortisol in circulation was one of the
primary stress responses that showed where fish
in highly stressed (Peter, 2011). Releasing stress
hormones affected the alterations of blood
chemistry, such as blood glucose as secondary
responses, and the escalation of ventilation rate
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was a result of the fish adaptation process during
stress conditions (Petitjean et al., 2019). In the
present study, all fish responses (Figure 3a, 3b,
and 3c) showed the same result, starting from 1-
dpi to the maximum at 5-dpi or 6-dpi and then
slowing the falling until 14-dpi. This occurred
because the red tilapia can adapt to external
stressors  (salinity) and internal stressors
(infection of V. harveyi). V. harveyi released
protease enzymes and several toxins
(enterotoxin, cytotoxin, and endotoxin) that can
damage fish tissue and act as biological stressors
for the host (Austin and Zhang, 2006).
According to Galhardo et al. (2011), secretion of
the cortisol hormone affected the increase in
blood glucose and ventilation rate in fish due to
surviving under stress conditions. The optimum
value of cortisol plasma, blood glucose, and
ventilation rate in fish was 20-60 ng mL™* (Ellis
et al., 2012), 40-90 mg dL* (Renitasari et al.,
2021), and 76-99 bpm (lwama et al., 1997),
respectively. Previous studies also displayed
similar results in Atlantic salmon (Salmo salar)
(Wiik et al., 1989), brown-marbled grouper
(Epinephelus fuscoguttatus) juveniles (Amar et
al., 2018), juveniles of barramundi or Asian
seabass (Lates calcarifer) (Talpur et al., 2013;
Siddik et al., 2019), and Gilthead seabream
(Sparus aurata)(Vargas et al., 2018) during
Vibrio infection. Taken together, these results
indicate that several stress responses were
expressed after Vibrio infection in red tilapia.

Environmental factors such as salinity can
affect the increase in immune responses in fish
after infection with pathogens and result in high
survival rates (Figure 4). Exposure to high
salinity can activate the immune responses and
produce more active cells that fight against
pathogen infections (Wen et al., 2021). In
euryhaline fish, environmental salinity can
induce the alteration of indigenous hormones,
especially growth hormone (Yada et al., 1994).
Furthermore, Evans and Kiltz (2020) states that
growth hormones can stimulate macrophage
function and increase non-specific immunity.
Modulation of the fish immune system after
exposure to high salinity is also reported in
several species, including Nile tilapia
(Oreochromis niloticus) (Dominguez et al.,
2005), broad nose pipefish (Syngnathus typhle)
(Birrer et al., 2012), and sablefish (Anoplopoma
fimbria) (Kim et al., 2017). As a result, these
data showed that salinity manipulation can
stimulate the red tilapia immune system.
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Table 1. Water quality parameters of rearing media during treatment

Parameters Observing value
Temperature (°C) 27 - 28
pH 7-8
Dissolved oxygen (ppm) 5-7
Ammonia (ppm) 0-0.25
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Figure 2. Variation of mean values for hematological parameters in red tilapia Oreochromis spp. reared in different
salinity followed by challenges with V. harveyi at different sampling times. NC: negative control; PC: positive
control
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Figure 3. Mean values of stress responses in red tilapia Oreochromis spp. reared in different salinity followed by
challenges with V. harveyi at different sampling times. NC: negative control; PC: positive control
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Figure 4. Survival rate of red tilapia Oreochromis spp. reared in different salinity followed by challenges with V.
harveyi. NC: negative control; PC: positive control. Different letters indicate statistically significant between

experimental groups (p<0.05)
CONCLUSION

The findings of the current investigation
indicated that salinity manipulation influenced
the resistance of red tilapia after infection with
V. harveyi. Low salinity (5— 15 ppt) can increase
the resistance of red tilapia infected with V.
harveyi in terms of blood parameters and stress
responses. However, further studies of co-
infection with other pathogens would be needed

to detect histopathological alterations in red
tilapia.
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ABSTRACT

The most valued freshwater fish in Malaysia is the Malaysian mahseer, Tor tambroides, also known as Empurau.
Due to the extended growing period, innovative feeding management is required to maintain fish health. This study
looked at the effect of Lacto-sacc, a feed additive and antibiotic replacement made up of Lactobacillus acidophilus,
Saccharomyces cerevisiae and Enterococcus faecium, on T. tambroides fingerlings’ growth performance,
digestive enzyme activities and gut microbiota. A total of 600 fingerlings, each weighing 6.53 g £ 0.17 g, were
allocated into twelve 650 L tanks, with 50 fingerlings per tank. Over a period of 20 weeks, the fish were fed four
different diets: 0% Lacto-sacc as control (A), 0.5% Lacto-sacc (B), 1.0% Lacto-sacc (C), and 1.25% Lacto-sacc
(D), with each diet replicated in three tanks. Although statistic revealed no significant differences in growth
performance among treatment group (p > 0.05), but it is noteworthy that fingerlings of T. tambroides were fed a
diet containing 0.5% Lacto-sacc exhibited a trend toward improved growth performance with value higher SGR,
along with elevated lipase and protease activities than other groups. Fusobacteria, Proteobacteria, Bacteroidetes,
Firmicutes were the top four phyla in the gut microbiota of T. tambroides, accounting for more than 95%, with
Fusobacteria dominating at around 70% of the gut microbiota. Cetobacterium, ZOR0006, Brevinema, and
Aeromonas were the most common genera detected. T. tambroides fed a 0.5% Lacto-sacc (B) diet had lower
Fusobacteria abundance while increasing other dominating bacteria compared to other treatments. Although there
is no significant difference in gut microbiota, the gut microbiota of T. tambroides fed probiotics was more
consistently disturbed and diversified, indicating less species dominance. The addition of Lacto-sacc, particularly
at a concentration of 0.5%, appeared to enhance growth performance and increase the activity of digestive enzymes
compared to the diet without Lacto-sacc, although the results were not statistically significant.
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INTRODUCTION growing variant of T. tambroides, has low seed
production which fails to meet the market

Tor tambroides is known to be one of the most demand, as they usually grow only to an average

valuable riverine fish in Southeast Asia. The fish
species which is found in Malaysia and
Indonesia shares the same genus with T.
douronensis and T. tambra (Lau et al., 2021a).
Due to its excellent commercial and
conservation value, high market demand, and
high flesh quality, it has significant potential in
aquaculture, with market prices reaching up to
USD 200 per kg in 2013, depending on grade
and size (Redhwan et al., 2022). However,
despite its unique texture and taste, the slow-

size of 800 g when reared in pond culture in
around 33 months (Zomorni et al., 2022).
According to the Red List of Threatened Species
provided by The International Union for
Conservation of Nature (IUCN), study on T.
tambroides population is still insufficient,
though the population trend has decreased,
primarily due to invasion events, massive
destruction of habitats, and overfishing to fulfil
market demand (Kottelat et al., 2018).
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In order to maintain the health of T.
tambroides, which is a slow-growing fish, it is
necessary to provide a feed that contains
balanced nutrients and can support the fish's
well-being over a prolonged period of time.
Probiotics have been found to be effective in
enhancing growth performance and boosting
overall fish health through better nutrient uptake
and enhanced immunity towards infectious
diseases. The inclusion of probiotics in the diets
of juvenile fish can provide nutritional and
health benefits by detoxifying and denaturing
indigestible compounds in feeds using
hydrolytic enzymes, as well as stimulating the
immunity of fishes (Bandyopadhyay et al.,
2015). Tachibana et al. (2021) found that feeding
Nile Tilapia with probiotic strains of Bacillus
licheniformis and Bacillus subtilis resulted in
better overall net return and a 0.5 - 2% increase
in fish production when compared to the control
group. One commonly used probiotic in
aquaculture is a lactic acid bacterium known as
Lactobacillus acidophilus. The Lactobacillus
genus has a long shelf life and good resistancy to
environmental conditions, making it an ideal
choice for aquaculture operations (Soltani et al.,
2017). L. acidophilus is found naturally as part
of the microbiota at the larval, fry, and fingerling
stages of fish development since they can be
isolated from the skin, gills, and gut (Ige, 2013).
Saccharomyces cerevisiae, on the other hand, is
a type of Brewers' yeast with high protein
content and can be used to compensate amino
acid and vitamin deficiencies in fish diets. This
microorganism is pathogenic and is capable of
resisting bile and lower pH. S. cerevisiae also
contains immunostimulating compounds such as
B-1,3-glucans, mannan-oligosaccharieds (MOS)
and chitin. These compounds can boost the
immune response of fish and serve as a live food
and fish meal replacement (Vallejos-Vidal et al.,
2016; Risjani et al., 2021).

The selection of safe probiotic candidates is
of utmost importance. Lacto-sacc is probiotics
mixture produced by AllTech Biotechnology for
livestock use. Several studies involving Nile
Tilapia, Koi Carp, rabbit, broiler chicken, turkey
and quail hens have been conducted using L.
acidophilus and S. cerevisiae combination
(Gippert et al., 1992; Mahajan et al., 2000;
Sotirov et al., 2001; Abou Zied et al., 2003;
Dhanaraj et al., 2010; Wan Alias et al., 2023;
Hannan et al., 2024). Lacto-sacc had proven by
these studies that able to improve the growth
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performance of the host, enhance the feed
utilization and immune response, reduce
pathogen and improve digestive health and
nutrient digestibility. Hannan et al. (2024) study
proven that inclusion of Lacto-sacc to diet also
significantly enhance the immune responses and
increase survival rate when challenged with
pathogen such as Vibrio parahaemolyticus in
gravid mud crab.

Additionally, it is crucial to establish the
appropriate probiotic dosage before introducing
it to the intensive aquaculture industry to avoid
the risk of accidental overdose (lge, 2013).
Overdosing probiotics can lead to unwanted side
effects and unnecessary  costs, while
underdosing probiotics may result in incurring
costs without achieving the desired outcome of
targeted parameters (Nikoskelainen et al., 2001;
Ghosh et al., 2007).

Research conducted by Asaduzzaman et al.
(2018a and 2018b), Hossain et al. (2022) and
Wan Alias et al. (2023) are known to use
probiotics on T. tambroides. Conversely, studies
on the gut microbiota of T. tambroides have also
been carried out to compare gut microbiota
between wild and captive T. tambroides, batches
of T. tambroides from different culture farms
and also diseased and healthy T. tambroides
(Tan et al., 2019; lehata et al., 2021; Lau et al.,
2021b). To date, there is still no published report
on the effect of Lacto-sacc on the gut microbiota
of the T. tambroides. The current study aims to
determine the effects of different Lacto-sacc
concentration on growth performance, digestive
enzyme activities and gut microbiota of T.
tambroides.

MATERIALS & METHODS
Experimental Fish and Husbandry Condition

The T. tambroides fingerlings were obtained
from Puri Johan Agro Sdn Bhd at Serian,
Sarawak at the size of 1-1.5 inch per fingerlings.
The fish were fed with commercial catfish pellet
(Uni-President, T502SV), which contain 40%
crude protein and 5-8% crude fat, during the 8
weeks of acclimation prior to the experiment. A
total of 12 High Density Polyethylene (HDPE)
tanks, each with a capacity of 650 L, were
utilized for running the current study. The tanks
were stocked with experimental fish, which had
an average weight and length of 6.53 = 0.17 g
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and 7.23 £0.14 cm, at a rate of 50 fingerlings per
tank. Feeding was carried out twice per day at
08:30 and 16:30 at 5% of the average fish body
weight for 20 weeks. The in-situ water quality
measurements such as water temperature, pH
and dissolved oxygen levels of the tanks were
monitored twice daily.

Diet Preparation

Experimental diets containing 40% protein and
12% lipid were prepared with varying levels of

Lacto-sacc (AllTech, Inc., USA)
supplementation. The Lacto-sacc
supplementation contains probiotics
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concentration was S. cerevisiae 3.80 X 10°
CFU/Ib, L. acidophilus 2.10 X 108 CFU/Ib,
Enterococcus faecium 1.50 X 108 CFU/Ib. A
total of four diets were formulated; 0% Lacto-
sacc as control diet (A), 0.5% Lacto-sacc (B), 1.0%
Lacto-sacc (C), and 1.25% Lacto-sacc (D). As
shown in Table 1, all the raw ingredients were
mixed with water and then pelleted with a
pelletiser before drying the pellets in an oven at
35°C for 48 hours. Dried pellets were packed and
stored in a -20 °C freezer and will only be
defrosted before feeding. The proximate
composition was analysed for experimental diets,
as shown in Table 1.

Table 1. Feed formulation used in Tor tambroides feeding trial

Ingredient (g/kg) Control 0.5% Lacto-sacc 1.0% Lacto-sacc  1.25% Lacto-sacc
(A) (B) © (D)
Fish Meal* 594.00 594.00 594.00 594.00
Corn Starch 287.60 287.60 287.60 287.60
Fish Qil 17.4 17.4 17.4 17.4
Palm Qil 40.00 40.00 40.00 40.00
Cellulose 11.00 6.00 1.00 1.00
CMC? 10.00 10.00 10.00 7.50
Vitamin mix 20.00 20.00 20.00 20.00
Mineral mix 20.00 20.00 20.00 20.00
Lacto-sacc mixture 0.00 5.00 10.00 12.50
Proximate Composition (%)
Protein 41.82 40.41 40.82 41.74
Lipid 12.99 13.34 11.43 11.78
Moisture 7.23 7.7 6.93 6.27
Ash 4.13 4.13 4.27 4.33
Fibre 0.27 0.27 0.33 0.33
NFE 33.65 34.15 36.22 35.55
Gross Energy (J/g) 18418 19109.5 18988.5 18921

1 Sri Putra Trading, Alor Star, Kedah. Crude protein 67.38%; Crude fat 10.03%

2 CMC: carboxymethyl cellulose
Relative Protein Digestibility

The relative protein digestibility (RPD) was
determined in vitro using the pH drop method
and carried out according to the Munir et al.
(2016) method. Six fish were randomly collected
from each tank, forming 18 fish per treatment,
and dissected after 4 hours of feeding. The casein
was chosen as standard. The RPD was calculated
using the formula Eq. (1):

RPD = {(-ApH feedstuff) / (-ApH casein)} x 100 Eq.(1)
Digestive Enzymes Activity Assay

The crude intestinal enzyme extraction method

was carried out according to Munir et al. (2016)
with modification. The fish gut was rinsed with
4 °C cold distilled water and cut into pieces, then
weighed. The gut was then mixed with 4 °C cold
phosphate buffer saline (PBS) at a ratio of 1:10
in a 50 ml centrifuge tube and homogenized
using a homogenizer. Subsequently, the mixture
was centrifuged at 12000 RPM for 15 minutes at
4 °C. The supernatants were then transferred into
2 ml centrifuge tubes and stored in a -80 °C deep
freezer. The activity of digestive enzymes
(amylase, lipase, and protease) was assessed
using the Sigma-Aldrich MAKO009, MAKO046
and PF0100 Kits, respectively according to the
manufacturer’s instructions.
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Data Collection

Growth and survival parameter was determined.
Measurements were taken by weighing each fish
fingerling at four weeks intervals. Ten fish were
selected from each tank, and their total length,
standard length and body weight were recorded.
The final weight of each fish was measured at
the end of the experiment. The relative growth
(RG)[EQ.(2)], specific growth rate (SGR)[EQ.(3)]
and survival rate (SR)[Eq.(4)] were calculated
using the following equations:

RG (%) 100 (Final Weight—Initial Weight) Eq(2)

Ini;ial We{ght 7 )
SGR (%/day) 100 (In Final Weight—In Initial Welght) Eq(3)
SR (%): 100 (

Nos.of Days
Final Number of Fish

Initial Number of Fish

Eq.(4)
DNA Extraction

Fish were rinsed with 4 °C cold autoclaved
distilled water and wiped dry before dissection.
The gut was cut from the end of the stomach to
the anus and cut into smaller pieces in a
microcentrifuge tube. The DNA extraction was
performed with the Qiagen DNeasy Powersoil
Pro Kit. The concentration of eluted DNA was
checked using Nanodrop (DeNovix, USA).
DNA sample purity around 1.8 at 260 nm/280
nm with a concentration of more than 20 ng/ul
was used for further experiments.

Library Preparation and Sequencing

The V3-V4 hypervariable regions of 16S rRNA
genes of gut microbiota were selected for
Polymerase Chain Reaction (PCR). PCR
amplification was carried out using the
following primers: the forward primer 5'
CCTACGGGNGGCWGCAG 3' and the reverse
primer 5' GACTACHVGGGTATCTAATCC 3.
The PCR reaction mixture (25 ul) was prepared
with 125 pl of 2X KAPA HiFi HotStart
ReadyMix, 5 ul of 10 uM Forward Primer, 5 pl
of 10 uM Reverse Primer and 2.5 pl of DNA
template. The PCR amplification conditions
included an initial denaturation at 95 °C for 3
minutes, followed by 25 cycles of denaturation
at 95 °C for 30 seconds, annealing at 55 °C for
30 seconds, elongation at 72 °C for 30 seconds,
and final elongation at 72 °C for 5 minutes.

The DNA samples were sequenced using an
[llumina MiSeq platform. The DNA samples
were subjected to library preparation before
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sequencing. The amplicons  underwent
purification and were linked with distinctive
index adapter pairs using the Nextera XT Index
kit. Following this, the indexed DNA libraries
underwent  purification using  Agencourt
AMPure XP (Beckman Coulter, USA). The
concentration of these libraries was determined
using a Qubit dsDNA HS Assay Kit and a Qubit
2.0 Fluorometer (Thermo Fisher Scientific,
USA). At the same time, their size was
confirmed using the Agilent 2100 Bioanalyzer
(Agilent, USA). Subsequently, the libraries were
standardized and combined for subsequent
MiSeq sequencing (2 X 300 bp paired-end).

Data Analysis

The significance of growth performance, RPD,
and digestive enzyme activities was analysed
using One-way Analysis of Variance (ANOVA)
at a 95% significance difference. Analysis was
carried out using IBM SPSS Statistics Version
25.

The MiSeq sequencing data were analysed
using Quantitative Insights into Microbial
Ecology (QIIME 2 v2020.8) and was installed
on Linux Ubuntu System v18.04. The sequence
was quality checked with FastQC v0.11.5 before
further analysis to ensure sequences were of
good quality. Adapter sequences were removed
from both paired-end forward and reverse reads
using the cutadapt command before trimming
chimeric sequences. The Divisive Amplicon
Denoising Algorithm 2 (DADA2) was utilized to
denoise, and filter chimeric sequences based on
the parametric model that infers true biological
sequences from reads. Forward and reverse reads
were individually denoised and merged before
removing chimeric sequences using
‘removeChimeraDenovo’, resulting in the
formation of Amplicon Sequence Variants
(ASVs). Clustered ASVs were then summarised
into various taxonomic levels based on
GreenGenes database at a 99% identity threshold.

The statistical analysis was examined into
two sections, which are alpha diversity and beta
diversity. The alpha diversity index parameter
chosen was Shannon, Chaol and Simpson to
evaluate the species richness and diversity of
each treatment among the gut microbiota of T.
tambroides. The beta diversity analysis aims to
quantify the difference in species composition
among the gut microbiota of T. tambroides.
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Weighted UniFrac was selected for Principal
Coordinate Analysis (PCoA) to visualize the
variation in gut microbiota composition across
different treatments. One-way ANOVA at 95%
significance difference was chosen for the check
significance of gut microbiota relative
abundance of phyla and genera of T. tambroides.

RESULTS

Growth Performance, Relative Protein
Digestibility and Digestive Enzyme Activities
of T. tambroides

The presence of Lacto-sacc has been shown to
influence the growth performance of fish, with
the probiotic concentration listed in Table 2. The
statistical analysis revealed no significant
difference in all growth performance and
survival rate among the treatment groups
(p>0.05). However, it is noteworthy that
treatment B (0.5% Lacto-sacc) exhibited a trend
toward improved performance and survival rate
with value consistently higher in weight gain,
RG, SGR and SR than other treatment groups.
These observations indicate that, although not
statistically significant, treatment B may offer
potential benefits that should be investigated
further. As shown in Table 2, the results
indicated a trend observed that 0.5% Lacto-sacc
was the ideal concentration for raising T.
tambroides fingerlings, followed by 1.0% Lacto-
sacc, 1.25% Lacto-sacc, and control (0% Lacto-
sacc), based on their high weight gain, RG, SGR
and SR. The addition of probiotics positively
influenced growth performance.

Although there was no significant effect
(p>0.05) found between treatments for amylase
and protease activity using One Way ANOVA in
Table 3, numerically higher digestive enzyme
activities were observed in all probiotic
treatments compared to the control group.
Treatment D recorded the highest amylase
activity, followed by C, B, and A. For protease
activity, treatment B showed highest value,
followed by C, D, and A. Notably, treatment B
had a statistically significant effect (p<0.05) on
lipase activity, exhibiting higher levels
compared to the other treatments.

Gut Microbiota of T. tambroides

The sample extracted from T. tambroides was
quantified for good quality that concentration
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was more than 20ng/pl, and the purity of the
sample OD260/280 was around 1.8 to 2.0. The
sequencing depth was normalised for all T.
tambroides samples as a plateau was observed
when the curve flattened gradually, as the
sequencing depth is adequate for capturing the
diversity present in each sample. Alpha diversity
assesses the richness and evenness of species
within a specific area without considering
differences between areas or samples. As shown
in Table 4, the Shannon, Chaol and Simpson
index were shown for each treatment. Treatment
B had the highest Shannon (2.8394) and
Simpson index (0.8981), while treatment D had
the highest Chaol index (112.3333). Conversely,
treatment C had the lowest Shannon, Chaol and
Simpson index.

The 12 samples of T. tambroides were
observed at Principle Coordinate 1 vs Principle
Coordinate 2 in Figure 1. The figure shows that
the overall distribution distance between gut
microbiota diversity of T. tambroides was
closely related. Some samples were more
dispersed, and Al at the lower part, and C3 at the
upper part of the plot.

Gut Taxonomy of T. tambroides

The gut taxonomy data for 12 samples of T.
tambroides were categorized into their
respective groups, the group means were
calculated and summarised for each top 10 phyla
(Table 5) and genera level (Table 6). No
significant differences were found between
treatments in both the top 10 phyla and genera of
gut microbiota of T. tambroides.

The phylum Fusobacteria dominated the gut
microbiota of T. tambroides. The relative
abundance of Fusobacteria varied between 71.79%
to 78.31%, with treatment B exhibiting the
lowest abundance and treatment A having the
highest abundance. On the other hand, the
highest Proteobacteria abundance was found in
treatment B and the highest Bacteroidetes found
in treatment D. Spirochaetes was absent in
treatment D.

The most abundant genus found in the gut
microbiota of T. tambroides was Cetobacterium,
followed by ZOR0006, Brevinema, Uncultured
and Aeromonas. The highest Cetobacterium
abundance (77.31%) was found in treatment A,
and the lowest abundance (71.79%) was
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observed in treatment B. The second most being treatment B. The Brevinema was absent in
abundance genus found was ZOR0006, which treatment D, and the highest abundance was
varied from 2.20% to 6.78%, with the lowest found in treatment B

being treatment D and the highest abundance

Table 2. Growth performance parameter of Tor tambroides fingerlings

Parameter Control 0.5% Lacto-sacc (B) 1.0% Lacto-sacc 1.25% Lacto-sacc
(A) ©) (D)

Initial Weight, g 6.52+0.09 6.48+0.16 6.55+0.11 6.57+0.22
Final Weight, g 17.36+0.45 18.14+0.89 17.94+1.33 17.79+1.38
Weight Gain, g 10.84+0.57 11.66+0.97 11.39+1.43 11.23+1.36
RGY, % 166.28+9.44 180.64+18.12 174.76+24.84 170.85+20.23
SGR?, % 0.70+0.03 0.73+0.04 0.7240.06 0.71+0.05
SR®, % 98.67+0.67 99.3340.67 100+0.00 98.67+1.33
VS|4 8.28+0.52 8.81+0.77 8.81+0.49 8.98+0.35
HSI® 0.44+0.08 0.60+0.05 0.5340.11 0.59+0.08
IPFS 0.83+0.28 0.66+0.15 1.57+0.33 1.70+0.26

Values are the means of triplicate groups + S.E.
!RG: Relative Growth

2SGR: Specific Growth Rate

3SR: Survival Rate

4VSI: Viscerosomatic Index

SHSI: Hepatosomatic Index

SIPF: Intraperitoneal Fat

Table 3. Digestive enzyme activities of Tor tambroides fingerlings

Parameter Control 0.5% Lacto-sacc 1.0% Lacto-sacc 1.25% Lacto-sacc
(A) (B) © (D)

RPD 42.06+5.97 56.12+11.37 52.44+11.78 52.65+12.31

Amylase, 2059.62+102.03 2821.63+1126.14 3591.27+1664.69 3886.90+371.16

nmole/min/ml

Lipase, 14.51+1.382 62.90+8.80° 24.50+1.692 21.17+2.472

nmole/min/ml

Protease, ug/ml 2700.25+170.18 3173.87+826.72 2969.48+481.47 2929.54+309.62

Values are the means of triplicate groups + S.E. Data with a different superscript in same row indicate significant differences
(p<0.05).

1 One unit of amylase is the amount of amylase that cleaves ethylidene-pNP-G7 to generate 1.0 pmole of p-nitrophenol per
minute at 25 °C.

2 One unit is the amount of lipase that generates 1.0 pmol glycerol from triglycerides per mg of protein per minute at 37 °C.

Table 4. Summary of alpha diversity of Tor tambroides gut microbiota

Treatment Shannon index Chaol index Simpson index
Control (A) 2.7017 110.667 0.8859
0.5% Lacto-sacc (B) 2.8394 96.0000 0.8981
1.0% Lacto-sacc (C) 2.6704 88.3333 0.8840

1.25% Lacto-sacc (D) 2.8360 112.3333 0.8958
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Table 5. The relative abundance for top 10 phyla detected in Phase 1 Tor tambroides gut
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0.5% Lacto-

1.0% Lacto-

1.25% Lacto-

Phylum Control (A) sacc (B) sacc (C) sacc (D)
Fusobacteria 78.3133 £ 71.7900 + 78.2700 + 73.9833 +
3.5158 7.0800 8.8803 3.1083
Proteobacteria 7.0667 + 8.0633 + 6.7867 + 7.6000 +
3.1086 4.3664 0.8756 4.7219
Bacteroidetes 7.9333 + 7.1733 + 9.4200 + 13.0633 +
10.4787 2.8856 4.6252 6.0600
Firmicutes 3.5833 = 7.6167 = 4.7200 £ 2.3967
3.2124 3.9730 4.6627 2.0467
. 1.9767 £ 44767 + 0.0267
Spirochaetes 3.2012 7.7538 0.0462 00
Actinobacteria 1.3233 £ 0.3733 0.2400 1.9400 £
0.9592 0.3347 0.1054 2.3601
Planctomycetes 0.3867 0.2500 + 0.1467 + 0.4667 +
0.2367 0.4330 0.1185 0.5807
Verrucomicrobia 0.1033 + 0.1167 + 0.3267 + 0.4167 +
0.1274 0.0586 0.4535 0.4565
Chlamydiae 0.0267 0.0200 = 0.0067 0.0467
0.0379 0.0346 0.0115 0.0808
. 0.0367 * 0.0233 =
Cyanobacteria 0.0551 0.0067 + 0.115 0+0 0.0404

Table 6. The relative abundance for top 10 genera detected in Phase 1 Tor tambroides gut

0.5% Lacto-sacc

1.0% Lacto-sacc

1.25% Lacto-sacc

Genus Control (A) (B) ©) (D)
Cetobacterium 77.3133+5.1683  71.7900 £ 7.0800 78.2700 + 8.880 73.9833 + 3.1083
ZOR0006 3.2333 + 3.4469 6.7800 + 4.0661 3.6700 + 3.7326 2.2033 +2.0410
Brevinema 1.9767 +3.201 4.4767 £7.7538 0.0267 + 0.0462 0£0
Uncultured 7.1600 +9.0179 5.9567 + 1.8700 8.4700 + 5.5209 11.6733 + 5.5256
Aeromonas 1.8967 + 0.9577 3.4000 + 1.0714 2.0033 + 0.8394 1.7367 £ 0.9182
Bacteroides 0.9033 + 1.2989 0.7733 £ 0.4692 0.5667 + 0.0551 0.8500 + 0.4349
Macellibacteroides 0.4667 +0.2103 0.7733 £ 0.3844 1.5033 + 1.0111 1.5000 + 1.5862
Mycobacterium 0.7433 + 0.8846 0.0933 +0.1365 0.0467 + 0.0808 0.8300 + 1.0306
Dechloromonas 0.4000 + 0.3345 0.4233 + 0.5689 0.2100 + 0.2456 0.6900 + 0.6986
Plesiomonas 0.6867 +£0.8171 0.2900 £ 0.0400 0.2367 £0.1234 0.1433 £ 0.1401
DISCUSSION while Abou Zied et al. (2003) observed

Growth Performance, Relative Protein
Digestibility and Digestive Enzyme Activities
of T. tambroides

Although no significant difference in growth
performance was observed between treatments
in this study, various other studies have reported
a positive effect on growth when using higher
concentrations of probiotics. For instance,
Soltani et al. (2017) found that common carp
exhibited significant growth improvement when
administered 1.2 x 10° CFU of L. plantarum,

significant growth enhancement in Nile Tilapia
with 0.1% Lacto-sacc, and Abass et al. (2018)
reported improved growth performance in Nile
Tilapia with 7% yeast. However, these outcomes
can be affected by various factors, including
species, life stage, dosage, and experimental
conditions, as noted by Hosseini et al. (2016),
who suggested assessing different probiotics for
desired species.

In contrast, higher probiotic concentrations
do not always result in a positive effect on
growth compared to lower concentrations. For
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instance, Hosseini et al. (2016) found that the
growth performance and survival of goldfish,
Carassius auratus gibelio were not affected by
the concentration of L. acidophilus. A report by
Nikoskelainen et al. (2001) also shows that
administering a high dosage of L. rhamnosus at
102 CFU does not enhance the resistance of
rainbow trout to furunculosis compared to a
lower dose of 10° CFU. Additionally, Pooramini
et al. (2009) also discovered that feed with 5%
and 10% vyeast yield similar results in terms of
growth for rainbow trout.

Additionally, S. cerevisiae can enhance
nutrient digestibility and improve the overall
health of the intestinal mucosa and the density of
intestinal villi. At the same time, MOS
stimulates the growth of beneficial bacteria, such
as Lactobacilli, which improve food digestion
and assimilation (Abass et al., 2018). L.
acidophilus has been reported to enhance growth
performance, mucosal immune response, and
stress resistance and modulate intestinal
microbiota  towards  beneficial  bacteria
(Hoseinifar et al., 2015). Furthermore, Hosseini
et al. (2016) have found that dietary L.
acidophilus could help in reducing the ghrelin
gene, an appetite-related gene in the intestinal
tract of goldfish, resulting in reduced body
glucose levels and overall appetite.

The highest survival rate, 100% was
demonstrated by 1.0% Lacto-sacc (C), followed
by 99.33% in 0.5% Lacto-sacc (B) and 98.67%
in both 1.25% Lacto-sacc (D) and 0% Lacto-sacc
(A). The death fish in treatment 0.5% Lacto-sacc
(B) and 1.25% Lacto-sacc (D) resulted from
overfeeding larger fish. The death in the control
group, 0% Lacto-sacc (A) was found to be pop
eye infection and red spot symptoms that
happened in week 13 in tank A2 (second
replicate of control group) and week 17 in tank
A3 (third replicate). Two additional fish in tank
A2  exhibited similar symptoms. The
introduction of probiotics in fish diets improved
survival rates as reported by Abass et al. (2018)
and Hoseinifar et al. (2015).

Better digestive enzyme activity was
observed in fish treated with probiotics
compared to the control group, indicating that
probiotics could enhance fish digestion. Gram-
positive bacteria such as Lactobacillus sp. could
increase intestine enzymatic activity by secreting
exogenous enzymes that are beneficial to the
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digestion process (Akter et al., 2019). The intake
of L. acidophilus has been associated with the
increase of lactic acid bacteria, resulting in
changes in both amylase and lipase activity.
Moreover, L. acidophilus has also been proven
to effectively improve dish digestive enzyme
activities (Akter et al., 2019; Mohammadian et
al., 2019). According to Mohapatra et al., (2012),
most probiotics are able to trigger essential fatty
acid production through the secretion of lipid
digesting enzymes. Digestive enzymes such as
amylase, lipase, and protease can also be
produced by lactic acid bacteria (Askarian et al.,
2012). In a study by Darafsh et al. (2020),
Persian sturgeon fed with S. cerevisiae showed
higher amylase, protease, and lipase activities
compared to the control group.

The introduction of probiotics also increases
the population of beneficial microbes and
microbial enzymes that promote feed
digestibility and absorption. As a result, the
growth performance of fish will be improved
(Allameh et al., 2017). The best results were
observed in 0.5% Lacto-sacc in terms of growth,
protease and lipase activity. Treatment B shows
high protease activity which helps in protein
digestion (Table 3). Probiotic dosage does not
have noticeable effects on fish enzymes because
there were no significant differences in the
bacteria retained in the gut among the fish in
treatments (Dawood et al., 2019).

However, the treatment showed not
significantly on growth performance and
amylase and protease activity might be due to
short duration of the probiotics feeding trial as
Tor tambroides is slow growing fish. Also, T.
tambroides prefer flowing and clean water
environment. To maintain a good water quality
for T. tambroides, 50% of the water in the closed
tank was changed daily. However, this water
change may disrupt the nutrient flow and lead to
the loss of nutrient and probiotics, potentially
affecting the fish’s nutrient uptake and leading to
no significant differences between treatments.

As seen in a study on Nile Tilapia, a higher
concentration (0.1%) of Lacto-sacc yields better
results than lower concentration (0.05%) Lacto-
sacc (Zied et al., 2003). The combination of both
L. acidophilus and S. cerevisiae at a
concentration of 0.25% has been shown to
effectively improve the growth performance and
microbial load in the gut of Koi Carp, with
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brewer’s yeast at a concentration of 0.5%
showing the best results (Dhanaraj et al., 2010).
Given that a higher initial concentration was
used in this experiment, the optimal
concentration of Lacto-sacc may fall between
0.1% and 0.5%. Higher concentration of
probiotics will not always result in better growth
and improvement in physiological status, while
overdosing might lead to higher costs and
undesired effects (Soltani et al., 2017). As
Lacto-sacc becomes dominant in the gut, the gut
microbiota may become imbalanced. This will
induce L. acidophilus to produce bacteriocins
while also fermenting lactose into lactic acid.
These processes will reduce the pH within the
gut which will then eliminate both harmful and
beneficial bacteria. Therefore, a Lacto-sacc diet
of more than 0.5% concentration is unnecessary
for T. tambroides feeding since there will not be
any improvements to the growth and digestive
enzyme activities.

Gut Microbiota of T. tambroides

In Alpha diversity, treatment B has the highest
Shannon Index that indicating higher diversity
and more even distribution of species abundance
compared to other treatment. Treatment D
showed highest Chao 1 indexes value
representing they had highest species richness.
For Simpson index, CP1 had the lowest Simpson
Index value indicating they had higher diversity,
and all species were more equally abundant.
Treatment B that has the highest Shannon and
Simpson index but with lower Chaol index can
be interpreted as treatment has mix of both
abundant and rare species with fewer estimated
total species and dominance of a few species that
cause uneven distribution.

Beta Diversity was shown by the Principal
Coordinate Analysis (PCoA) that visualized
patterns in dissimilarity. Most of the samples
were close clustering, which means most of the
samples were more similar to each other
microbial community composition. For the distal
treatment that more far apart from other samples
are more dissimilar microbial communities with
others.

The total relative abundance of Fusobacteria,
Proteobacteria, Bacteroidetes and Firmicutes
were more than 95% of the total gut microbiota
of the T. tambroides. The most abundant phyla
that had been found in the gut microbiota of 7.
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tambroides of both phases were Fusobacteria,
Proteobacteria, Bacteroidetes and Firmicutes,
similar with studies of Tan et al. (2019) and Lau
et al. (2021b) on T. tambroides. However, in
study of Lau et al. (2021b) with microbiome
analysis of gut bacterial communities of healthy
and diseased T,  tambroides  studies,
Proteobacteria was the most abundant among
them all. In contrast, in studies by Tan et al.
(2019) on wild and captive 1. tambroides,
Fusobacteria was highest abundant (26.8%) but
almost similar to an abundance of Firmicutes
(25.8%) and Proteobacteria (25.2%).

Fusobacteria can be found in most abundance
in the gut, and this finding agrees with some
studies with different fish species (Mathai et al.,
2021; Zhang et al., 2021). Fusobacteria,
particularly Cetobacterium were found to be
prevalent in gut of microbiota of freshwater fish
and account for more than 70% of the gut
microbial fish community in many fish species
(Van Kessel et al., 2011; Ray et al., 2017; Xie et
al., 2022). The decrease in the abundance of
Fusobacteria including Cetobacterium might
because  of  Saccharomyces  cerevisiae,
Lactobacillus acidophilus and Fusobacteria
which played a crucial role in carbohydrates
fermentation. In the meantime, Ofek ef al. (2022)
study found that Proteobacteria was increased at
the expense of Fusobacteria in the intestine of
diseased fish. Also, study of Siddik et al. (2022)
found out that the abundance of Proteobacteria
and Firmicutes increased when fed with
Saccharomyces cerevisiae and Lactobacillus
casei on juvenile barramundi. Among top 10
genera, there are 3 genera belongs to
Proteobacteria  which  were  Aeromonas,
Dechloromonas and Plesiomonas.

Firmicutes, characterized as advantageous
intestinal bacteria, it recognized for positive
impact on the growth performance, immunity,
digestion, and disease resistance in aquatic
animals (Xu et al., 2021). In the study, the
ZOR0006 was a genus of phylum Firmicutes and
were observed as second most abundance genus.
While in Duperron et al. (2019), Foucault et al.
(2022) and Gallet et al. (2023) studies, the two
most prevalent gut associated bacteria on the
medaka fish were Cetobacterium and ZOR0006.
In the study conducted by Ofek et al. (2022), the
abundance of ZOR0006 was greater (9.0%) in
intestine of healthy tilapia compared diseased
tilapia, constituting only one-third of the
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abundance observed in healthy fish intestine.
Spirochaetes were absent in treatment D.
Brevinema was present at top 10 genera, member
of the phylum Spirochaetes and it was suggested
as opportunistic pathogen. However, this
bacterium was a conditional pathogen that
occurrence of intestinal diseases only when
found high abundance in intestine (Kong et al.,
2023).

It is noticeable that the more preferred
concentration in growth performance which is
treatment B has lower Cetobacterium and higher
other more abundance bacteria. As shown in
alpha diversity, they are more even distributed
and more diverse than other treatment. In
accordance with the diversity resistance
hypothesis, a microbial community that exhibits
greater diversity is more likely to include a
species possessing antagonistic traits toward an
invader or pathogen (Xiong et al., 2019). Also,
study of Yang ef al. (2023) found out that
diseased yellow catfish has significant lower gut
microbial richness and diversity than healthy
individuals.

Although the study results were not
statistically different in most of the bacteria
between treatment, and comparing to the control
group, generally probiotics treated group were
decreased in abundance of Fusobacteria and
increased in Proteobacteria, Bacteroidetes,
Firmicutes. The elevation of the other bacteria
levels may be attributed to the decrease of the
Fusobacteria abundance which might be due to
nutrient competition such as carbohydrate as
they have overlapping nutrient utilization ability
with probiotics. The introduction of Lacto-sacc
bring beneficial effect to the gut, resulting
increase in these beneficial bacteria and bring
more even distributed gut microbiota.

CONCLUSION

This study demonstrated that adding 0.5%
Lacto-sacc to the diet of T. tambroides
fingerlings improved growth performance and
digestive enzyme activity when compared to the
control (0% Lacto-sacc) and other treatment
groups. However, no additional benefits were
observed at concentrations greater than 0.5%.
Fusobacteria, Proteobacteria, Bacteroidetes,
Firmicutes were the top four phyla in the gut
microbiota of T. tambroides, accounting for
more than 95%, with Fusobacteria dominating at
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around 70% of the gut microbiota.
Cetobacterium, ZORO0006, Brevinema, and
Aeromonas were the most common genera
detected. T. tambroides fed a 0.5% Lacto-sacc
diet had lower Fusobacteria abundance while
increasing other bacteria compared to other
treatments. Although there is no significant in
gut microbiota, the gut microbiota of T.
tambroides fed probiotics was likewise more
consistently disturbed and diversified, indicating
less species dominance. Future research should
focus on the appropriate  Lacto-sacc
concentration to enhance cost efficiency, as well
as the long-term effects of probiotics on growth.
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ABSTRACT

The first recorded bloom of Karenia mikimotoi (initially Gymnodinium mikimotoi) occurred off the coast of Japan
in 1934, causing mass mortality of shellfish and fish. This event highlighted the devastating impact of K. mikimotoi
blooms and marked a turning point in harmful algal bloom (HAB) research, driving studies on its identification,
biology, toxicology, and effects on marine life and ecosystems. The past reported bloom events in Southeast Asia
have raised public concerns, leading to further investigation into the occurrence and geographical distribution of
K. mikimotoi in the region. As of yet, there is no recorded evidence of K. mikimotoi blooms in Malaysian waters.
This prompt the investigation of the occurrence and distribution of K. mikimotoi in Malaysia, and this study
represent the first record of K. mikimotoi in Malaysian waters. In this study, clonal cultures of K. mikimotoi isolated
from Sepanggar Bay, Sabah were examined using light microscopy (LM) and scanning electron microscopy
(SEM) to observe its morphological features. Cells of K. mikimotoi from Malaysian Borneo exhibited a typical
dorso-ventrally flattened body with bi-lobed and linear apical grooves on the cell apex. Molecular characterisation
of the strains based on the internal transcribed spacer (ITS) region and large-subunit (LSU) ribosomal DNA
revealed close phylogenetic relationships with other strains of K. mikimotoi from other regions, forming a
monophyletic clade that positioned as sister to K. brevis, supporting the species identity of K. mikimotoi. The
secondary structure of the ITS2 RNA transcript revealed a universal structure with four major helices. Structural
comparison between K. mikimotoi and its relatives revealed four to six hemi-compensatory base changes. The
results demonstrated the efficacy of 1TS2 secondary structure information in delimiting species in Karenia. The
detailed morphology and molecular characteristics of K. mikimotoi were revealed, for the first time, from the
coastal waters of Malaysian Borneo.
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INTRODUCTION (Watkins et al., 2008; Heil & Steidinger, 2009;
Hoagland et al., 2009).

The genus Karenia G. Hansen & Moestrup, 2000

(order: Gymnodiniales; family: Kareniaceae) is
a group of athecate dinoflagellates that
contribute to the harmful algal bloom (HAB)
phenomena (Cen et al., 2020). Some species of
Karenia have been reported to cause mass
fatalities of marine animals and massive fish
mortality, leading to significant economic losses
in marine and coastal aquaculture (Davis, 1948;
Gunter et al., 1948; Flewelling et al., 2005; Li et
al., 2019). The genus Karenia also poses threats
to public health through neurotoxic shellfish
poisoning (NSP) and respiratory illnesses

The lack of comprehensive taxonomical
study for Karenia species has become critically
important since the discovery of red tides that
killed marine life. Recently, a new Karenia
species called K. hui had been described from
China (Cen et al., 2024). Over three decades, the
taxonomical classification of the genus Karenia
has progressed significantly, and as of now, the
genus Karenia is consists of eleven recognised
species namely Karenia asterichroma, K.
bicuneiformis (synonym: K. bidigitata), K.
brevis, K. brevisulcata, K. concordia, K.
cristata, K. hui, K. longicanalis (synonym: K.
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umbella), K. mikimotoi, K. papilionacea, and K.
selliformis (Guiry and Guiry, 2023; Cen et al.,
2024).

Naked dinoflagellates of genus Karenia were
previously classified under genus Gymnodinium
before genus Karenia was established
(Bergholtz et al., 2006; Caruana & Amzil, 2018).
The historical taxonomic of K. mikimotoi
became a state of turmoil, particularly after the
strain isolated from European waters was
identified as Gyrodinium cf. aureoleum
(Hulburt, 1957; Gentien, 1998). Strains
discovered from different areas of Japan were
named as Gymnodinium sp., G. sp. 1 and G.
type-’65 but were later re-assessed and re-
described as K. mikimotoi (Fukuyo et al., 2002).
In 1984, additional strains from Japan were
named Gymnodinium nagasakiense owing to the
dissimilar morphology traits as G. mikimotoi
under light microscopy (Takayama & Adachi,
1984), and Gyrodinium nagasakiense, based on
cingular displacement with European G. cf.
aureolum (Tangen, 1977; Takayama & Adachi,
1984; Partensky et al., 1988). Molecular studies
later confirmed that Gymnodinium nagasakiense
and Gyrodinium nagasakiense were actually
identical to Gymnodinium mikimotoi (Hansen et
al., 2000). Comprehensive morphological,
molecular, and pigment analyses on the
European G. cf. aureolum and G. mikimotoi
were performed and had reached a consensus
that European G. cf. aureolum was conspecific
with G. mikimotoi (Hansen et al., 2000; Tang et
al., 2008). A re-evaluation by Daugbjerg et al.
(2000) highlighted the presence of a straight
apical groove as a unique feature of all Karenia
species which was morphologically distinct than
that of Gymnodinium sensu stricto, thus,
separating Karenia species from genus
Gymnodinium. Consequently, Gymnodinium
mikimotoi was reclassified as Karenia mikimotoi
(Daugbjerg et al., 2000).

K. mikimotoi  (formerly known as
Gymnodinium mikimotoi) was described from
Gokasho Bay, Japan (Oda, 1935). The name
“mikimotoi” was given to this species in
reference to Mikimoto Kokichi, the “Pearl King”
who was known inside and outside the Japanese
empire for pearl cultivation in Gokasho Bay
(Eunson, 1955; Ericson, 2016). Over the course
of more than 80 vyears, this HAB-forming
dinoflagellate species has caused mass
mortalities in marine life worldwide, mainly in
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the coastal waters of Europe and Asia (Li et al.,
2019).

In the Asian region, blooms of K. mikimotoi
have been reported since the 1930s. Several
areas in Japan have documented the blooms of
this species (Oda, 1935; Takayama & Adachi,
1984; Yanagi et al., 1995; Matsuyama et al.,
1999; Siswanto et al., 2013; Li et al., 2019). In
Gokasho Bay, Honshu, Japan, the K. mikimotoi
blooms in 1934 caused mortalities of fish and
shellfish (Oda, 1935). In Omura Bay, Nagasaki,
a K. mikimotoi bloom was associated with fish
and shellfish deaths in 1965 (Takayama &
Adachi, 1984). In Suo-Nada and lyo-Nada,
Japan, a K. mikimotoi bloom in 1985 caused
significant damage to the fisheries, with
financial losses exceeding 10 million USD
(Yanagi et al., 1995). From 1981 to 1985, K.
mikimotoi was reported in Korean coastal waters
(Park et al., 2013). In 1989, a bloom of K.
mikimotoi associated with a fish kill event
occurred in Indian waters (D’Silva et al., 2012).
In the Bolinao-Anda area, Pangasinan province
in the Philippines, high biomass of K. mikimotoi
was occasionally reported, but no fish kills were
observed (Yfiguez et al., 2021). In 1998, K.
mikimotoi blooms was reported in Hong Kong
waters (Lu & Hodgkiss, 2004), this red tide
caused significant losses to about two-thirds
(estimated 1000 out of 1500) of mariculture
farms, with an estimated financial loss of 315
million HKD (40 million USD). Following the
first bloom in the coastal waters of China, the
bloom areas of K. mikimotoi were observed to
spread from Guangdong province to Tianjin city,
and the provinces of Zhejiang, Fujian, Hebei,
and Jiangsu (Baohong et al., 2021). Blooms of
K. mikimotoi in China have become frequent in
the East China Sea, including the Changjiang
River estuary and the coastal areas of Zhejiang
and Fujian Provinces, almost every year since
2002 (Li et al., 2017). In 2011 and 2014, K.
mikimotoi caused patches of water discoloration
along the east Johor Strait, Singapore (Leong et
al., 2015).

Within the Southeast Asian region, Vietnam,
Singapore, and Philippines are the countries that
have reported the occurrences of K. mikimotoi
(Larsen & Nguyen, 2004; Leong et al., 2015;
Azanza and Benico, 2017; Yiiguez et al., 2021).
The presence of the species was first reported in
Vietnamese coastal waters in a sampling survey
in 1999. As reported by Leong et al. (2015), a
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high biomass of K. mikimotoi (>200 cells mL™)
was observed along east Johor Strait in 2011.
Following the first occurrence of K. mikimotoi in
Singapore waters, bloom patches of this
dinoflagellate were subsequently detected in
Punggol Marina and Changi Sailing Club
(Leong et al., 2015). The observation in Changi
Sailing Club recorded the cell densities of
>5,000 cells mL™' (Leong et al., 2015). The most
recent bloom of K. mikimotoi in east Johor Strait,
Singapore was observed in 2016, with the
highest cell density exceeding 8,000 cells mL™
(Kok & Leong, 2019). In Bolinao-Anda,
Philippines, a very high abundance of K.
mikimotoi were reported but no fish Kkill
observed (Azanza & Benico, 2017). The
increasing frequency and intensity of K.
mikimotoi blooms in Southeast Asia is a
continuous concern due to the adverse ecological
impacts  associated  with  this  harmful
dinoflagellate (Yfiiguez et al., 2021).

Although there have been widespread
occurrences of mass mortalities of aquatic
animals globally, notably in Southeast Asia,
there is no documented evidence of K. mikimotoi
blooms in Malaysian waters. While K. mikimotoi
blooms have not been reported in Malaysia,
harmful algal bloom (HAB) monitoring on K.
mikimotoi is crucial because this species has the
potential to form harmful blooms that can lead to
mass fish deaths and pose a serious threat to both
marine life and aquaculture. Therefore, it is
essential to collect scientific information to shed
light on the presence of this harmful athecate
dinoflagellate in Malaysia, particularly in the
coastal waters of Borneo, as part of HAB
monitoring. This study, thus, aims to document
the occurrence of K. mikimotoi in Borneo, by
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opportunistic sampling in Sepanggar Bay,
Sabah, Malaysian Borneo, followed by single
cells isolation and culture establishment of the
Kareniaceae-like cells. The clonal cultures were
subsequently characterized by means of
advanced morphological and  molecular
approaches. The species was identified based on
the morphological traits examined through light
and scanning electron microscopy, and further
supported by molecular phylogenetic analysis of
large subunit (LSU) and internal transcribed
spacer (ITS) of the ribosomal RNA gene. The
secondary structure of ITS2 transcript was
modelled for Karenia species to infer the
phylogenetic relationships. This study reports,
for the first time, the detailed morphology and
molecular characteristics of K. mikimotoi in
Borneo's coastal waters.

MATERIALS & METHODS
Sampling Site and Algal Cultivation

Seawater samples were collected at Sepanggar
Bay, Sabah (6°5°27.9” N 116°7°38.4” E) (Figure
1) using a 20-um mesh-size plankton net and
brought back to the laboratory for incubation.
Single cell isolation (Hoshaw, 1973) from the
seawater sample was carried out under light
microscope Olympus BX51 (Olympus, Tokyo,
Japan). The cells were grown in General-
Purpose Medium (GPM) (Loeblich, 1975) and
were kept in a temperature-controlled growth
chamber at 25°C and light intensity of 100 umol
m2s 1 under a 12:12 h light:dark regime (Kon et
al., 2017). The culture established was deposited
in the UNIMAS Harmful Algae Culture
Collection with strain name KMSPBUDS.

6.15°N
r | T/\\
6.1°N .
j\b; ? Sepanggar Bay
/""\‘LI‘:\/'/’
6.05°N
{/’ g o 3 . Kota
;@%{?Jj‘a{e 4 J\;f" Kinabalu
60 N C/ ’G\L-§7 4
o~ /’1/ '
116°E 116.1°E 116.2°E

Figure 1. Map of Sabah, Malaysian Borneo showing the sampling site in this study
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Light and Scanning Electron Microscopy

Live cells were examined under an Olympus
BX51 light and fluorescence microscope
(Olympus, Tokyo, Japan) to record the
morphometric measurements, and positions of
chloroplast and nucleus. Cells were stained with
0.1% SYBR Safe DNA stain (Invitrogen, MA,
USA) to observe the nucleus under a
fluorescence microscope using 450-490 nm
excitation and 510-550 nm emission. For
scanning electron microscopic observation, cells
were fixed with 1% acidic Lugol’s and 1%
glutaraldehyde overnight (Nézan et al., 2014)
and dehydrated in a graded ethanol series of
10%, 30%, 50%, 75%, 90%, 95%, and absolute
ethanol. Samples were critical-point dried using
the K850 Critical Point Dryer (Quorum,
Laughton, United Kingdom), sputter-coated
with gold palladium, and observed under a JEOL

JSM-6510 Analytical Scanning  Electron
Microscope (JEOL, Tokyo, Japan).
DNA Extraction, Gene Amplification,

Purification and Sequencing

Exponential-phased cells were harvested for
genomic DNA extraction following the protocol
of the DNeasy® Plant Mini Kit (Qiagen, Hilden,
Germany). The large subunit (LSU) of ribosomal
RNA gene (rDNA) was amplified using the
primer pair, DIR (5"-ACC CGC TGA ATT
TAA GCA TA-3") and D3Ca (5"-ACG AAC
GAT TTG CAC GTC AG-3") (Scholin et al.,
1994) The internal transcribed spacer (ITS)
region was amplified using a primer pair
designed in silico in this study, viz. SDINOITSF
(5-TCGTAACAAGGT TTC CGT AGG TG-
3’) and Smalldino ITS2R (5" -GGT ACT TGT
TTG CTATCG GTC TCG-3").

For gene amplification using Polymerase
Chain Reaction (PCR), 1x PCR buffer
(Promega, Madison, WI, USA), 1.5 mM MgCI?,
0.2 mM dNTPs (Qiagen, Hilden, Germany), 0.5
MM each primer, 2.5 U Tag DNA polymerase
(Promega), and 10-100 ng uL* DNA were
mixed in a 25 uL PCR cocktail. Gene
amplification was performed in a Mastercycler®
nexus GX2 thermocycler (Eppendorf, Hamburg,
Germany). Gel electrophoresis was run at 75V
for 25 min and illustrated in an E-Box gel
documentation imaging (Vilber, Marne- la-
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Vallée, France). The amplicons were purified
using the Promega Wizard® PCR Preps DNA
Purification System (Madison, Wisconsin,
United States) and Sanger sequencing were
undertaken by Apical Scientific Sdn. Bhd.
(Selangor, Malaysia).

Phylogenetic Analysis

Maximum  Parsimony (MP), Maximum
Likelihood (ML), and Bayesian Inference (BI)
were used to infer the phylogenetic relationships
between K. mikimotoi and its close relatives.
PAUP* ver. 4.0b.10 (Swofford, 2003) was used
for MP and ML runs. For the MP run, heuristic
searches of 1,000 random-addition replications
and branch-swapping with tree-bisection
reconnection (TBR) were performed. Bootstrap
analysis was performed with 1,000 bootstrap
replications and 100 random sequence additions
per bootstrap replicate. Heuristic searches and
branch-swapping with 100 random addition
replications in TBR were used for ML analysis.
MrBayes 3 (Ronquist and Huelsenbeck, 2003)
was used to run Bl. The Akaike information
criterion from jModelTest 2.1.10 (Darriba et al.,
2012) was used to determine the best-fit model
of ML and BI. FigTree v1.4.3 (Rambaut, 2007)
was used to visualise the phylogenetic trees.

ITS2 Secondary Structure Modelling

ITS2 secondary structure of Karenia species was
modelled from the ITS sequences based on the
5.85-28S interaction identified at the proximal
stem of the structure. The ITS2 secondary
structure of Karenia species was predicted using
the free energy minimization in RNAStructure
v6.4 (Alietal., 2023). The ITS2 RNA transcripts
were modelled by homology modelling
workflow (Wolf et al., 2005), using the ITS2
Database (Koetschan et al., 2012; Merget et al.,
2012). The ITS2 secondary structure was
illustrated in VARNA (Darty et al., 2009). The
multiple  sequence-structure  alignment  of
Karenia ITS2 was generated in an ITS sequence
structure-specific scoring matrix (Seibel et al.,
2006) in 4SALE v1.7 (Seibel et al., 2006, 2008).
The compensatory base change (CBC) and
hemi-compensatory base change (hCBC) were
identified in 4SALE (Wolf et al., 2005; Seibel et
al., 2006, 2008).
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RESULTS

Morphological Characterisation of K.

mikimotoi

The morphotype of K. mikimotoi was observed
and identified in this study using single culture
strain.

K. mikimotoi (Miyake & Kominami ex Oda) G.
Hansen & Moestrup

Morphology: Cells are broadly ovoid, 22.1-27.4
pm long (25+1.6 um; n = 30) and 17.2-23.9 um

/(\
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wide (21+2.3 pm, n = 30). Cells are dorso-
ventrally flattened, the epicone is conical and
slightly smaller than the hemispherical
hypocone, hypocone is with two lobes (Figure
2(a)-2(c)). The ellipsoidal nucleus is situated at
the left side of the hypocone near the edge of
cell, slightly extended into the epicone (Figure
2(d)-2(e)). The straight and wide apical groove
is situated slightly above the sulcal intrusion
extending to the dorsal of epicone, creating a
slight indentation at the cell apex (Figure 2(a)—
2(c), 2(f)-2(h)).

Locality: Sepanggar Bay (6°5°27.9” N

116°7°38.4” E), Sabah, Borneo, Malaysia
/ \ /cx\

&J

Figure 2. Karenia mikimotoi. (a-e) LM. Live cells showing apical groove (arrowhead) and nucleus (N). (d-e)
SYBR Safe-stained cells with an ellipsoid nucleus (N) located on the left side of the hypocone nearing the edge
of the cell. (f-h) SEM. Straight apical groove (arrowhead) in apical (f), ventral (g), and (h) dorsal views. Scales,

5 um
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Molecular Characterisation of K. mikimotoi

The LSU and ITS sequences of K. mikimotoi
obtained in this study were deposited in the
NCBI GenBank (LSU: PP993796 and ITS:
PP993794). The D1-D3 region of the LSU and
ITS rDNAs of K. mikimotoi were used to
reconstruct the phylogenetic inferences of
Karenia species. Similar tree topologies using
MP, ML, and BI, were yielded from both
phylogenetic trees, with the ML tree topologies
showing the inferences (LSU, Figure 3; ITS,
Figure 4). In the phylogenetic trees of this study,
the K. mikimotoi from Sabah was notably
positioned within a clade that included K.
mikimotoi strains from previous studies. Both
phylogenetic analyses revealed that K. mikimotoi
formed a sister clade to K. brevis (ML bootstrap
values/BI posterior probabilities, 100/100% in
LSU tree, Figure 3; 94/99% in ITS tree, Figure
4). Grouping of K. mikimotoi, K. brevis, and K.
selliformis was consistent in both LSU and ITS
phylogenetic trees (Figure 3; Figure 4). The LSU
tree (Figure 3) inferred monophyletic groups of
(K. selliformis, K. brevisulcata, and K. cristata)
(100/100%, Figure 3), and (K. papilionacea, K.
bidigitata and K. asterichroma) (100/82%,
Figure 3). In ITS tree (Figure 4), K. selliformis,
K. longicanalis (synonym: K. umbella) and K.
aureolum had formed a monophyletic clade
(100/100%, Figure 4), which was paraphyletic to
K. papilionaceae (100/100%; Figure 4). The
molecular phylogenetic trees of this study also
revealed the monophyletic clade of
Asterodinium gracile and K. papilionacea
(100/82%, Figure 3; 100/100%, Figure 4)., and
the position of Brachidinium capitatum within
the clade of Karenia.

ITS2 Secondary Structure of Karenia

ITS2 secondary structure of five Karenia species
viz. K. mikimotoi, K. brevis, K. selliformis, K.
longicanalis and K. papilionaceae were
modelled. The ITS2 RNA transcripts of Karenia
Clade I comprised of K. mikimotoi, K. brevis and
K. selliformis (Figure 5), and Karenia Clade 11
consisted of K. longicanalis and K.
papilionaceae (Figure 6). Comparison of the
compensatory base changes (CBCs) and hemi-
compensatory base changes (hCBCs) of K.
mikimotoi to the closely related species were
mapped on the transcripts. The pairwise
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structural comparison between K. mikimotoi and
K. brevis (Figure 5) showed four hCBCs (in
Helix I, G-U+G-C; Helix Il, A-C—A-U, G-
G<G-U; Helix Ill, G-C—~G-U), and no CBC
was detected. When comparing K. mikimotoi
with K. selliformis (Figure 5), six hCBCs were
revealed (in Helix I, G-U~G-C, U-A~U-C;
Helix 1, C-G—G-G, A-C—A-U; Helix Ill, G-
C—G-U, G-C—A-C), no CBC was detected.
When K. brevis was compared to K. selliformis
(Figure 5), four hCBCs (in Helix I, U-A—~U-C;
Helix Il, C-G+~G-G, G-U«+G-C; Helix I, G-
C—A-C) and no CBC showed. Pairwise
structural comparison of K. longicanalis and K.
papilionacea (Figure 6) revealed three CBCs (in
Helix IV, G-C—U-G, A-U—U-A, G-C—A-U).
The comparison of ITS2 RNA transcript of K.
longicanalis and K. papilionacea (Figure 6) also
showed ten hCBCs (in Helix I, U-G—C-G, C-
G—U-G, U-G—U-A; Helix II, C-G~U-G;
Helix Ill, U-G~C-G, G-C~G-U, G-C—~G-U,
U-G—C-G, G-U~A-U, G-U—A-U).

DISCUSSION

Morphology and Molecular Characterisation
of K. mikimotoi

Cells of K. mikimotoi from Borneo coastal
waters was within the similar size range as
reported in previous studies of K. mikimotoi
from distinct geographical region (Table 1). K.
mikimotoi of Sabah was 22 to 27 um long and 17
to 24 um wide, and the cell sizes was within the
range of previously reported K. mikimotoi which
had cell sizes ranges between 20 and 38 um long,
16 and 30 um wide (Oda, 1935; Hansen et al.,
2000; Haywood et al., 2004; Iwataki et al.,
2022). Species of Karenia are morphologically
variable but share common traits such as a dorso-
ventrally flattened body, an elliptical or
pentagonal cell shape, a straight apical groove,
and sometimes an apical carina (Oda, 1935;
Botes et al.,, 2003; de Salas et al., 2004,
Haywood et al., 2004; Escobar-Morales &
Hernandez-Becerril, 2015; Hansen et al., 2000;
Iwataki et al., 2022), and typically described
having conical epicone and hemispherical
hypocone (Oda, 1935; Haywood et al., 2004;
Hansen et al., 2000; Iwataki et al., 2022). with
key features including a straight apical groove on
the epicone and no ventral pore (Daugbjerg et
al., 2000).
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Table 1. Morphological comparison of Karenia mikimotoi observed in this study and previous studies (n.d. = no

data)
Reference(s) In this study Iwataki et al. (2022) Hansen et al. (2000) Oda (1935);
Haywood et al.
(2004)

Cell length (um) 22.1-27.4 24.6-35.1 23.9-37.7 20.0-30.0
(25.0+1.6) (31.2+3.0) (32.8+3.4) (24.8+0.4)

Cell width (um) 17.2-23.9 21.9-30.9 21.6-36.4 16.0-30.0
(21.0+2.3) (26.8+2.4) (30.6+3.8) (20.9+0.3)

Cell shape Broadly ovoid and Conical epicone, Conical or Broadly ovoid
dorso-ventrally hemispherical hemispherical and flattened
flattened, with hypocone, epicone, dorsal abdomen,
conical epicone and  dorsoventrally hemispherical with wide conical
two-lobed flattened hypocone epicone and two-
hemispherical lobed flakes
hypocone hypocone

Nucleus Ellipsoid, located Round in the left Elongated, reniform  Ellipsoid, located

Sulcal intrusion

Ventral pore

Apical groove

on the left side of
hypocone nearing
the edge of cell

Present

Absent

Straight, wide,
slightly above
sulcal intrusion
extending to dorsal
epicone

hypocone, or
ellipsoid in the left
of the cell

Present, anterior
was shallow and
distal end was open

n.d.
Straight

or pyriform,
situated in the left
part of the cell

Present, narrow but
widened slightly
towards the antapex
to slightly above
epicone

n.d.

Delicate, narrow,
situated to the left
of sulcal axis
extending from
slightly above
sulcal extension on
the ventral side of
cell way down the
dorsal side of
epicone

on the left side of
hypocone nearing
the edge of cell

Present at
epicone

n.d.

Straight, slightly
above right side
of the starting
point of the
sulcal intrusion
extending to the
dorsal epicone

Previous studies on K. mikimotoi (Oda, 1935;
Haywood et al., 2004; Hansen et al., 2000;
Iwataki et al., 2022) documented a visible apical
groove, linear and narrow in shape that extended
slightly above the sulcus intrusion to the dorsal
side of the epicone. This is similar to the apical
groove of K. mikimotoi observed in this study.
Previous studies did not record the presence of a
ventral pore (Oda, 1935; Hansen et al., 2000;
Haywood et al., 2004; Iwataki et al., 2022),
which was confirmed to be absent in K
mikimotoi as recorded in this study. The position
of nucleus was one of the distinguishing
characteristics for identifying K. mikimotoi
(Tangen & Bjornland, 1981; Haywood et al.,

2004; Wolny et al., 2024). A few studies had
documented that the nucleus in K. mikimotoi was
located at the left side of the cell (Hansen et al.,
2000; Iwataki et al., 2022; Wolny et al., 2024).
The position of nucleus of K. mikimotoi
observed in this study was similar with the
previous reports on this species.

The combination of morphological and
molecular characterisation was utilized in this
study to further support the species identification
of K. mikimotoi. As an athecate dinoflagellate, K.
mikimotoi is delicate and prone to deformation
or even cell lysis during preservation (Krock et
al.,, 2009). Therefore, the identification of
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Karenia species often requires observation of
live samples, as preserved samples may be
ambiguous and make it difficult to obtain
morphological features and morphometric data
(de Salas et al., 2003; Bergholtz et al., 2006;
Wayne et al., 2007). Identifying K. mikimotoi
with microscope is challenging owing to its
smaller cell size, minimal morphological
divergence from other Karenia species under
light microscope, and low cell abundance during
non-bloom periods (Friedheim, 2016; Zhang et
al., 2022). According to Haywood et al. (2004),
microscopic identification of K. mikimotoi may
be determined by cell size and nucleus position,
while emphasises that molecular phylogenetic
analysis is crucial in resolving difficulties in
species identification. Molecular methods such
as DNA sequencing of rDNA ITS and LSU
region supports morphological data from light
microscopy for more precise and reliable of
species identification (Yuan et al., 2012).

Molecular data not only aids in species
delineation  but also for  facilitating
comprehensive species characterisation and
taxonomic classification (Monaco & Prouzet,
2015). K. mikimotoi is phylogenetically closer to
K. brevis, and the results of this study agreed
with past studies demonstrating the close
relationship between K. mikimotoi and K. brevis
(Ok et al., 2023). In addition, Benico et al.
(2019) had documented A. gracile affinity to K.
papilionacea and was closely related to Karenia
species. The phylogenetic analysis in Henrichs
et al. (2011) study had revealed the placement of
B. capitatum in the Karenia clade. The
placement of A. gracile and B. capitatum in the
clade of genus Karenia was also revealed in this
study and these findings had provided support
for the inclusion of genera Asterodinium and
Brachidinium in Kareniaceae family as reported
in previous studies (Henrichs et al., 2011;
Benico et al., 2019).

ITS2 Secondary Structure of Karenia

This study is the first to analyse and compare the
ITS2 secondary structure of Karenia species to
obtain a clearer understanding of the genetic
relationships between species within this genus.
The modelling of ITS2 secondary structures in
Karenia revealed four highly conserved
universal helices (I—IV). Helices  and IV are the
most evolutionarily variable helices and are
particularly useful for comparing species and
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subspecies, while helices Il and Il are more
conserved in the lower taxonomic levels and
differ from other eukaryotic ITS2 structures
(Coleman, 2009).

In the molecular characterization of K.
mikimotoi, K. brevis, and K. selliformis,
phylogenetic analysis (Figure 3; Figure 4)
reveals their separation into three distinct species
lineages. This is further supported by the
presence of hemi-compensatory base changes
(hCBCs) when comparing their ITS2 transcripts
(Figure 5). In a study on Fukuyoa paulensis, no
compensatory base changes (CBCs) were
detected among the clades, but an hCBC was
observed in the most divergent clade (Laza-
Martinez et al., 2016). In the present study, four
hCBCs were identified between K. mikimotoi
and K. brevis ITS2 transcripts, and six hCBCs
were found in comparisons between K.
mikimotoi and K. selliformis ITS2 transcripts
(Figure 5). The presence of additional hCBCs
increases genetic divergence between species,
leading to their classification as separate species
(Wolf et al., 2013). In other words, hCBCs play
a crucial role in species divergence and represent
a key step in speciation (Rousset et al., 1991;
Wolf et al., 2013; Metzger et al., 2017). To
further support the use of hCBCs as molecular
markers in the ITS2 transcript, Teng et al. (2015)
applied hCBCs to define new species identities
in Pseudo-nitzschia.

Besides, based on ITS2 secondary structure
and CBCs analyses K. longicanalis is distinct
from K. papilionaceae by having three CBCs
and ten hCBCs (Figure 6). Different species are
more easily classified when CBCs are present in
the homologous modelling of the ITS2
secondary structure (Coleman, 2003; Miiller et
al., 2007). The CBC information can be useful in
evaluating species delineation, but divergence of
ITS2 sequences due to hybridisation and
polyploidisation can lead to misleading
inferences of true homology between taxa and
accurate phylogenetic reconstruction (Alvarez &
Wendel, 2003). A good indicator of distinct
species is the presence of at least one CBC
(Mdller et al., 2007; Wolf et al., 2013).

The taxa are classified as different species
when CBCs or hCBCs are present in the
homology modelling (Coleman, 2003; Muller et
al., 2007). The predicted ITS2 secondary
structure is sufficient to demarcate closely
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related species, especially pseudo-cryptic and The presence of CBCs or hCBCs of ITS2

cryptic species (Amato et al.2007, Muller et al., transcript in this study can serve as supporting
2007). In this study, the presence of hCBCs can information in species delimitation among
be used as a diagnostic feature of species Karenia species.
delineation in Karenia when CBCs are absent.
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Geographical Distribution and Bloom Events
of K. mikimotoi in Asia

The bloom-forming dinoflagellate species K.
mikimotoi has been documented in temperate
coastal waters along the coasts of Atlantic,
Pacific, and Indian Oceans (Li et al., 2019).
Although K. mikimotoi is documented for the
first time in Borneo coastal waters in this study,
it has a long history of widespread distribution
with detrimental impacts on marine life in other
Asian countries, for instances, Japan, China,
Singapore, Vietnam, Korea and India. First
report of K. mikimotoi was during red tides in
1934 in Japan, where this toxic species was
associated with fish and shellfish kills along the
shore of Gokasho Bay, Honshu (Oda, 1935).
Since then, K. mikimotoi was reported to bloom
from 1991 to 1995 in several areas in Japan,
including Tanabe Bay, Hoketsu Bay, Suo-Nada,
near le-shima islands, and Hiroshima Bay
(Nakamura et al., 1995; Koizumi et al., 1996;
Kimura et al., 1999; Matsuyama et al., 1999).
Among all the affected countries, China is the
most affected by the blooms of K. mikimotoi.
The first discovery of K. mikimotoi in China
dates back to 1998 in Daya Bay and the Pearl
River estuary (Baohong et al., 2021). Since then,
K. mikimotoi blooms have recurred over 120
times in China, becoming an annual calamity
even in current 21% century (Baohong et al.,

2021; Zhang et al., 2023). The longest period of
K. mikimotoi bloom recorded in China was in the
Yangtze River estuary, lasting for 72 days in
2006 (Baohong et al., 2021). In 2012, 22 blooms
of K. mikimotoi were observed affecting
Zhejiang Province, Fujian Province, and
Guangdong Province (Baohong et al., 2021). K.
mikimotoi has also been documented in several
Southeast Asian countries, including Singapore
(Leong et al., 2015; Kok & Leong, 2019) and
Vietnam (Larsen & Nguyen, 2004). Park et al.
(2013) documented the occurrence of K.
mikimotoi on the Geoje coast of Korea. In India,
K. mikimotoi blooms were linked to fish kills
along the Kerala coast in 2004 (D’Silva et al.,
2012), Cochin Barmouth in 2009 (Hartman et
al., 2014), Gulf of Mannar in 2013 (Babu et al.,
2016), and Kochi estuary (Kumar et al., 2018).
The distribution of K. mikimotoi is believed to be
facilitated by ballast water carried by
international vessels. A study by Wang et al.
(2010, as cited in Wang et al., 2022) linked the
movement and subsequent invasion of K.
mikimotoi into new regions of the China Sea to
ballast water transport, highlighting the role of
shipping in the spread of this species. The
detection of K. mikimotoi in Sabah, especially
near the international port at Sepanggar Bay,
Kota Kinabalu, further highlights its extensive
distribution via ballast water.
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Table 2. Summary of red-tides attributed to K. mikimotoi in Asia with detrimental effects to marine life (n.d. = no

data)
Year  Area Adverse effects Reference
1934  Japan; Gokasho Bay, Honshu Fish, shellfish mortality Oda (1935)
Fish gills disorder, mucus
spawn
1965  Japan; Omura Bay, Nagasaki Fish, shellfish mortalities Takayama and Adachi
(1984)
1972 Japan; Omura Bay, Nagasaki n.d. Hirayama (1972); Gentien
(1998)
1981  Korea; Geoje coast n.d. Park et al. (2013)
1985  Japan; Suo-Nada and lyo-Nada Fisheries damage >10 Yanagi et al. (1995)
million US$
1989  India; Kodi, Karnataka Fish mortality D’Silva et al. (2012)
1991  Japan; Tanabe Bay n.d. Nakamura et al. (1995)
1992  Japan; Hoketsu Bay n.d. Koizumi et al. (1996)
1992  Japan; Suo-Nada n.d. Kimura et al. (1999)
1993  Japan; Suo-Nada n.d. Kimura et al. (1999)
1994  Japan; near le-shima Islands n.d. Nakamura et al. (1995)
1995  Japan; Hiroshima Bay Shellfish mortality Matsuyama et al. (1999)
1998  China; Pearl River estuary and Daya Bay Fish mortality Dickman (2000); Qi et al.
(2004)
2002  China; Fujian coast Fish, shellfish mortalities Lietal. (2017)
2003  China; East China Sea coast n.d. Li et al. (2017)
2003  China; Zhejiang Province n.d. Baohong et al. (2021)
2004  China; Tianjin and Yellow River estuary n.d. Baohong et al. (2021)
2004  China; Bohai Sea and East China Sea n.d. Li et al. (2017)
2004  India; Kerala coast Fish mortality D’Silva et al. (2012)
2004  Vietnam coast n.d. Larsen and Nguyen (2004)
2005  China; Yangtze River estuary, Bohai Bay n.d. Baohong et al. (2021)
and Zhejiang Province
2005  China; East China Sea coast and Pearl River  Fish, shellfish mortalities Li et al. (2009); Li et al.
estuary (2010); Li et al. (2017)
2006  China; East China Sea coast n.d. Lietal. (2017)
2006  China; Yangtze River estuary and Zhejiang n.d. Baohong et al. (2021)
Province
2007  China; Bohai Sea and East China Sea n.d. Li et al. (2017)
2008  China; East China Sea coast n.d. Lietal. (2017)
2008  Japan; Suo-Nada and Beppu Bay Fish mortality Siswanto et al. (2013)
2009  China; East China Sea coast n.d. Lietal. (2017)
2009  India; Cochin barmouth Fish mortality Hartman et al. (2014)
2010  China; East China Sea coast n.d. Lietal. (2017)
2010  Japan; Beppu Bay n.d. Siswanto et al. (2013)
2011  Singapore; Johor Straits n.d. Leong et al. (2015)
2012  China; East China Sea coast Abalone, fish mortalities Li et al. (2017)
2012  China; Zhejiang Province and Fujian n.d. Baohong et al. (2021)
Province
2013  India; Gulf of Mannar Fish mortality Babu et al. (2016)
2014  Singapore; Johor Straits n.d. Leong et al. (2015)
2014  Japan; Imari Bay n.d. Aoki et al. (2017)
2014  China; East China Sea coast n.d. Li et al. (2019)
2015  Japan; Hakodate Bay Abalone, fish, squid Shimada et al. (2016)
mortalities
2015  China; East China Sea coast n.d. Li et al. (2019)
2015  Japan; Sasebo Bay n.d. Higo et al. (2017)
2015  India; Kochi estuary n.d. Kumar et al. (2018)
2017  China; Zhejiang Province n.d. Baohong et al. (2021)
2017  Philippines; Bolinao-Anda, Pangasinan High abundance yet no fish ~ Azanza and Benico (2017);
kill reported Yiiguez et al., 2021
2018  China; East China Sea coast Fish, abalone mortality Li et al. (2019)
2022 Malaysia; Sabah, Borneo n.d. This study
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CONCLUSION

In this study, we discovered K. mikimotoi, for the
first time, in Malaysia Borneo. This suggests the
prevalence of this toxic athecate dinoflagellate in
our waters that require attention for monitoring
of HABs in Malaysia. Therefore, further studies
on the diversity and distribution of Karenia in
Malaysia are recommended to determine the
diversity and distribution of Karenia in Malaysia
as well as to assess the potential risk of toxic
dinoflagellate Karenia occurrence especially in
finfish and shellfish mariculture area in the
country.
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ABSTRACT

The wastewater produced by traditional food industry is a source of problem due to its high levels of organic
compounds pollutant that can increase the level of chemical oxygen demand (COD) and biological oxygen
demand (BOD) values that exceed the established wastewater quality standard thresholds. The difficulty in
removing high concentrations of organic material through conventional waste treatment necessitates the use of
special treatment methods using local microorganisms’ solution as bioactivators to accelerate the decomposition
of organic compounds. This research aims to identify bacteria in local microorganisms’ solution with potential
applications in reducing organic compounds by its enzymatic activities. Based on the research results, among the
42 isolates examined, six isolates demonstrated the ability to hydrolyze starch, protein and fat based on qualitative
tests. These isolates belong to the genus Bacillus based on partial sequencing of 16S rRNA gene. The qualitative
tests confirmed the potential of these isolates as they exhibited enzymatic activities that showed potential to
reduce organic compounds.
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INTRODUCTION

Waste from the food industry can pose issues as
it  contains  substantial amounts  of
carbohydrates, proteins, fats, oils, mineral salts
and chemical residues. The high content of
organic compounds in liquid waste from the
food industry can serve as nutrients for
microbial growth, potentially leading to a
reduction in dissolved oxygen in water. If liquid
waste is released into water without undergoing
proper processing, it can pollute the water,
damage the aquatic ecosystem and threaten the
availability of clean water (Gameissa et al.,
2012). Furthermore, the presence of organic
waste in liquid waste from the food industry can
lead to human health problems. The difficulty in
removing high concentrations of organic
material through conventional waste treatment
necessitates the use of special treatment
methods (Pervez et al., 2021).

To prevent these negative impacts, it is
crucial to process liquid waste before

discharging it into the environment. Wastewater
treatment technology can be implemented
through various methods, including physical,
chemical and biological approaches. One of the
most effective strategies involves utilizing
biological methods with microorganisms
(Zaman et al, 2020). The addition of
microorganisms as bioactivators, accelerates the
decomposition of organic  compounds.
Importantly, bioactivators are environmentally
friendly as they lack dangerous or toxic
ingredients. In wastewater  treatment,
bioactivators play a crucial role in preventing
odors, significantly increasing the metabolic
rate  of bacteria, and enhancing the
decomposition of organic compounds. These
bioactivators can be derived from local
microorganisms solution (Yunilas et al., 2022).

Local microorganisms solution is a
fermented liquid that contains micro and macro
nutrients, along with bacteria that have the
potential to decompose organic matter (Hadi,
2019). Local microorganisms’ solution contains
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rice. washing water as its source of
carbohydrates, palm sugar and coconut water as
a source of glucose, and chicken manure as a
source of microorganisms (Indasah & Muhith,
2020). Carbohydrates are a source of energy for
microorganisms, including glucose which is a
simple sugar that is easily metabolized by
microorganisms (Sandle, 2016). Chicken
manure is one of the organic materials that can
be used in producing local microorganisms’
solution. The presence of organic compounds in
liquid waste can be significantly reduced
because these compounds serve as an energy
source for microorganisms, leading to the
production of enzymes that break down the
organic material. Enzymes such as amylase
break down carbohydrates, protease breaks
down proteins and lipase breaks down fats and
oils. While local microorganisms solution is
commonly used as a bioactivator in organic
compost production, its potential in processing
liquid waste has not been thoroughly explored.
This research aimed to identify bacteria in local
microorganisms  solution  with  potential
applications in liquid waste treatment, allowing
these bacteria to be utilized as bioactivators.

MATERIALS AND METHODS
Local Microorganisms Solution Production

Local microorganisms’ solution production
from chicken manure was carried out by aerobic
and anaerobic fermentation. The chicken
manure was crushed and mixed with palm sugar,
water from rice rinsing, and coconut water.
Fermentation was carried out for 14 days
aerobically and anaerobically. The aerobic
fermentation was carried out by incubating the
local microorganisms mixture in jerry cans and
the oxygen was supplied from a hose. The
anaerobic fermentation was carried out by local
microorganisms fermentation in tightly closed
jerry cans with a hose attached on top of the
jerry can that connected to a bottle which
contains clean water so that the air from outside
did not enter the jerry can to keep the anaerobic
incubation.

Isolating Bacteria from Local
Microorganisms Solution

The fermented local microorganism solution
samples were serially diluted up to 10°
dilutions. A total of 100 pl aliquots from the

Local Microorganisms Solution from Chicken Manure as a Bioactivator 99

dilution 10 to 10 were taken and spread onto
a nutrient agar plate and incubated for 24 hours
at 37 °C.

Characterization of Isolated Bacteria

Isolated colonies from the samples were
characterized by identifying the morphology of
the colonies in terms of shape, edges, elevation,
colour and Gram staining procedure were
conducted for microscopic identification.
Qualitative Potential
Bacteria

Screening  of

The starch agar and Lugol’s solution were used
for screening amylolytic bacteria, skim milk
agar for screening proteolytic bacteria, while
olive oil or fish oil and rhodamin B medium for
screening lipolytic bacteria. Bacteria that
showed a clear zone around its colony on starch
agar and skim milk agar were selected as
potential strains. Bacteria that grew on oil
medium and showed orange luminescence
under UV light were also selected as potential
strains.

Molecular Identification of Potential Isolates

The potential isolates were chosen for molecular
identification using the 16S rRNA genes based
on the outcome of enzymatic screening. The
selected bacterial isolates were cultured in
nutrient broth (NB) at 37 °C for 24 h. The
supernatant was extracted from the cultures after
they were centrifuged for 5 min at 10,000 rpm.
A 10% Chelex solution in ddH20 (500 pl) was
added. The cultures were then heated for 5 min
at 95 °C, vortexed, and then heated for an
additional 5 min at 95 °C. The culture was
centrifuged once again for 15 min at 10,000
rpm, and the DNA-containing supernatant was
then moved to a new microtube (Gautam, 2022).
The extracted DNA was amplified using My
Taq HS Red DNA Polymerase (Bioline) by
following the manufacturer's instructions. The
amplified products were shipped to Genetika
Science, Indonesia for further DNA sequencing
process. The retrieved sequences were aligned
and compared in order to determine the closest
evolutionary relatives using the Basic Local
Alignment Search Tool (BLAST) in the
National Centre for Biotechnology Information
(NCBI) GenBank. The software Molecular
Evolutionary Genetics Analysis (MEGA) X was
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utilized for both sequence alignment and
phylogenetic identification.

RESULTS AND DISCUSSION

There were 42 isolated bacteria from chicken
manure, as shown in Table 1. All of the isolates
were further tested for its enzymatic activity by
a qualitative test. The result showed various
enzymatic activity results. There are 22 isolates
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showing positive results on the amylase
screening, 38 isolates showing positive results
on the protease screening and 20 isolates
showing positive results on the lipase screening.
The 10 isolates that show positive results on the
3 enzymatic screening were selected for lipase
screening with fish oil and it all showed positive
results (Table 1). Based on the Gram staining
procedure, all isolates are rod-shaped and
belong to the Gram-positive group.

Table 1. Qualitative enzymatic screening of bacteria from local microorganisms from chicken manure

Bacteria Amylase Protease
isolate code screening screening

Lipase screening
using olive oil

Lipase screening
using fish oil*

Al - +
A2 -
A3
Ad
A5
Ab
A7 -
A8 +
A9 -
A10 -
All +
Al12 -
Al3 -
Al4 -
Al5
Al6
Al7
Al8
Al19
A20
A21
A22
A23
A24
Bl
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14 -
B15
B16 -
B17 -
B18 +

+
+ +

+
+ 4+ 4+ +

+ 4+ +
B T T S S S R T o T T e

+ 0o

+ 4+ + +

+
P Tk T T T T T S S S

+

+ + + + + + + + +

+
+ + + + +

+ 0+ 4+
+

+ +
+

Notes:

- (+) shows positive result, (-) shows negative result
- The lipase screening using fish oil was only conducted to the isolates that have shown positive results on amylase,
protease and lipase screening.
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a

Figure 1. a) Presence of a clear zone around the microbial colony on the starch agar after addition of Lugol's
solution indicates that the isolate secretes amylolytic enzymes; b) Presence of a clear zone around the microbial
colony on the skim milk agar indicates that the isolate secretes proteolytic enzymes; c) Microbial colony that
shows orange fluorescence under UV light indicates that the isolate secretes lipolytic enzymes on olive oil media;
d) Microbial colony that showed orange fluorescence under UV light indicates that the isolate secretes lipolytic

enzymes on fish oil media.
Screening of Amylolytic Bacteria

Amylase is an enzyme that hydrolyzes starch
into simpler sugars, such as glucose and maltose
(Sundarram & Murthy, 2014). Among the 42
isolates, 23 isolates showed the ability to
hydrolyze starch (Table 1) by the formation of a
clear zone around the bacterial colony after 24 h
of incubation after the addition of Lugol’s
solution to the Starch Agar medium (Figure 1a).
Brust et al. (2020) explained that iodine binding
to amylose results in a dark blue color, whereas
binding with amylopectin results in a reddish-
brown color. The presence of a clear zone
indicates the decomposition of starch in the
medium, preventing iodine from binding to the
starch.

Screening of Proteolytic Bacteria

Protease is an enzyme that can hydrolyze
proteins or peptides by breaking the peptide
bonds that links amino acid residues in proteins,
resulting in shorter peptides and amino acids
(Razzaq et al., 2019). Based on research
conducted, there were 40 bacterial isolates that
could hydrolyze protein (Table 1) by the
formation of a clear zone around the bacterial
colony after incubation for 24 h on Skim Milk
Agar medium (Figure 1b). Pratika et al. (2021)
stated that a clear zone can form in media
containing protein if the inoculated bacteria
have proteolytic ability.

Screening of Lipolytic Bacteria

Lipase is an enzyme that can hydrolyze ester
bonds in water-insoluble substrates, such as fat
compounds (triglycerides), into diglycerides,
monoglycerides and fatty acids (Lim et al.,

2022). Among the 42 isolates, there were 21
bacterial isolates that could hydrolyze fat (Table
1). It is indicated by the color of bacterial
colonies that glow orange when observed under
UV light after being incubated for 24 h in media
containing olive oil and rhodamine B (Figure
1c). Bartasun et al. (2013) stated that rhodamine
B binds to free fatty acids that have been
decomposed from olive oil by the lipase
enzyme, so that it can produce orange
fluorescent light when exposed to UV light.

Further screening on 10 bacteria on media
containing fish oil showed that the isolated
bacteria also have the ability to break down the
fat compounds that present in fish oil (Figure
1d). The composition in plant oil and animal oil
are different. Olive oil has high content of fatty
acids with high level of monounsaturated fatty
acids (MUFA), containing up to 85%
unsaturated fatty acid with high oleic acid
content, linoleic acid and palmitoleic acid and
14% of saturated fatty acid such as palmitic acid
and stearic acid (Jimenez-Lopez et al., 2020).
Meanwhile fish oil contains saturated fatty
acids, MUFAs and PUFAs (Huang et al., 2018).
In crude fish oil, the dominant saturated fatty
acid is palmitic acid in 21.21 — 26.63% the
dominant unsaturated fatty acid is oleic acid in
19.78 — 27.11% and dominant PUFA are
eicosapentaenoic acid (EPA) in 6.02 — 9.97%,
and docosahexaenoic acid (DHA) in 17.00 —
20.83% (Mgbechidinma et al., 2023). Based on
the enzymatic screening results of the isolates
that have been conducted, six isolates with the
potential to degrade amylase, protein and fat
were selected for identification due to their
distinct morphological characteristics from each
isolate.
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Molecular Identification

The phylogenetic tree generated from the 16S
rDNA gene sequences of the six isolates showed
that the isolates came from the same genus,
namely Bacillus, with isolate A1l having the
highest homology with Bacillus tequilensis
strain 10b (NR 104919.1), A23 having the
highest homology with Bacillus velezensis
strain ES1-02 (0Q566944.1), A24 having
highest homology with Bacillus
amyloliquefaciens strain NBRC 15535 (NR
041455.1), B8 has the highest homology with
Bacillus  amyloliguefaciens  strain W36
(MN922613.1), B10 has the highest homology
with Bacillus subtilis strain IAM 12118 (NR
112116.2) and B18 has the highest homology
with Bacillus siamensis KCTC 13613 strain PD-
A10 (NR 117274.1). Homology data for isolates
and bacteria in GenBank can be seen in Table 2.

The dominance of the Bacillus in local
microorganisms from chicken manure can be
attributed to its prolific growth in the intestines,
playing a crucial role in maintaining digestive
ecological balance (Su et al., 2020). Previous
research by Abinaya et al. (2015) has shown that
cow dung contains a consortium which has
species that were used in wastewater treatment,
such as Pseudomonas aeruginosa, P. putida,
Aspergillus niger, Bacillus cereus and B.
subtilis. Local microorganisms of chicken

Table 2. Molecular identification of potential strain
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manure are representatives of all five species
(Figure 2 and Figure 3).

Bacillus is a gram-positive bacteria that are
rod-shaped and endospore-forming. It has the
capability to ferment glucose and exploit a wide
variety of organic and inorganic substances as
nutritional sources. Bacillus can be either
obligate aerobes which are dependent on
oxygen, or facultative anaerobes which can
survive in the lack of oxygen (Logan & Vos,
2015). The optimal temperature for its growth is
25—40 °C (Hlordzi et al., 2020), and for the pH,
it varies between species and varieties, e.g. pH
of B. subtilis ranges in 5.0 — 9.0 (Gauvry et al.,
2021), B. amyloliquefaciens ranges in 5.0 — 9.0
(Gotor-Vila et al., 2017), B. siamensis ranges in
45 — 9.0 (Sumpavapol et al., 2010), B.
tequilensis ranges in 5.5 — 8.0 (Gatson et al.,
2006) and B. velezensis ranges in 5.0 — 10.0 (Ji
et al.,, 2021). In response to nutritional or
environmental stresses, Bacillus produces
highly resilient dormant endospores that exhibit
resistance to cold, heat, disinfectants, radiation
and desiccation. Bacillus plays a role in
regulating various water quality parameters,
including physical aspects like total dissolved
solids, and chemical factors such as pH,
chemical oxygen demand and biological oxygen
demand. They also contribute to mitigating oil
spills and maintaining microbial balance
(Hlordzi et al., 2020).

Bacteria

X . Max Percent GenBank
isolate Strain E-value . . .
score identity accession
code
All Bacillus tequilensis strain 10b 1544 0.0 98.52% NR 104919.1
A23 Bacillus velezensis strain ES1-02 2233 0.0 97.77% 00Q566944.1
Bacillus amyloliquefaciens strain 0
A24 NBRC 15535 1770 0.0 98.41% NR 041455.1
B8 Bacillus amylcU\gtgefamens strain 2123 0.0 97 75% MN922613.1
B10 Bacillus subtilis strain IAM 12118 1812 0.0 99.30% NR 112116.2
B18 Bacillus siamensis KCTC 13613 1517 00 97 42% NR 1172741

strain PD-A10




Abdulgani et al. 2024 Local Microorganisms Solution from Chicken Manure as a Bioactivator 103
NR 104919.1 Bacillus tequilensis strain 10b NR 041455.1 Bacillus amyloliguefaciens strain NBRC 15535
All A24
MR 042337.1 Bacillus alftitudinis 41KF 2b NR 179406.1 Baocillus salis strain ES3

F1972536.1 Psedomonas fluorescens NO7

NR 104919.1 Bacillus teguilensis strain 10b

0QO02457.1 Azospirillum oryzae 00Q002457.1 Azospirilflum oryzae

MK942688.1 Saccharomyces cerevisiae isolate FI397 MK942688.1 Saccharomyces cerevisioe isolate FI3597

{ Bacillus velezensis strain ES1-02 OQ566944.1
i A23

Bacilius licheniformis AB250304.1

Bacillus thuringensis GFL T844652.1

Azospirillum aryzae 0Q002457.1
™ I: Psedomonas fluorescens NO7 FI972536.1
. Azotobacter vinelandii AB175657.1

Saccharomyces cerevisiae isolate FI397 MK942688.1

Figure 2. Phylogenetic analysis of identified isolates A11l, A23, A24

Bacillus amyloliquefaciens strain W36 MN922613.1

B8

» Bacillus subtilis AB 192294.2

Bacillus licheniformis AB250304.1

57

Azospirillum brasilense AzoK5M HE977588.1

Psedomonas fluorescens NO7 F1972536.1

Citrobacter freundii ATCC 8090 NR 028894.1

Saccharomyces cerevisiae FI397

NR 112116.2 Bacillus subtilis strain IAM 12118 NR 117274.1 Bacillus siamensis KCTC 13613 strain PD-A10

v B10 B18

“—NR 118959.1 Bacillus licheniformis strain NCDO 1772 NR 156073.1 Bacillus capparidis strain EGI 6500252

F1972536.1 Psedomonas fluorescens NO7 0Q002457.1 Azospirillum oryzae

0Q002457.1 Azospirillum oryzae FJ972536.1 Psedomonas fluorescens NO7

MK942688.1 Saccharomyces cerevisiae FI397

MK942688.1 Saccharomyces cerevisiae FI397

Figure 3. Phylogenetic analysis of identified isolates B8, B10 and B18
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Based on previous research, various species
of bacteria from the genus Bacillus have
potential in waste treatment applications. In a
study by Othman et al. (2023), B. B. tequilensis,
for instance, shows the ability to degrade
ammonia in aquaculture liquid waste with a
degradation rate of 89.9% on 100 - 500 mg/L of
ammonia concentration (Wang et al., 2023). B.
velezensis has demonstrated potential in treating
various types of wastewater, such as slaughter
wastewater (Deng et al., 2022), brewery
wastewater (Agunbiade et al., 2022), and pulp
and paper wastewater (Nair et al,
2020).velezensis was utilized for processing
domestic liquid waste from various human
activities, encompassing residential, industrial,
commercial, livestock and agricultural sectors.
The common contaminants found in this liquid
waste include organic compounds, nitrogen,
phosphorus, heavy metals and other chemical
compounds. The analysis conducted by Othman
et al. (2023) on chemical oxygen demand
(COD) levels in the treated domestic liquid
waste revealed a decrease after 216 h, from 24
mg/L up to 16.90 mg/L. Additionally, total
suspended solid (TSS) analysis showed a
significant reduction in the amount of suspended
solids from 7.50 mg/L up to 6.41 mg/L. B.
amyloliquefaciens has shown the ability to treat
domestic wastewater by decreasing the
concentration of TSS from 2300 mg/L to 1400
mg/L and COD from 925 mg/L up to 133 mg/L
(El-Bestawy et al., 2014). B. subtilis has
demonstrated its efficacy in treating domestic
liquid waste with a reduction in biochemical
oxygen demand (BOD) values by over 85%
until lower than 20 mg/L within two weeks
(Meekwamdee et al., 2023). Furthermore, its
application has been found to decrease the total
value of organic compounds decreased from
86.58 mg/L to 12.74 mg/L, with an efficiency of
85.29% (Anggraini et al, 2019) and
significantly increase the denitrification rate
with a nitrate decomposition percentage of up to
96%, reducing nitrate concentration to 3.2 mg/L
(Rahimi et al., 2020). In a study conducted by
Prasad & Manjunath (2011), the utilization of a
bacterial consortium including B. subtilis, B.
licheniformis, B. amyloliquefaciens, Serratia
marcescens, Pseudomonas aeruginosa and
Staphylococcus aureus, was examined for the
treatment of liquid waste generated by various
industrial processes, decreasing BOD from 3500
mg/L to less than 20 mg/L in 12 days. The
application of the B. siamensis strain ZF1-1 to
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livestock waste with high levels of nitrogen and
ammonia resulted in a significant reduction
from 1277.41 mg/L, with total nitrogen
concentration decreased to 22.22% and
ammonia to 37.50% (Chen et al., 2020).
Additionally, Mehetre et al. (2019) found that B.
siamensis possesses the ability to synthesize
bio-surfactant agents, aiding in the binding of
waste containing fats and oils.

Additionally, previous research by Sahendra
et al. (2021) showed that cow dung can be used
as an adsorbent in liquid waste processing with
COD values of 12 mg/L, BOD 28.72 mg/L, TSS
26.67 mg/L and pH of 6, but there were no
mentions of possible microorganisms that were
present in the cow dung. Another research by
Safitri et al. (2015) shows that the use of
bacterial ~ consortium including  Bacillus
coagulans, B. licheniformis, B. pumilus, B.
subtilis, Nitrosomonas sp. and Pseudomonas
putida were able to reduce the amount of
pollutant from industrial wastewater up to
71.93% of BOD, 64.30% of COD, 94.85% of
TSS, and 88.58% of ammonia. Research from
John et al. (2020) has also used bacterial
consortium consisting of B. cereus, B.
amyloliquefaciens and P. stutzeri to maintain
ammonia and nitrite below toxic level in
aquaculture wastewater. Biswas et al. (2022)
has also utilized bacterial consortium consisting
of various genera dominated by Bacillus, Vibrio
and Staphylococcus species for petrochemical
wastewater treatment to reduce up to 88% of
BOD content.

CONCLUSION

Based on the research results, among the 42
isolated bacteria from local microorganisms of
chicken manure, six bacteria isolates
demonstrated the ability to hydrolyze starch,
protein and fat based on qualitative tests. These
isolates, All, A23, A24, B8, B10 and B18, all
belong to the Bacillus genus. The qualitative
tests confirmed the potential of these isolates as
they exhibited enzymatic activities. Considering
their ability, these isolates show promising
potential as a bioactivator in the liquid waste
treatment.
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ABSTRACT

Ganoderma sp. is a pathogenic fungus whose attack can cause basal stem rot disease of oil palm (Elaeis guineensis
Jacq.). Disease control using phosphate solubilizing bacteria (PSB), namely Bacillus cereus can be an alternative
to biological control. The purpose of this study was to determine the antagonistic ability of PSB (B. cereus PS1.1,
B. cereus PS1.2, B. cereus PS1.4) in inhibiting the growth of Ganoderma sp. BP1 and changes in hyphal
morphology of Ganoderma sp. BP1 after antagonistic testing. The research was conducted from January to May
2023 at the Microbiology Laboratory, Department of Biology, Faculty of Mathematics and Natural Sciences,
Tanjungpura University, Pontianak. Antagonist testing used a completely randomized design (CRD) with the
treatments consisted of Ganoderma sp. BP1 (negative control), 1% hexaconazole fungicide (positive control), PSB
isolates PS1.1, PS1.2 and PS1.4. The test method used the dual culture on Sabouraud Dextrose Agar (SDA) media
with each treatment repeated four times so that 20 experimental units were obtained. The results showed that PSB
isolate PS1.4 had strong inhibition with an inhibition zone diameter of 11.01 mm, while isolates PS1.1 and PS1.2
had moderate inhibition with inhibition zone diameters of 9.43 mm and 9.45 mm, respectively, against Ganoderma
sp. BP1. Hyphal morphology changes in of Ganoderma sp. BP1 that occurred after the antagonist test consist of
lysed hyphae, twisted hyphae, hook-like hyphal tips, curly hyphae, bulbous hyphae, branched hyphae and bent
hyphal ends.

Keywords: Antagonistic test, Bacillus cereus, biological control, Ganoderma sp., inhibition zone, phosphate
solubilizing bacteria (PSB).
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INTRODUCTION Basal stem rot is a soil borne fungus that
attacks old and young plants (Ummi, 2018). The

Oil palm (Elaeis guineensis Jacq.) is a leading fungus G. boninense can attack oil palms at the

plantation commodity in Indonesia, especially
West Kalimantan. Based on the economic sector,
this plantation crop is useful as a producer of
edible oil, industrial oil and biofuel (biodiesel)
(Rosmegawati, 2021). The problem faced by oil
palm plantations in Indonesia to date is the
increasing attack of basal stem rot disease (BSR)
caused by the pathogen Ganoderma boninense.
Losses caused by G. boninense attacks can reach
50% (Prasetyo et al., 2008). The attack of G.
boninense causes the death of more than 80% of
the entire population in several plantations in
Indonesia, and the result of the transmission of
this pathogen causes a decrease in oil palm
production per unit area (Susanto et al., 2013).

nursery and production stages. Oil palms that are
not handled properly at the beginning of their
growth/nursery, the pathogen will spread
throughout the planting area (Semangun, 2008).
Efforts to control the pathogen G. boninense are
still being developed to overcome the BSR
problem.

The most common effort to control the
pathogen G. boninense is using synthetic
pesticides, but the unwise use of pesticides will
cause environmental residues, various health
problems, and other ecological balance disorders
(Istikorini, 2002). The use of environmentally
friendly biological agents is an effort that can be
made, one of which is using phosphate
solubilizing bacteria (PSB). Plants that



Khotimah et al. 2024

experience phosphorus (P) nutrient deficiency
make plants susceptible to disease, so the use of
PSB can be used as a biocontrol that can improve
root health and plant growth through its
protection against disease so that it plays an
important role in suppressing plant diseases
(Sela et al., 2022).

Bacteria that act as phosphate solvents in soil
have been found, including those from the
Bacillus genus (Ekowati et al., 2022). The
Bacillus genus is able to compete with pathogens
by producing several secondary metabolites such
as antibiotics, siderophores, bacteriocins and
extracellular enzymes, inducing plant resistance
compounds and producing antibiotic compounds
such as chitinase enzymes that can hydrolyze
fungal cell walls (Javandira et al., 2013).
Exposure to these antimicrobial compounds can
cause the hyphae of pathogenic fungi to become
abnormal in the form of lysed hyphae, twisted
hyphae, curled hyphae, dwarf hyphae, branched
hyphae and twisted hyphae, meaning that these
antagonistic bacteria are able to compete with
pathogenic fungi (Asril, 2011).

Research on biological control in the research
of Mahmud et al. (2020) showed that T. virens
has a high inhibition against G. boninense of
73.5% in vitro. Fitriatin ef al. (2020) stated that
the phosphate solubilizing microbial group
(Pseudomonas mallei, P. cepacea, B. subtilis, B.
megaterium, Penicillium sp. and Aspergillus
niger) was able to inhibit Fusarium sp.
antagonistically. Research by Asril et al. (2022)
stated that PSB with isolate code EF. NAPS has
antagonistic activity against acacia plant
pathogenic fungi, namely Ganoderma philippii
and Fusarium oxysporum with a percentage
inhibition of 34.44% and 33.33%, respectively.

PSB isolates (B. cereus PS1.1, B. cereus
PS1.2, B. cereus PS1.4) isolated from peat soil in
Teluk Bakung Village, Ambawang District,
Kubu Raya Regency were able to dissolve
phosphate with a phosphate solvent index
ranging from 1.1-2.9 (Khotimah, 2021). Based
on this description, it is necessary to further
study the local PSB isolates (B. cereus PS1.1, B.
cereus PS1.2, B. cereus PS1.4) in inhibiting the
growth of the fungus Ganoderma sp. BPI
isolated from the basal of rotten-symptomatic oil
palm trunks in West Kalimantan.
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MATERIALS AND METHODS
Media Preparation

A total of four media were used in this study,
namely Potato Dextrose Agar (PDA) (Merck) +
ciprofloxacin 0.01 g, Pikovskaya's Agar (PA)
(HiMedia), Nutrient Broth (NB) (Merck) and
Sabouraud Dextrose Agar (SDA) (Merck). PDA
as fungal media, PA as media for rejuvenating
phosphate-solubilizing  bacteria, NB as
phosphate-solubilizing  bacteria  suspension
media, and SDA as antagonist test media. The
media were sterilized using an autoclave at 121
°C pressure 1 atm for 15 minutes (Atlas, 2004;
Waluyo, 2008).

Rejuvenation  of
Bacteria

Phosphate-Solubilizing

Isolates of phosphate solubilizing bacteria (B.
cereus PS1.1, B. cereus PS1.2, B. cereus PS1.4)
(collection of Microbiology laboratory,
Department of Biology, Faculty of Mathematics
and Natural Sciences, Tanjungpura University
by Khotimah, 2021), then inoculated on
Pikovskaya's agar media by taking 1 ose of
bacterial colonies. The isolate obtained was then
scratched into a test tube containing
Pikovskaya's agar media. Bacterial isolates that
have been scratched on slanted agar media are
incubated at room temperature for 24 hours
(Yati, 2019).

Rejuvenation Ganoderma sp.

The hyphae of Ganoderma sp. BP1 (isolated
from the basal of oil palm trunks with rotten
symptoms in oil palm plantations in Sungai
Nipah Village, Teluk Pakedai District, Kubu
Raya Regency), were taken and inoculated using
a straight ose needle at three points on PDA
media in a petri dish, then incubated for 7 days
at room temperature (Purnamasari et al., 2012).

Preparation of Test Suspension of Phosphate-
Solubilizing Bacteria

Culture of phosphate solubilizing bacteria B.
cereus that has been rejuvenated was taken 1 ose,
then inoculated in 50 mL of NB media and
incubated at room temperature for 12 hours
using a shaker at 120 rpm. The 12-hour-old
bacterial suspension was then measured for
optical density using a UV-Vis



Khotimah et al. 2024 Phosphate-Solubilizing B. cereus vs. Oil Palm Ganoderma 110

spectrophotometer with a wavelength of 600 nm
until the absorbance value was 0.8-1 (Son et al.,
2012) with an estimated number of bacteria in
the suspension of 1.5x10® CFU cells/mL
(Claudia et al., 2021).

Antagonism Testing of  Phosphate-
Solubilizing Bacterial Isolate Bacillus cereus
against Ganoderma sp.

The method used refers to Suryanto et al. (2016),
namely the modified dual culture method using
SDA media by observing the direct interaction
that occurs between antagonistic agents and
pathogens. Culture of Ganoderma sp. BP1 was
cut using a sterile cork borer with a diameter of
6 mm, then placed on 20 mL of SDA media in
the center of the Petri dish (negative control).
Ganoderma sp. was first grown to = 20 mm in
diameter on the third day (Nisa et al., 2020).
Sterile Whatman No.1 paper with a diameter of
6 mm was soaked into a suspension of
antagonistic bacteria that had an optical density

with an absorbance value of 0.8-1 or soaked with
1% hexaconazole fungicide (0.1 mL of fungicide
plus distilled water diluted to 10 mL) (positive
control) for 30 minutes. The filter paper was then
placed on the edge of the petri dish within 3 cm
each on the left and right from the center of the
fungal colony (Flori et al., 2020; Sakinah &
Enny, 2014). Observations of the diameter of the
antagonism power were observed until
Ganoderma sp. BP1 in the negative control filled
the petri dish (Nisa et al., 2020), namely on the
sixth day. The scheme of laying the test of
antagonistic bacteria and pathogenic fungi can
be seen in (Figure 1). Observations of inhibition
diameter were measured from the first day after
planting into SDA media until the sixth day. How

to calculate the diameter of inhibition using the

following formula : Diameter of inhibition = yz;x

(Suryanto et al., 2016). According to David and
Stout (1971), the ability of antagonism can be
grouped into four categories of inhibition based
on the diameter of the inhibition (Table 1).

Figure 1. Schematic of the placement of antagonistic bacteria and pathogenic fungi. (A). Filter paper soaked with
antagonistic bacteria, (B). Culture of pathogenic fungi (Suryanto et al., 2016)

Table 1. Category of inhibition diameter

Diameter of inhibition (mm)

Category (David dan Stout 1971)

>20 mm
11-20 mm
6-10 mm

<5mm

Very strong
Strong
Moderate

Weak




Khotimah et al. 2024

Observation of Mycelium of Pathogenic
Fungus After Antagonist Test

Observation of fungal mycelium is done in two
ways, namely visually and microscopically.
Visual observation is done by looking at the
growth zone of the fungal mycelium.
Microscopic  observations were made by
observing the tip of the fungal mycelium in the
inhibition zone. The surface of the SDA media
containing the tip of the mycelium of
Ganoderma sp. fungus inhibited by phosphate
solubilizing bacteria was cut 1x1 cm, then placed
on a glass object and covered with a cover glass
(Suryanto et al., 2012). Hyphae were observed
under a light microscope with a magnification of
400x and examined for the presence or absence
of abnormal morphology of the fungus
mycelium, such as bending of the tip of the
mycelium, broken mycelium, split mycelium,
branched mycelium, lysed mycelium or stunted
mycelium growth (Lorito et al, 1993).
According to Halo et al., (2019) hyphae with
abnormal morphology can be bent hyphae, hook-
like hyphal ends, narrowed hyphae, lysed
hyphae, swollen hyphae and hyphae with
protrusions.

Data Analysis

Data analysis using one-way analysis of variance
(ANOVA) at the 95% confidence level, if it
shows a significant effect, then the Duncan
Multiple Range test will be carried out at the 5%
level using SPSS 26.0 software (Dendang,
2015).

RESULTS
Antagonistic Test of Phosphate-Solubilizing

Bacterial Isolates Bacillus cereus against
Ganoderma sp.
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The results of the antagonistic test observed on
the sixth day after incubation between
phosphate-solubilizing bacterial isolates (B.
cereus PS1.1, B. cereus PS1.2, B. cereus PS1.4)
against Ganoderma sp. BP1 fungal isolates on
SDA media showed inhibition in the treatment
(Figure 2).

Based on the measurement of the diameter of
the inhibition of PSB isolates (B. cereus PS1.1,
B. cereus PS1.2, B. cereus PS1.4) against the
fungus Ganoderma sp. BP1, the highest
inhibition diameter with a very strong inhibition
category in treatment P2 (positive control),
namely using 1% hexaconazole fungicide by
2450 mm, strong inhibition category in
treatment P5 (B. cereus PS1.4 vs. Ganoderma
sp. BP1) by 11.01 mm, and the moderate
inhibition category in the P3 treatment (B. cereus
PS1.1 vs Ganoderma sp. BP1) at 9.43 mm and
P4 (B. cereus PS1.2 vs Ganoderma sp. BP1) at
9.45 mm (Table 2). The results of ANOVA
analysis showed that each treatment had a
significant difference in inhibition diameter (P <
0.05), meaning that there was a significant effect
on the average inhibition diameter. Based on the
results of the Duncan Multiple Range test at the
95% confidence level, it is known that treatment
P1 (negative control) is significantly different
from P2 (positive control), P3 (B. cereus PS1.1
vs Ganoderma sp. BP1), P4 (B. cereus PS1.2 vs
Ganoderma sp. BP1) and P5 (B. cereus PS1.4 vs
Ganoderma sp. BP1). Treatment P2 (positive
control) was significantly different from
treatment P1 (negative control), P3 (B. cereus
PS1.1 vs Ganoderma sp. BP1), P4 (B. cereus
PS1.2 vs Ganoderma sp. BP1) and P5 (B. cereus
PS1.4 vs Ganoderma sp. BP1). Treatment P3
was not significantly different from treatment P4
(B. cereus PS1.2 vs Ganoderma sp. BP1) but
significantly different from P1 (negative
control), P2 (positive control) and P5 (B. cereus
PS1.4 vs Ganoderma sp. BP1).

Table 2. Mean diameter of inhibition against Ganoderma sp. BP1 on the sixth day after incubation

Treatments

Mean diameter of Category David dan Stout
inhibition on day (1971)
six £ SD (mm)

P1 (Ganoderma sp.) 0,00+0,00? No Inhibition
P2 (Fungisida Heksakonazol 1% vs Ganoderma sp. BP1) 24,50+0,31° Very Strong
P3 (B. cereus PS1.1 vs Ganoderma sp. BP1) 9,43+0,58¢ Moderate

P4 (B. cereus PS1.2 vs Ganoderma sp. BP1) 9,45+0,81°¢ Moderate

P5 (B. cereus PS1.4 vs Ganoderma sp. BP1) 11,01+1,17¢ Strong

Notes: Mean numbers followed by the same letter in the same column indicate results that are not significantly different in the

Duncan test at the 95% confidence level
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Figure 2. Antagonistic test results of phosphate-solubilizing bacteria (B. cereus PS1.1, B. cereus PS1.2, B. cereus
PS1.4) against Ganoderma sp. BP1 on the sixth day after incubation. (a). Negative control, (b). Positive control,
(¢). B. cereus PS1.1 vs Ganoderma sp. BP1, (d). B. cereus PS1.2 vs Ganoderma sp. BP1, (¢). B. cereus PS1.4 vs
Ganoderma sp. BP1

Figure 3. Abnormal hyphae shape on Ganoderma sp. BP1 after antagonistic test. (a). Normal hyphae (negative
control); 1% hexaconazole effect (positive control): (b). Lysed hyphae, (c). Twisted Hyphae, (d). Hook-like hyphae
tip; effect of isolate PS1.1: (e). Round-shaped Hyphae, (f). Curly hyphae; effect of isolate PS1.2: (g). Lysed hyphae,
(h). Round- shaped hyphae, (i). Curly hyphae; effect of isolate PS1.4: (j). Lysed hyphae, (k). Branched hyphae,
(1). Tip of hyphae bent. Scale = 10um, magnification = 400x
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Treatment P5 (B. cereus PS1.4 vs Ganoderma
sp. BP1) was significantly different from
treatments P1 (negative control), P2 (positive
control), P3 (B. cereus PS1.1 vs Ganoderma sp.
BP1) and P4 (B. cereus PS1.2 vs Ganoderma sp.
BP1) (Table 2).

Microscopic Hyphae of Ganoderma sp. after
Antagonist Test

Microscopic observations to see the abnormal
hyphal morphology of Ganoderma sp. BP1 were
made on the seventh day. Due to the antagonistic
activity of phosphate solubilizing bacteria (B.
cereus PS1.1, B. cereus PS1.2, B. cereus PS1.4),
the hyphae of Ganoderma sp. BP1 experienced
abnormal growth. Treatment P1 (negative
control) had normal Ganoderma sp. BPI
hyphae. Treatment P2 (positive control) caused
lysed hyphae, twisted hyphae, and hook-like
hyphal tips. Treatment P3 (B. cereus PS1.1 vs
Ganoderma sp. BP1) caused round hyphae, and
curly hyphae. Treatment P4 (B. cereus PS1.2 vs
Ganoderma sp. BP1) caused lysed hyphae,
round hyphae, and curly hyphae. Treatment P5
(B. cereus PS1.4 vs Ganoderma sp. BP1) caused
lysed hyphae, branched hyphae and bent hyphae
tips (Figure 3).

DISCUSSION

PSB isolates (B. cereus PS1.1, B. cereus PS1.2,
B. cereus PS1.4) were tested against Ganoderma
sp. BP1 fungus to see their inhibitory ability. The
inhibition ability of each treatment began on the
fourth day after the pathogenic fungus
Ganoderma sp. BP1 was inoculated until the
negative control Ganoderma sp. BP1 filled the
petri dish on the sixth day. Treatment P1
(negative control) Ganoderma sp. BP1 colonies
without treatment of PSB bacteria (B. cereus
PS1.1, B. cereus PS1.2, B. cereus PS1.4) grew
well because there was no competition so that
the nutrients were fulfilled. Based on the
antagonist test, the three PSB isolates (B. cereus
PS1.1, B. cereus PS1.2, B. cereus PS1.4) and the
positive control using hexaconazole 1% were
able to suppress the growth of Ganoderma sp.
BP1 (Figure 2) with varying diameters of
inhibition (Table 2). This condition states that
PSB isolates have the ability as antagonistic
agents against the pathogenic fungus
Ganoderma sp. BP1 through their ability to
produce several growth inhibitory compounds.
According to Loekas (2008), antagonistic
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bacteria release an inhibitory compound that can
lyse the membranes of pathogenic fungi and
disrupt their metabolic systems, so that the
pathogenic fungi no longer have the ability to
infect their host plants.

The results of measurements and
observations showed that the treatment of PSB
isolate P5 (B. cereus PS1.4 vs Ganoderma sp.
BP1) had a strong inhibition category, and the
treatments P3 (B. cereus PS1.1 vs Ganoderma
sp. BP1) and P4 (B. cereus PS1.2 vs Ganoderma
sp. BP1) had a moderate inhibition category
(Table 2). The difference in the diameter of
inhibition of each treatment of PSB isolates is
thought to be because PSB isolates have
different levels of ability to produce
antimicrobial compounds. The size of the
inhibition diameter produced is thought to be
influenced by the sensitivity of the fungi and
bacteria tested, the suspension of bacterial
culture and the amount of antimicrobial
compounds produced by bacteria. According to
Cappucino & Sherman (2013), there are factors
that affect the formation of inhibition zones,
namely the speed of growth of the test microbes,
the number of microbes tested, the level of
microbial  sensitivity  to  antimicrobial
compounds, as well as the diffusion ability of
antimicrobial compounds into the media and
their interaction with the tested microbes. The
ability of each bacterial isolate to inhibit the
growth of Ganoderma sp. fungi is likely due to
the antimicrobial compounds produced by each
PSB isolate.

The results of measurements and
observations of treatment P2 (1% hexaconazole
vs Ganoderma sp. BP1) have a very strong
inhibition category. Hexaconazole is a potential
fungicide that is often used in oil palm
plantations to control basal stem root (BSR)
disease caused by Ganoderma boninense
(Maznah et al., 2015). Hexaconazole is a
systemic, protectant and eradicant fungicide of
the triazole class (Kalam and Mukherjee, 2001).
Systemic eradication power to all parts of the
plant, namely through xylem vessels
(Djojosumarto, 2008). The mechanism of action
of triazole class fungicides is based on inhibition
of ergosterol biosynthesis. Ergosterol is a
compound derived from sterols and is a specific
membrane constituent component in fungi that
are not found in other microorganisms (Pratiwi,
2002). Triazole fungicides are known to have
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broad-spectrum efficacy against Ascomycetes,
Basidiomycetes, and Deuteromycetes fungi
(Wahyuni et al., 2018).

Microscopic observations to see the abnormal
hyphal morphology of Ganoderma sp. BP1 after
the antagonist test were carried out on the
seventh day. The antagonistic mechanism that
occurs results in changes in the hyphal structure
of the Ganoderma sp. BP1 fungus caused by
PSB (B. cereus PS1.1, B. cereus PS1.2, B. cereus
PS1.4) and hexaconazole fungicide. Treatment
P1 (negative control) of Ganoderma sp. BP1
hyphae looked normal (Figure 3a) due to the
absence of competition with antagonistic
bacteria. The P2 treatment (1% hexaconazole vs
Ganoderma sp. BP1) caused hyphae lysis,
hyphae twisting and hook-like hyphae tips
(Figures 3b, c, d). The abnormal hyphae are
thought to be due to the active ingredient
compound of the fungicide hexaconazole
causing changes in the hyphal structure by
disrupting its shape and function. Situmorang et
al. (2015) stated that fungicides that enter
important parts of the fungus will indeed
interfere with the function of these parts and
work to change the shape and composition of the
cell wall by limiting essential enzymes in the cell
or changing the metabolic rate, but does not
mean inhibiting all enzymes produced by the
fungus. Hexaconazole which is a systemic
fungicide can cause disruption of fungal cell wall
synthesis, cell membrane synthesis and function,
also affects energy generation in cells and
metabolic intermediates, disrupts lipid synthesis
and cell nucleus function (Sijpesteijn, 1970).

Treatment P3 (B. cereus PS1.1 vs Ganoderma
sp. BP1) caused round hyphae and curly hyphae
(Figures 3e, f). Treatment P4 (B. cereus PS1.2 vs
Ganoderma sp. BP1) caused lysed hyphae,
round hyphae and curly hyphae (Figures 3g, h,
1). Treatment P5 (B. cereus PS1.4 vs Ganoderma
sp. BP1) caused lysed hyphae, branched hyphae,
and bent hyphal tips (Figures 3j, k, 1). The
abnormal hyphae that occurred were thought to
be due to antifungal compounds produced by the
PSB isolates and due to the defense mechanism
of Ganoderma sp. BP1 against PSB. Lysis of
hyphae indicates that PSB isolates are able to
hydrolyze the cell wall of Ganoderma sp.
Pathogenic fungal hyphae that experience
swelling are thought to be a defense mechanism
of the pathogen against isolate attack (Asril et
al., 2022).
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Ganoderma sp. BP1, which experienced
abnormal hyphal growth after antagonistic
testing, could be caused by secondary metabolite
compounds and volatile compounds produced
by PSB. Research by Hu ef al. (2023) tested
Bacillus cereus CF4-51 against Sclerotinia
sclerotiorum, the results showed that the volatile
compounds from B. cereus CF4-51 produced
and the most influential were 1,2-
Benzenedicarboxylic acid  and bis(2-
methylpropyl) ester which were able to cause
damage to the cell membrane and cell wall of the
fungus resulting in cytoplasmic leakage which
could change the hyphal structure. These volatile
compounds can also change the permeability of
the fungal cell membrane so that these
compounds can enter the cytoplasm of the
pathogen which further damages the cell wall
and changes its shape. S. sclerotiorum cells
exposed to volatile compounds also form
swollen rounded hyphae sections so that with
this structure the pathogenic fungus fails to
invade the plant (Hu ef al., 2023).

The result of abnormal hyphae that undergo
changes in shape such as branched hyphae, curly
hyphae, and bent hyphal ends is also thought to
be caused by compounds produced by PSB
which result in changes in the gene expression of
pathogenic fungi. According to Liu et al. (2018)
and Takayama et al. (2010) that volatile
compounds are able to affect the expression of
genes (e.g., SsSac, Ss-S12, SsSOP1, and
SsAMS?2) associated with hyphal pole growth.
Results suggest that such volatile compounds
impact the expression of genes involved in
hyphal pole integrity and budding. Bacillus also
produces lipopeptides capable of binding to lipid
membranes in cells, disrupting permeability and
producing structural damage. Fengycin and
iturin produced can open pores in the plasma
membrane and can damage fungal hyphae. The
activity of iturin is based on osmotic disruption
while fengycin inhibits phospholipase (Aranda,
2005) as a result the structure of the fungal cell
wall can undergo abnormal changes in shape.

Research by Surendran et al. (2017), stated that
G. boninense hyphae exposed to phenolic
compounds, namely 1 mM 2,6-dimethoxy
benzoic acid, produced hyphae of G. boninense
that branched a lot and inhibited hyphal growth.
Research by Widiantini ef al. (2018), stated that
antagonistic endophytic bacteria affect the
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morphology of G. boninense mycelia, namely
myecelia curling, curling in reverse direction and
thinning. Secondary metabolite compounds
produced by endophytic bacterial isolates that
affect the growth and morphology of G.
boninense mycelia can allegedly be utilized to
control basal stem rot disease in oil palm plants.
Lytic enzymes such as chitinase and glucanase
also play a role in the process of hyphal lysis.
Bacteria that cause lysis activity in pathogens are
one of the mechanisms that indicate disease
biocontrol (Asril et al., 2022).

CONCLUSION

Three isolates of phosphate solubilizing
bacteria (B. cereus PS1.1, B. cereus PS1.2, B.
cereus PS1.4) have the ability to inhibit the
growth of the pathogenic fungus Ganoderma sp.
BP1 isolated from the basal of oil palm with rot
disease. Isolate PS1.4 is the isolate that has the
highest inhibition diameter of 11.01 mm with a
strong inhibition category, while isolates PS1.1
and PS1.2 are isolates that have inhibition
diameter of 9.43 mm and 9.45 mm respectively
with moderate category. Three isolates of
phosphate solubilizing bacteria (B. cereus PS1.1,
B. cereus PS1.2, B. cereus PS1.4) caused the
hyphae of Ganoderma sp. BP1 to become
abnormal, namely round hyphae, curly hyphae,
lysed hyphae, branched hyphae and bent hyphal
tips.
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ABSTRACT

This study intended to describe the physicochemical and mineralogical properties of salt licks discovered in
Segaliud Lokan Forest Reserve. The salt licks in this forest reported to be visited and used by wildlifes via camera
trap studies. In order to understand this wildlife’s behavior, the physicochemical and mineralogical properties of
the salt lick especially the salt lick soil are important to determine the cause of the wildlife visitation. Five salt
licks area as well as controlled soils were selected. Water and rock samples were also collected for the comparison
study. The physical characteristic of licks soil shows pH ranges from slightly acidic to alkaline, high moisture
content (23.30% — 59.35%), wide range of organic matter content (0.38% — 9.65%) and electrical conductivity
range between 41.82 uS/cm to 243.32 uS/cm which is higher than the controlled soils. The soil texture from the
salt licks soils is mostly classified as loam. The result of chemical analysis shows that the concentration of elements
is higher in the lick soil compared to the controlled soil such as Ca (1101.92 mg/kg — 11551.64 mg/kg), K (767.32
mg/kg — 2432.11 mg/kg), Na (85.83 mg/kg — 754.20 mg/kg), Mg (986.05 mg/kg — 5843.29 mg/kg) and P (47.23
mg/kg — 290.215 mg/kg). Water samples from salt licks area are rich in Ca (637.67 mg/L — 3074.25 mg/L) and Na
(572.35 mg/L — 2554.63 mg/L) compared to river nearby. The mineral analysis indicated the appearance of clay
such as illite, chlorite and smectite. As a conclusion, the salt lick soil’s pH varies from slightly acidic to alkaline
(5.38 — 8.98) compared to controlled soils (4.54), The salt lick surface soils also show higher percentage of
moisture content (69.38%) and soil electrical conductivity (78.41%) difference compared to controlled soils.
Meanwhile the organic matter percentage in salt lick soils is slightly lower (48.85%) than the controlled soils
(51.11%). The salt lick soils also exhibit higher elements concentration than the controlled soils such as average
concentration of Ca (96.14%), K (86.09%), Na (89.51%) Mg (91.38%) and P (86.78%).
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INTRODUCTION

Salt licks are places where animals visit the place
for geophagic activities (Panichev et al., 2012;
Lazarus et al., 2019). Natural occurring salt licks
can be identified by bite marks or foot prints of
animals in the wild (Lameed & Adetola 2012;
Molina et al., 2014) whereas artificial salt licks
are made by humans in the form of blocked or
bagged for farming purposes (Brightsmith,
2004). Natural mineral licks often exist along
river banks (Kreulen, 1985; Diamond et al,
1999) and also can be found within forest which
is located away from the rivers (Matsubayashi et
al., 2007; Tobler et al., 2009).

The frequent usage of natural licks by wildlife
has resulted in many studies focusing on
describing the physical characteristic of the salt
lick, chemical and mineralogical composition
and types of animals visiting the salt licks
(Molina et al., 2014; Matsubayashi ef al., 2007).
Previous studies suggest that geophagy activities
is a process where wildlife supplementing their
diet with several nutrients such as N, Ca, C, P,
Mg, Na, K, Fe, Cu, Zn, Cl or I (Matsubayashi et
al., 2007; Ayotte et al, 2006). Apart from
mineral intake for their diets, wildlife also visits
salt licks to counter the adsorption of dietary
toxin by ingesting certain types of clay such as
kaolinite (Kreulen, 1985; Diamond et al., 1999)
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and act as buffering capacity (Kreulen, 1985;
Ayotte et al., 2006).

Buffering capacity defined as the ability of
solution to counteract pH changes. For example,
in terms of livestock studies conducted by
Rolinec et al. (2018) indicated that the piglet's
stomachs is higher than the optimal range
because the first feed is colostrum, and for pigs
as a standard protein, it is considered the protein
of sow's milk, which can be affected by the
health status of sows (Rolinec et al, 2012).
Irregular intake of large amount of feed may
increase the pH values of the stomach above 5
and may persist for a few days (Lawlor et al.,
2005). Increased gastric pH in weaned pigs leads
to decreased digestion and also diarrhea (Yen,
2000). When this situation is applied in
wildlife’s diet, visiting the salt licks is the only
way to counteract the dietary toxin and to keep
healthy.

Beside from functioning as mineral
resources, salt lick area is considered as critical
and crucial for wildlife (Primack, 1993). It has
significant influence on the density and structure
of population, distribution of wildlife and
carrying capacity of habitats (Montenegro,
2004). Salt licks are also believed to attract large
number of wild animal species (Blake et al,
2010). Types of species visiting salt licks are
mammals and birds, specifically frugivores and
herbivores to consume soil or drink water
(Kreulen, 1985; Diamond et al, 1999).
Composition of species visiting salt lick and
frequency of visitation may vary from one lick
to another lick (Tobler et al, 2009). The
variation is due to the abundance level of mineral
composition in the soil or water between
different salt lick (Abrahams, 1999).

Only a few studies have been conducted in
Southeast Asia, especially Malaysia regarding
the relationship between natural licks and
wildlife distribution (Matsubayashi et al., 2007).
Specifically, studies focusing on the physico-
chemical properties and elements concentration
of salt licks in Sabah are lacking. Thus, the aim
of this work is to determine the physico-
chemical properties and elements concentration
as well as mineral identification found in salt lick
soils in Segaliud Lokan Forest Reserve and to
compare the elements concentration between
lick soils and non-lick soils. In addition, this
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study reveals key information about the elements
concentration in salt lick soils engulf by wildlife.

MATERIALS AND METHODS
Description of Study Area

The study area was performed at Segaliud Lokan
Forest Reserve (SLFR) located in Sandakan,
Sabah bound to latitude 05° 25°° N - 05° 35”” N
and longitude 117°30°” E- 117°37"’ E as shown
in Figure 1. The sampling location are selected
based on the salt lick locality found in the forest
reserve. Located in tropical climate, the soil is
exposed to high weathering (Ling et al., 2023)
and leaching of bases minerals. This study area
consists of two rock formations. The oldest rock
unit found is Kulapis Formation, aged Eocene to
Middle Miocene. Kulapis Formation is
composed entirely of consolidated redbed
marine sediments where the interbedded
sandstone and mudstone are red in colour
(Clennell, 1991). The main lithologies for this
formation are greywacke, sublitharenite,
calcareous lithic arenite and laminated mudstone
(Hutchison, 2005). Both the salt lick soils and
controlled soils are taken from the same
formation. The salt lick soil locations were
chosen based on the camera trap that show the
presence of wildlife using the licks whereas the
controlled soil location were sampled
approximately 500 m away from the salt lick
location. The main difference of the salt lick
areas and control area is the presence of wildlife
engulfing the soils. The lack of wildlife in the
control areas indicates that the location is not
crucial in supporting the well-being of the
animals.

Soil, Water and Rock Sampling

This study uses two types of soil sampling;
vertically and horizontal subsurface sampling.
These types of sampling were used to identify
the variation of mineral content on the surface
and according to depth. For salt lick soil
samples, vertical sampling is done by using a
one-meter-long PVC pipe which is hit using a
hammer until it reaches the hard bedrock depth.
The pipe is then sealed on both ends to prevent
any contamination. Collected core samples were
extruded once it reached the laboratory and
subdivided into 5 cm and 10 cm intervals
depending on the depth obtained. Horizontal
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sampling is performed by removing a thin layer
of the top soil before collecting the soil samples
around 1 kg each. The depth for the horizontal
soil sample is 5 cm deep from the soil surface.
Controlled soil samples were also taken
approximately 500 m away from salt lick area
for comparison in physico-chemical properties
and elements concentration with salt lick soils.
The soil samples were stored in an airtight
ziplock bags to avoid contamination. Water
samples were taken from the running surface
water or any water collected on the surface of the
licks (Figure 2). The bottle and cap were rinsed
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using the water sample before collecting for
water samples. Nitric acids (2%) were added into
the water samples for preservation. Fresh rock
samples were also taken as hand specimen. One
rock sample (weathered sandstone) was taken
from the outcrop found in salt lick SL59 and two
rock samples (sandstone and mudstone) were
taken from SL60. The rest of the rock samples
were taken from outcrop along the forest road in
the study area. All samples were labelled
accordingly. A total of 34 salt lick soil, 5
controlled soil, 17 water samples and 5 rock
samples were collected.

1

SIEAN

e

5ITAN
1

.
-

z

520N 299N

N

527

5203N

LEGEND

[ @ | satt Lick Location
f- - -] Gravelled Road
@ River

|:| Kulapis Formation

Figure 2. Water sampling carried out over a small flowing river cutting through salt lick SL59
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Experimental Analysis

As soon as the samples reach the laboratory, the
samples were tested for physico-chemical
parameter analysis (pH, moisture content,
organic matter and electrical conductivity). The
soil samples were later air-dried as preparation
for particle size distribution (texture) by
following the British Standard method
(BS1377:1990). The water samples were placed
in the refrigerator as soon as it reached the
laboratory. The test conducted for the water
samples are pH, electrical conductivity, total
dissolved solids and elements concentration.

The metal digestion process for soil samples
were conducted using HCl: HNO; (aqua regia)
mixture with 1:3 ratio based on the USEPA
6010D method. One gram of air dried,
powdered and sieved through 63 pm mesh soil
sample were weighed and added with 14 ml
aqua regia solution and left overnight. The
sample were then filtered through the Whatman
0.45 um cellulose nitrate filter membrane to
remove any suspended particles for cations
analysis. Water samples were also filtered and
diluted in the same manner. The Inductively
Coupled Plasma (ICP- OES) were performed
using Perkin Elmer Optima model 5300DV
Spectrometer. Before performing an ICP OES
analysis, a standard dilution stock solution of
100 mg/L as made in accordance with the
International Certified Reference Materials
(CRM) to calibrate the instrument. The standard
reference materials (SRM) analysis calculations
were performed with an accuracy range of 80%-
120% in order to assess the acid digestion
method’s approriateness. Five reagent blanks
were analyzed to determine the contamination
before proceed to the ICP-OES analysis. All
soil samples and water samples were performed
in triplicate. The sample were analyzed to detect
Ca, K, Na, Mg and P. Reading establish were
recorded by the spectrometer and raw data were
generated by the WinLab32 software.

Petrographic analysis was conducted using a
petrographic microscope LEICA DM2500 by
observing thin sections. Scanning Electron
Microscopy (SEM) test were conducted to
examined the morphology of the clay found in
the soil samples. Five grams of air-dried soil
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samples were used for SEM analysis. The soil
samples were coated using gold coater. Sample
analysis was performed using JEOL JSM- 35
6100 microscope and Link An 10/855 Analyser.

RESULTS AND DISCUSSION
Physico-chemical Properties

The salt lick soils range from slightly acidic to
slightly basic (pH 5.38 — 8.98) in nature whereas
the controlled soil shows acidic soil (pH 4.54).
The ranges for moisture content (25.28 -
39.00%) and organic matter (0.38 - 5.28%)
shows higher value than the controlled soil
(Table 1). The electrical conductivity for salt
lick soil also shows higher reading ranges
between 41.82 puS/cm to 243.32 puS/cm
compared to controlled soil (50.31 puS/cm). The
higher values of moisture content (69.38%)
supported by the higher percent of particle size
of clay and silt particles than sand (Table 1).
The percentage of the particle size varies from
each salt licks. Soils with finer particles (clay
and silt) have a larger surface area than those
with coarser particles, and a large surface area
allows soil to hold a more water (Chakraborty
and Mistri 2015).

The surface soil of salt lick SL56 was
gravelled as shown in Figure 3. The surface soil
was also submerged in water (Figure 4)
believed to be sourced from a spring (Figure 5).
This confirms the high moisture content (%)
and organic matter (%) with animal’s
excrement in the vicinity of the samples taken.
The electrical conductivity for mud lick soils
similarly exhibited higher reading compare to
controlled soils indicating the concentration of
salts is greater (Othaman et al., 2020). With
exception of SL59 where electrical conductivity
reading (41.82 uS/cm) vary with the rest of the
licks (167.31 puS/cm - 243.32 puS/cm). Lower
electrical conductivity values suggest that less
soluble salts are readily available in the soil
(Othaman et al.,, 2020). The existence of salt
licks area was depending on the accumulation
of salt. Jakovljevia et al. (2003) reported that
salt found in the salt lick areas were the products
of weathering depending on the weathering rate
and leaching rate of the weathered resulting
products.
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Table 1. Mean value for physico-chemical parameters and elemental concentration analysis for soil samples.

MC o EC Particle Size (%) Concenration (mg/kg)
Sample H M uS/cm  San . Cla  Textur
ple pH gy M ( Silt Ca K Na Mg p
(%) ) d y e
Surface Soil
(S’nl‘_ig g'g 55'2 038  236.58 34.80 25'0 30.18 E(I)?;n 8318.50 243211  520.04 584329  261.78
(S’nl‘_%g g'g 89'0 392 24332 31.30 ie.e 3211 E:)?r'n 11551'6 145629  199.60  2501.74  256.29
(SnL_%E; 00 %0 528 2239 s2s0 2% 101 ﬁ?)r:rj‘g/ 110192 98054 15456  1442.14  128.48
(SnL_%S; 2'3 ge.z 480 4182 53.50 56'9 19.24 E?)r:rjwz/ 125295  767.32 8583  986.05  47.23
(S’nl‘_%g ;'5 33'3 250  167.31 16.1 28'1 25.68 ilolgm 2807.07 192097  647.67 482505  273.83
Control 45 170 30.9 1006.25 122070  189.42  1470.73 14157
s(n=5) 1 p 379 5172 4640 ¢ 2229 Loam 2 7 8 2
Subsurface Soil
SL59
O ¥ 3% eaw sues 8530 295 1174 LOAMY 220421 yeyo00  gags  1g7are 1823
(n=2) 7 Sand 5 5
SL59 66 503 19.2 Sandy 2129.44 12364 170152
) 3 o 6.86  61.44 60.15 . 2060  Clay 5 96545 ¢ s 173.23
(n=2) Loam
SL59
@ ° PP s ss57 2% 1849 Sandy 2802 gpors PPN wosm 20773
(n=2) Loam
SL59 1 1806.94  290.21
@ 3 P e mw 385 SW° 2462 Loam 243578 110542 14923 o0 20
(n=2)
SL60 83 279 61.0 Silt
() ). 5 205 9432 1629 70 2269 3901.57 225380  577.98  5573.05 bl
(n=2) Loam
SL6o 84 301 62.8 Silt
(b) A o 211 94w 1696 70 2020 3756.79 215861  607.55 559249  78.58
(n=2) Loam
SL60
87 315 332
(©) 7 . 174  133.68 1258 5421 Loam 433321 221683 75420  5613.35  174.85
(n=2)
1 Ocm-10cm 4 30cm-40cm a Ocm-5¢cm bdl below detection limit
2 10cm-20cm b 5cm-10cm
3 20cm-30cm c 10cm-15cm

Figure 3. Gravelled environment of salt lick SL56
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Figure 5. Spring found in salt lick SL56
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SL56 and SL59 soil exhibit slightly higher
organic matter content with 26.09% and 23.70%
difference compared to other salt lick for surface
soils. In addition, SL59 soil profile show high
organic matter content found at depth 10-20 cm
(6.86%), 20-30 cm (8.87%) and 30-40 cm
(9.65%) respectively. The occurrence of small
stream on the surface soil of SL59 contribute to
the organic matter in the soil. Small stream
flowing through the lick causing the soil to be
constantly saturated with water lead to poor
aeration and low oxygen. This condition causes
low mineralization rate because microorganisms
in the soil became inactive or eventually die.
Long term exposure to the water saturated soil
with low decomposition rate potentially
producing high organic matter content (Bot &
Benites, 2005). This situation also explained the
soil condition in SL56 where a spring existed in
the lick area (Figure 5) thus resulting in higher
organic matter (5.28%) in the soil.

Generally, the salt lick soil and control soil
show texture variation. This indicates that each
lick is different from each other and function
differently (Abrahams, 1999). SL20 and SL50
soil texture show clay loam whereas SL56 and
SL59 show sandy loam and SL60 shows silt
loam. Different percentage of soil particle
distribution will affect adsorption. Soil with
smaller particle size has high surface area thus
greater adsorption capacity (Mandzhieva et al.,
2014). Eventhough SL56 and SL59 contain more
sand, presence of organic matter and the total
percentage of combined value between silt and
clay particles ensure enough major elements in
the soil (Table 1). This is because fine-textured
soils usually have a greater exchange capacity
than coarse soils because of a higher proportion
of colloids. Most chemical interactions in the
soil occur on colloid surfaces because of their
charged surfaces (McCauley et al., 2005).

Only two salt licks were selected for profile
soil sampling. It is because these two salt lick
provide sufficient depth for vertical sampling
with approximately 15 cm to 20 cm deep
respectively (Table 1). Soil pH value for both
salt lick shows small range indicating the soil pH
is well buffered (Malik & Haq, 2022). There are
no significant changes in pH value between each
layer (Table 1). The soil moisture content and
organic matter shows fluctuation within depth.
This is influenced by the distribution of silt and
clay as shown in Table 1 which shows variation
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across depth (Matus, 2021). SL60 salt lick soil is
alkaline (pH 8.32-8.77) with stable pH too. The
moisture content and organic matter showing
shifting trend with every interval. Low clay
percentage in the upper layer (20.20%-22.69%)
is the reason for low moisture content as clay has
good water retention (Kumari & Mohan, 2021).
Decreasing organic matter with depth is due to
increasing soil pH as growing condition of
microorganism in alkaline environment is poor,
resulting low biological oxidation of organic
matter (Primavesi, 1984). Both salt lick shows
steadily increasing electrical conductivity with
increasing depth indicating presence of high
concentration of readily available salts
(Othaman et al, 2020) such as calcium,
potassium, sodium and magnesium as shown in
Table 1.

Elemental Concentration

The selected major elements in this study are
calcium (Ca), potassium (K), sodium (Na),
magnesium (Mg) and phosphorus (P). The
concentration of the elements varies for each salt
lick. Generally, concentration of phosphorus (P)
is the lowest element concentration (47.23
mg/kg — 385.43 mg/kg) found in licks and
controlled soils within this study area followed
by sodium (Na) ( 85.83 mg/kg — 529.04 mg/kg).
The average elements concentration for SL56
show slightly lower compared to average
elements concentration of controlled soils. This
result was obtained because one out of three soil
samples taken displays low concentration of
several elements such as Ca (186.14 mg/kg), Mg
(753.21 mg/kg) and P (66.47 mg/kg) which
affect the total average concentration. The other
two soil samples of SL56 show high
concentration of Ca (1559.80 mg/kg), Mg
(1786.60 mg/kg) and P (159.48 mg/kg).

SL20, SL50 and SL59 show high
concentration of calcium (Ca) whereas SL56 and
SL60 are concentrated with magnesium (Mg). In
terms of potassium (K), sodium (Na) and
phosphorus (P) concentration, SL20 and SL60
were both show greater concentration compared
to other salt lick soils (Table 1). Elements
concentration in lick SL59 relatively within the
same range of the controlled soils average
concentration. This phenomenon can be
explained by the existence of small stream
flowing through the lick. Continuous stream
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flows cause elements to leach from soils into the
water body and be carried away (Lu et al., 2017).

This study shows that the concentrations of
calcium were high (1101.92 mg/kg- 11551.64
mg/kg) in the salt lick soils. Parent rocks such as
sandstone tends to have acidic pH value thus
forming acidic soil (Osman, 2013) due to the
presence of high silica which is acidic in nature
(Kelesoglu et al., 2012). Existence of calcium in
acidic  background  derived from the
decomposition process of animals,
microorganism and plants that cause calcium to
be mineralized and release back into the soil
(Jaiswal et al., 2021). This situation is observed
in SL56 and SL59 with acidic soil (pH 5.38 —
6.04) compared to the rest of the licks. Neutral to
slightly alkaline lick shows high concentration
of calcium. Plant roots also leak minerals, sugars
and components like calcium back into the soil
(Brunner & Bachafen, 1998). Plants growing on
Kulapis Formation beds have the possibilities to
absorb calcium from the soil because Kulapis
Formation consists of calcareous lithic arenite
sandstone  (Hutchison, 2005) which s
characterized by high concentration of calcium

Minerals and Chemistry of Salt Lick Soils 125

carbonates. This is particularly true in this study
where SL20, SL50 and SL60 soils pH values
were between those ranges (8.98, 6.96 and 7.53
respectively).

Potassium concentration in SL56 (980.54
mg/kg) and SL59 (767.32 mg/kg) are low in
value. Slightly acidic sandy soil contains low
potassium ion due to leaching processes
(Anderson, 1974) and low potassium bearing
mineral such as illite (Mengel et al., 2001).
Acidic soil pH displayed by both licks (6.04,
5.38) provide an environment for cation
exchange capacity (CEC) competition due to
concentration of H* is higher and the presence of
easily soluble aluminum (AP*) (Ross &
Ketterings, 1995). These two elements will
displace other exchangeable cations (K¥)
(Rahman et al., 2018) causing the cations move
into the soil solution and increase the potential
of leaching. In contrast, SL20, SL50 and SL60
exhibited high concentration of potassium
(2432.11 mg/kg, 1456.29 mg/kg and 1920.97
ma/kg). This may be due to the existence of illite
clay in the soils as illite is the source for
potassium (Reitemeier, 1957).

Figure 6. Butterfly observed on the surface soil of salt lick SL59
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In this study, the sodium concentrations of the
salt lick soils were in range with the controlled
soils except for SL20 and SL60 licks. Both of
this lick potentially visited by wildlife to nourish
their sodium diet. Low concentrations of sodium
were observed in SL59 (85.83 mg/kg) but
presence of flocks of butterflies on the salt lick
soils were noticed (Figure 6). This situation is
similar as reported by Sim et al., (2020). This
indicates that, the licks play their role as sources
of nutrients for wildlife even with low
concentration of certain mineral compare to
other minerals. Klaus et al. (1998) in his research
found that the concentration of sodium in lick
soils is lower from controlled soil. This
phenomenon may arise due to an antagonistic
element such as higher calcium concentration
tends to exchange sodium in leaching processes
(Carrow & Duncan, 2012). Calcium is a divalent
cation readily take the place of excess sodium
ions which is a monovalent cation occupying the
exchange sites of soil colloids. The strength of
cation retention by soil particles increases with
increasing ion charge and decreasing hydrated
ion radius (Bohn et al., 2001). The ease of cation
removal from specific colloids has been
represented by ‘lyotropic series’, Th*" > Fe** >
A13+ > Cu2+ > Ba2+ > Sr2+ > Ca2+ > Mg2+ > CS+ >
Rb" > K* = NHs> Li* > Na", in the order of
decreasing strength of retention (Mitchell and
Soga, 2005). The relative extent of adsorption or
desorption of ions primarily depend on the
valence; for instance, Na' can be easily replaced
by Ca*".

Second most abundant elements observed in
the lick soils is magnesium. Among the elements
found to be magnesium bearing mineral are
chlorite, dolomite, montmorilonite, pyroxene
and vermiculite (Scheffer et al., 1966). Thus,
weathering of these minerals will enrich the soil
with magnesium. Higher amount of magnesium
in SL20 (5843.29 mg/kg), SL50 (2501.74
mg/kg) and SL60 (4825.05 mg/kg) is caused by
the favorable environment for cation exchange
capacity for magnesium take place. Furthermore,
the red beds of Kulapis Formation indicate an
iron rich source probably influenced by the
nearby ophiolite at the northwest of the
formation (Hutchison, 2005). Kulapis Formation
at the east Bidu-bidu Hills constitutes
interbedded pale greyish-red sandstones and
chocolate brown mudstone (Newton-Smith,
1967). The Bidu-bidu Hills is the only massive
ultrabasic rock found in the study area. The
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uplifted ophiolites were overlain by serpentinite
conglomerates (Newton-Smith, 1967; Hutchison
and Tungah, 1991). Thus, this justifies the
source of magnesium in Kulapis Formation and
supported by the occurrence of mafic mineral
observed in the petrographic and mineralogy
analysis of this study.

Higher magnesium levels are found in clay
soils due to the presence of easily weathered
ferromagnesian mineral (Osman, 2013) such as
chlorite in the salt lick soil (Figure 8). This
explain the higher magnesim concentration in
clay texture shown in SL20, SL50 and SL60
samples. Magnesium is a base cation (Havlin,
2005) thus explaining correlation between
higher soil pH in SL20 (8.98) and SL60 (7.53)
and the exchangeable calcium (8318.60 mg/kg)
and magnesium (5843.29 mg/kg) (Yost &
Hartemink, 2019). Generally, magnesium shows
similar ion exchange with the calcium
(Mikkelsen, 2010).

In acidic and sandy soil such as SL56 and
SL59, magnesium is easily leach due to higher
exchangeable of aluminum and H* in the soil
(Metson, 1974; Senbayram et al., 2015).
Therefore, higher acidity of soil will lower the
magnesium concentration. Coarse soil texture
which is high in sand particle percentage
increases the removal of magnesium due to the
low binding capacity in sand (Senbayram et al.,
2015). The presence of flowing stream in SL59
also lead to the lower -concentration of
magnesium in the lick. Water will cause dilution
of elements concentration in the area and
flowing river has the potential to bring ions out
of the salt lick areas through the leaching process
(Lu et al., 2017) further influencing the low
concentration of elements in the soil.

As the least concentration observed in the
soil, phosphorus is an element that is directly
affected by pH. In acidic condition, phosphate
ion tend to react quickly with aluminum and iron
to form less soluble salt whereas in alkaline
condition, phosphate ion react rapidly with
calcium and magnesium to form less soluble
compound (Jensen, 2010). Neutral soils (SL50)
provide conducive environment for phosphorus
availability. Alkaline soils (SL20 and SL60) are
rich in Ca?* and Mg?* which adsorbs phosphorus
and precipitate (Prasad & Chackraborty, 2019).
For instance, the precipitation of calcium
phosphate occurs when the calcium and
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phosphorus sources interact at increasing pH of
the medium (Avramenko et al., 2023).

Element concentration for soil profile
analysis shows that generally all the elements for
both soil profile in SL59 and SL60 increasing as
the depth increase (Table 1). Exception for
calcium where the concentration fluctuates and
also potassium for SL60. Nutrient leaching such
as magnesium (Mengel et al., 2001) occurs
downward soil profile following the movement
of water (Lehmann & Schroth, 2002) thus
supporting the finding of this study where
nutrient concentration is higher in the subsurface
soil compare to the surface soil (Table 1).

Table 2 shows the concentration for water
samples. Generally, controlled water samples
show less mineral content compared to lick’s
water. Phosphorus is undetectable in both
controlled and river. The amount of phosphorus
in lick’s water sample are too low (0.01 mg/l —
0.03 mg/l). Obviously, average concentration of
calcium is relatively high in lick’s water
(1566.10 mg/kg). The high average
concentrations of calcium were also recorded in
Rawog river (952.07 mg/kg) and Sg. 50 river
(1081.93 mg/kg). Both rivers are located away
from the salt lick areas, suggesting the
contribution of rich calcium bedrocks to the
calcium concentration in the water. According to
Otobo (1995) where the concentration and
relative abundance of ions in river waters (that
is, its chemical composition) is highly variable
and depends mainly on the nature of the bedrock,
precipitation and evaporation—crystallization
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processes. This demonstrated that the Kulapis
Formation beds as one of the sources of calcium
in the study area as calcium leached from the
weathering procesess.

Apart from calcium, sodium concentration
is also high in lick’s water sample (568.45 mg/I
— 2554.63 mg/l) implying that the elements are
leached from the soil into water body. High
amount of sodium in the water proposing that
wildlife visit the licks for water intake rich in
sodium. Exception for SL20 where the amount
of potassium (571.68 mg/kg) and magnesium
(771.98 mg/kg) are rather high compared to
other licks indicating leaching process occurs
rapidly in the area.

Petrography and Mineralogy

Three sandstones and two mudstones were
collected for petrography analysis. A sandstone
sample was collected from the outcrop found in
SL59 area and 2 rock samples (a sandstone and
a mudstone) were collected in the vicinity of salt
lick SL60 area. The sandstones varies from fine
to coarse grained. The grains are rounded to
subrounded, are well to moderately sorted
(Figure 7a and 7b). The matrix percentage is less
than 10% represented by brownish colour
observed under the microscope. The petrography
of mudstone analysis shows that the mudstone is
made up of very fine grained minerals and clay
minerals as matrix (Figure 7¢). Chlorite was also
present in the mudstone based on its greenish
colour (Figure 7d).

Table 2. Chemical properties of water sample (average values) of licks, control and river nearby

Concentration (mg/L)

Sample
Ca K Na Mg P

SL20 (n=2) 271539 £1857.50 571.68+4.50 250.44 £656.70 771.98 £415.44 Dbdl
SL50 (n=1) 3074.25 9.29 2554.63 10.32 0.01
SL56 (n=1) 1855.25 5.35 568.45 6.45 0.03
SL59 (n=2) 637.67 + 39.27 7.19+0.00 572.35 +3.59 3.98 +0.00 bdl
Controls (n=6) 361.20 £ 639.33 2.05+0.81 4.38 £0.87 5.00 £2.23 bdl
Sg. 50 (n=2) 1081.93 + 14.99 1.96 +0.02 7.40 £0.08 4.48 £0.01 bdl

952.07 + 174.57 3.76 £0.75 10.01£0.04 4.09 £0.09 bdl

Rawog river (n=3)

Bdl: below detection limit
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Plagioclase was also detected in very small
amount and heavily weathered (Figure 7e) as
well as microcline feldspar (Figure 7f) in
sandstone.  Authigenic mineral such as
muscovite and chlorite are also observed in the
sample as an elongated sheet like structure
(Figure 7g). The muscovite grain changes in
direction due to the strong movement of quartz
grain (Worden & Burley, 2003).

Figure 8 shows the scanning electron
microscopy (SEM) results conducted on salt lick
soil samples for the identification of major
minerals or clays, their morphology and
structures. The minerals identified that made up
the lick soil composition are chlorite, illite and
smectite. It is clearly visible that smectites are
abundant in lick soils, showing an Okal leaf
structure (Figure 8a) (Abu El-Ezz et al., 2012).
The individual grain is poorly defined due to
diffuse outlines and curled edges forming flower
like structure (Abu EI-Ezz et al., 2012). It can be
regarded as aggregates with foliated and lamellar
structure as a result of the expulsion of water and
gas during compaction and oxidation of organic
matter (Keller, 1985). As observed from the thin
section, the feldspar grain had undergone intense
weathering. Dissolution of alkali feldspar will
produce aluminum ion and silica in aqueous
form (Huggett, 2005). According to Huggett
(2005), dissolution of K feldspar will yield AI**
and K* which will react with smectite to form
illite-smectite and ultimately illite:

Smectite + AR + K* > Illite + Si** +
Fe?* + Na* +Mg? Eq.(1)

Potassium ion for the illitization was supplied
mainly from the alteration of K feldspar within
the sandstone and from mica within the shales
(Kumar et al., 2016). Abundance of potassium
can be seen from the elemental concentration
analysis. Both aluminium and potassium ions
will react with smectite to form illite-smectite
and eventually illite in the later. This process is
known as illitization.

Ilitization occurs in sediments enriched in K-
feldspar (Worden & Morad, 2000). Illite occurs
with different morphologies according to the
potassium supersaturation during precipitation
(Weibel et al., 2020). The pattern of illite-
smectite shown in Figure 8a appear as crooked
scaly and partly foliated. In contrast to Figure 8b
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where the illite shows fibrous structure
indicating of rapid growth during burial (Mullin,
2001). The formation of fibrous illite requires
higher thermal exposures compare to that of the
illite formation by smectite illitization (Stroker
& Harris, 2009). Thus, the existence of fibrous
illite in this study proves that Kulapis Formation
was exposed to high thermal environment during
burial.

Chlorite was also found in the salt lick soil
samples. The chlorite minerals occur as poorly
developed plates with irregular outlines or
ragged edges and it shapes shows a high
magnesium type chlorite (Hillier, 1994) (Figure
8c). Chlorite also exhibits edge to face, face-to-
face (Figure 8d) and edge-to-edge contacts
(Wilson et al., 2014). According to Wilson et al.
(2014) less developed chlorite crystal structures
indicate authigenic origin. Smectite transforms
into chlorite in alkaline condition that rich in iron
and magnesium ion (Chen et al., 2011).
Chloritization is a process where smectite reacts
with Fe?*, Mg?* and water to transform into
chlorite. According to Chang et al. (1986):

Smectite (saponite) + Fe?* + Mg?* +
AR+ H,0 - Chlorite + Na* + SiO; + H* Eq.(2)

Smectite (saponite) + H,O + H* >
Chlorite + Ca?* + Na* + Fe?* + Mg®* + SiO;
Eq.(3)

Chlorite sources include transformation of
detrital Fe-rich berthierine, transformation of
Mg-rich smectite (Wilson et al., 2014). The
specific origin of chlorite controls its
composition. Chlorite in marine sandstones is
origined from berthierine source, whereas
chlorite  from the continental sandstones
originated from smectite (Berger et al., 2009;
Worden et al., 2020). Following the findings of
SEM analysis, it is confirmed that the chlorite
found in this study is originated from smectite.

The clay minerals composition in soil suggest
that made up soil shows that the salt lick soils
supply a good amount of nutrients. The
dissolution of smectite contributes calcium,
sodium, magnesium and silica into the soils
(Metz et al., 2005). Illite is in potassium (Barre
et al., 2007) whereas chlorite contains abundant
iron and magnesium (Deer et al., 2013).


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/berthierine
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/montmorillonite
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Figure 7. (a) Coarse grain sandstone. (b) Fine grained sandstone. (c) Fine-grained mudstone. (d) Greenish chlorite
mineral (red arrows). () Heavily weathered plagioclase feldspar (red arrow). (f) Microcline feldspar (red arrow).
(9) Muscovite mineral shows elongated shape (red arrow)
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Figure 8. (a) Smectite showing curved leaf like structure with illite appear crooked scaly and foliated partly. (b)
Fibrous illite. (c) Less developed Mg-rich chlorite indicates authigenic chlorite (orange box). (d) Chlorite mineral
shows parallel structure surrounded by smectite. (Chl= chlorite; 1= Illite; S= smectite)

CONCLUSION

In summary, salt lick soil shows slightly acidic
to alkaline, high moisture content, high organic
matter and high electrical conductivity values
compared to control soils. Soil texture for salt
lick soils best describe as loam. All lick soils and
water samples express high concentration of
essential mineral such as calcium, potassium,
sodium, magnesium and phosphorus compared
to control sites. Although overall elements
concentration is slightly low in SL56 and SL59
samples, these two licks served their purpose as
nutrient source as sodium seeking species were
spotted at the sites. The presence of flowing river
in the latter lick also possibly the reason for
wildlife visitation. Types of clay such as chlorite,
illite, and smectite further contribute to the
presence and concentration of the elements in the
salt lick of this area. Comparison with the
published report in Deramakot Forest Reserve,

Kulapis Formation in the present study shows a
wider range of element concentration. The
findings give insight on the variation of element
concentration in salt lick soils of the same rock
formation. Therefore, this study serves as a
geochemical baseline data on the distribution of
elements concentration of salt lick soils
especially in Kulapis Formation.
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ABSTRACT

The rise of multidrug-resistant microbial pathogens has increased the demand for highly effective antibiotics. Five
nitrobenzoylthiourea ligands (1-5) with amino acid side chains and their corresponding Cu(ll) complexes (6-10)
were synthesised with yields ranging from 43% to 90%. The successful synthesis of ligands 1-5 were confirmed
by the absence of the v(NCS) stretching band and the presence of the v(NH) band, indicating the complete reaction
of all (NCS) with a series of amino acids as well as the appearance of two N-H signals in the *H NMR spectra of
all the synthesised ligands. On the other hand, the shift of the (C=0) carboxylic peaks in the Cu(ll) complexes
suggested successful coordination of ligands to the metal ion via the carboxylate group. The antibacterial activities
of these compounds were tested against six bacteria: Staphylococcus aureus, Bacillus cereus, Listeria
monocytogenes, Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa using the disc diffusion
method. The Cu(ll) complexes (6-10) exhibited enhanced antibacterial activity compared to the ligands (1-5),
especially against gram-negative bacteria (E. coli, K. pneumoniae, and P. aeruginosa). For example, compound 4
showed moderate activity against K. pneumoniae with a 14 mm inhibition zone while its Cu(ll) complexes, 8
recorded better inhibition against K. pneumoniae with a 16 mm inhibition zone. Molecular docking studies on all
complexes (6-10) also revealed higher binding affinity with targeted proteins with binding energy between -10.4
kcal/mol to -9.0 kcal/mol, in comparison with ligand 2 and 4 with the binding energy of only -7.7 kcal/mol (against
S. aureus) and -6.9 kcal/mol (against K. pneumoniae). The enhanced antibacterial activity of all complexes
correlates with the higher binding affinity obtained for all complexes. Hence, this study concludes that the
nitrobenzoylthiourea derivatives, and particularly their Cu(ll) complexes can show potential as antibacterial agent
although more thorough investigation are required to develop these compounds into useful drugs.
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INTRODUCTION

The discovery of new medications has
accelerated in recent decades as the prevalence
of germs resistant to antibiotics has increased
(Fair & Tor, 2014). This is due the negligent use
of antibiotic, which resulted in the evolution of
multidrug resistance bacteria (Mohler et al.,
2017). Microorganisms develop a variety of
mechanisms to limit antimicrobial efficiency,
including altering target sites, decreasing
cellular permeability to allow for drug
penetration,  enzymatic  destruction  of
antimicrobial ~ substances, and  biofilm
development (ldrees et al., 2020). As a result,
demand for highly resistant antibiotics
increased, and it is critical to conduct rapid

evaluations of potential drugs. On the other
hand, the vast array of biological activities of the
thiourea-based  compound has  sparked
considerable interest among researchers, with
the expectation that modification of ligands and
their coordination via metal ions would increase
their resistance to multidrug-resistant microbial
pathogens and  influence the  drug’s
microbiological properties. Moreover, metal
ions are positively charged and act as
electrophiles whereas biological molecules such
as DNA and protein are electron-rich and tend to
bind and interact with biological molecules
(Boros et al., 2020).

Thiourea  derivatives  have  garnered
considerable attention as versatile ligands in a
variety of applications due to their unique ability
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to coordinate with a variety of transition metal
ions as monodentate or bidentate ligands and to
coordinate with metal centres as neutral,
monoanionic, or dianionic ligands to form a
stable complex (Wakshlak et al.,, 2015;
Mohapatra et al., 2021). The ability of multiband
coordination is dependent on the presence of a
donor heteroatom such as oxygen, nitrogen or
sulphur, in the ligand. With the presence of two
units of reactive primary amide group, thiourea
has been found to be a suitable precursor in the
synthesis of a variety of their derivatives as well
as an excellent chelating agent to metals through
Sand O, and it has demonstrated a wide range of
biological activity, including antibacterial and
antifungal activity (lkokoh et al., 2015;
Mohapatra et al., 2021). Thiourea functionality
as versatile precursor derives from its ability to
form stable hydrogen bonds with recognition
elements of biological targets, including
proteins, enzymes and receptor as the hydrogen
bond network is essential for stabilizing ligand-
receptor interaction (Ronchetti et al., 2021).
Consequently, reactive functional groups of
thiourea, such as amino, imino, and thiol, can
play important roles as precursor in the synthesis
of organic molecules for various biological
applications, as demonstrated in bacteriostatic
activities, where they can be protonated under
acidic conditions and reacted with the carboxyl
and phosphate groups of the bacterial surface,
resulting in prominent antibacterial activity
(Ngaini et al., 2012; Halim & Ngaini, 2017).
Additionally, thiourea is employed as an active
ingredient in pharmaceuticals, which increases
the usability of their derivatives as they will pose
no adverse risk to natural living bodies
(Ohammad, 2018).

Metal complexes are thought to exert their
effect through the inhibition of enzymes,
interaction with intracellular biomolecules,
increased lipophilicity and modification of cell
membrane functions (Malik et al., 2018). Metal
complex considerably improved the results
given by thiourea ligand alone. On the other
hand, copper(ll) was specifically chosen due to
its well-known antimicrobial properties. Copper
exposure has been shown to impair the integrity
of the bacterial cell wall, resulting in the
microorganism’s mortality (Montero et al.,
2019), while also increasing their susceptibility
to copper ions, which cause metabolic
dysfunction. According to Arendsen and
coworkers (2019), when copper ions reach a
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critical intracellular concentration, the plasma
membrane becomes increasingly permeable,
allowing important  cell content including
nucleotides, amino acids, and potassium.
Moreover, attachment of amino acids may be
advantageous as these are biomolecules that play
a critical role in a variety of biological functions
(Raheel et al., 2016) and have been used to
enhance the efficacy (in vitro) of existing drugs
(Idrees et al., 2020).

In this study, five new monobenzoyl thiourea
derivatives were synthesised via the reaction of
4-nitrobenzoyl isothiocyanate with tryptophan,
methionine, valine, alanine, and cysteine. The
effect of complexation with copper(ll) metal in
their antibacterial activity was analysed against
three gram-positive and three gram-negative
bacteria. The contribution of newly synthesised
nitrobenzoyl thiourea bearing amino acid side
chain and their copper(ll) complexes in the
antibacterial study were emphasised with
molecular docking analysis. Even if the
incorporation of copper(Il) ion does not improve
the antibacterial activity directly, it may lead to
compounds that can potentially inhibit virulence
mechanisms of highly resistant pathogens as this
study is important in drug discovery for the
medical industry.

MATERIALS & METHODS
Materials

4-nitrobenzoyl chloride, potassium thiocyanate
(KSCN) powder, tryptophan, methionine, serine,
valine, L-alanine, cysteine, silver(l) nitrate,
copper(ll) chloride, potassium hydroxide
(KOH), distilled acetone, ethanol, acetonitrile,
ethyl acetate, propanol, methanol, hexane,
dichloromethane, chloroform, cyclohexanol,
nitromethane, tetrahydrofuran, diethyl ether,
toluene, petroleum ether is of reagent grade and
used without purification. Acetone was distilled
over magnesium sulfate anhydrous.

Instrumentation and Analytical
Characterisation of Thiourea Compounds

Characterisation of pure thiourea compounds
were conducted using Fourier Transform
Infrared Spectrometry (FTIR) Perkin-Elmer
Spectrum (GX2000) spectrometer. The FTIR
spectra  (v/em?) of all compounds were
determined using Attenuated Total Reflection
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(ATR) technique. The CHNS elemental analysis
of thiourea ligands and complexes were
performed  using  Thermo  Scientific™
FlashSmart™ Elemental Analyser. The *H and
13C NMR spectroscopy (JEOL ECA 500 MHz)
were used to confirm the chemical structure of
thiourea ligands by identifying the H and C
present in the synthesised compounds. All NMR
spectra were recorded in DMSO-ds solutions and
the chemical shifts were reported in 6 (ppm).

Synthesis of Thiourea Ligands

Synthesis of ((4-nitrobenzoyl)carbamothioyl)
tryptophanato (1)

4-nitrobenzoyl chloride (0.01 mol, 1.86 g) and
potassium thiocyanate (0.01 mol, 0.97 g) were
dissolved in 120 mL of distilled acetone. The
solution was stirred for 1 hour until white
precipitate formed. The white precipitate,
potassium chloride (KCI) was removed while the
filtrate formed was kept for the next step. A 0.01
mol (2.04 g) of tryptophan was added to the
filtrate solution and the solution mixture was
heated to reflux for three days (72 hours) at 65
°C before being filtered, ultimately yielding only
the targeted compounds while eliminating
unwanted products. The mixture was allowed to
cool at room temperature and the filtrate was left
to evaporate at room temperature for several
days. After several days, orange solid was
formed and collected as compound 1 (3.357 g,
81.40%). Compound was purified by
recrystallisation using ethanol/dichloromethane
(2:1) ratio. FTIR vmax 3412 (N-H), 1717 (C=0
carboxylic), 1674 (C=0 amide), 1514 (C=C
aromatic), 854 (C=S), 1159 (C-N). Calcd. for
(C1gH16N4OsS); C: 55.33%, H: 3.91%, N:
13.58%, S: 7.77%, found: C: 55.72%, H: 4.18%,
N: 13.87%, S: 6.51%. 'H NMR (500 MHz;
DMSO-dg) 6 11.89 (1H, s, NH), 11.04 (1H, d, J
= 7.6 Hz, NH), 10.92 (1H, d, NH), 8.28 (2H, d,
J = 4.6 Hz, Ar-H), 8.03 (2H, d, J = 1.5 Hz, Ar-
H), 7.49 (1H, d, J = 7.6 Hz, Ar-H), 7.29 (1H, d,
J=7.6 Hz, Ar-H), 7.14 (1H, d, J = 2.3 Hz, Ar-
H), 7.01 (1H, t, J = 7.6 Hz, Ar-H), 6.90 (1H, t, J
= 7.6 Hz, Ar-H), 2.47 (1H, q, J = 1.8 Hz, CH),
2.06 (2H, d, J = 6.1 Hz, CH,). *C-NMR (125
MHz; DMSO-ds) 6 180.2 (C=SNH), 172.3
(C=00H), 167.5 (C=0ONH), 150.3 (Ar-C), 138.5
(Ar-C), 136.6 (Ar-C), 130.7 (Ar-C), 127.9-108.9
(Ar-C), 58.9 (CH), 26.7 (CH,).

Synthesis ((4-nitrobenzoyl)carbamothioyl)
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methioninato (2)

The procedure for compound 1 was repeated
using methionine (0.01 mmol, 1.49 g). After
several days, yellow solid was formed and
collected as compound 2 (2.899 g, 81.11%).
Compound was purified through washing with
distilled water. FTIR vmax 3218 (N-H), 1722
(C=0 carboxylic), 1508 (C=0O amide), 1508
(C=C aromatic), 853 (C=S), 1156 (C-N). Calcd.
for (C13H1sN30sS,); C: 43.69%, H: 4.23%, N:
11.76%, S: 17.94%, found: C: 43.71%, H:
4.22%, N: 11.82%, S: 17.76%. 'H NMR (500
MHz; DMSO-ds) & 11.88 (1H, s, NH), 11.09
(1H, d, J = 7.4 Hz, NH), 8.27-8.31 (2H, m, Ar-
H), 8.09-8.12 (2H, m, Ar-H), 4.97 (1H, dd, J =
12.6, 6.9 Hz, CH), 2.51 (2H, g, J = 7.5 Hz, CH>),
2.46 (2H,t,J = 1.7 Hz, CHy), 2.03 (3H, s, CH).
BC-NMR (125 MHz; DMSO-ds) & 180.7
(C=SNH), 172.3 (C=00H), 167.4 (C=ONH),
150.3 (Ar-C), 138.2 (Ar-C), 130.8 (Ar-C), 123.8
(Ar-C), 57.2 (CH), 30.9 (CHy), 29.7 (CHy), 15.2
(CHs).

Synthesis of ((4-nitrobenzoyl)carbamothioyl)
valinato (3)

The procedure for compound 1 was repeated
using valine (0.01 mol, 1.17 g). After several
days, milky white solid was formed and
collected as compound 3 (2.912 g, 89.51%).
Compound was purified by recrystallisation
using propanol/dichloromethane (2:1) ratio.
FTIR vmax 3237 (N-H), 1716 (C=0 carboxylic),
1672 (C=0 amide), 1521 (C=C aromatic), 854
(C:S), 1163 (C-N) Calcd. for (C13H15N305S);
C: 47.99%, H: 4.65%, N: 12.92%, S: 9.86%,
found: C: 48.06%, H: 4.73%, N: 12.97%, S:
8.26%. 'H NMR (500 MHz; DMSO-ds) 5 11.93
(1H, s, NH), 11.17 (1H, d, J = 7.7 Hz, NH), 8.28
(2H, d, J = 8.9 Hz, Ar-H), 8.11 (2H, d, J = 8.9
Hz, Ar-H), 2.46 (1H, t, J = 1.7 Hz, CH), 2.27-2.
(1H, m, CH), 0.91-0.98 (6H, m, 2CHs). *C-
NMR (125 MHz; DMSO-dg) & 181.1 (C=SNH),
171.8 (C=0O0H), 167.8 (C=ONH), 150.4 (Ar-C),
138.4 (Ar-C), 130.8 (Ar-C), 123.8 (Ar-C), 63.2,
30.7 (CH), 19.2, 18.6 (CH3).

Synthesis of ((4-nitrobenzoyl)carbamothioyl)
alaninato (4)

The procedure for compound 1 was repeated
using alanine (0.01 mol, 0.89 g). After several
days, orange-brick solid was formed and
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collected as compound 4 (2.363 g, 79.5%).
Compound was purified by recrystallisation
using ethanol/dichloromethane (2:1) ratio. FTIR
Vimax 3281 (N-H), 1709 (C=0 carboxylic), 1659
(C=0 amide), 1532 (C=C aromatic), 847 (C=S),
1167 (C-N). Calcd. for (C11H11N3OsS); C:
44.44%, H: 3.73%, N: 14.13%, S: 10.79%,
found: C: 44.84%, H: 3.97%, N: 14.58, S:
8.68%. *H-NMR (500 MHz, DMSO-dg) 6 11.88
(1H, s, NH), 11.11 (1H, d, J = 6.9 Hz, NH), 8.28
(1H, d, J = 8.9 Hz, Ar-H), 8.09 (1H, d, J = 8.9
Hz, Ar-H), 4.83-4.77 (1H, m, CH), 1.46 (3H, d,
J =7.2 Hz, CH3). *C-NMR (125 MHz, DMSO-
ds) 6 180.1 (C=SNH), 173.4 (C=O0H), 167.6
(C=ONH), 150.3 (Ar-C), 138.5 (Ar-C), 130.7
(Ar-C), 123.9 (Ar-C), 17.7 (CHs).

Synthesis of ((4-nitrobenzoyl)carbamothioyl)
cysteinato (5)

The procedure for compound 1 was repeated
using cysteine (0.01 mol, 1.2116 g). After
several days, orange solid was formed and
collected as compound 5 (2.706 g, 82.15%).
Compound was purified by recrystallisation
using ethanol/hexane (1:2). FTIR vmax 3113 (N-
H), 1716 (C=0 carboxylic), 1668 (C=0 amide),
1519 (C=C aromatic), 848 (C=S), 1157 (C-N).
Calcd. for (C11H11N30OsSy); C: 40.11%, H:
3.37%, N: 12.76%, S: 19.47%, found: C:
40.43%, H: 3.57%, N: 14.07%, S: 16.49%. 'H-
NMR (500 MHz, DMSO-dg) & 11.90 (1H, s,
NH), 11.21 (1H, d, J = 7.4 Hz, NH), 8.27 (1H, d,
J =5.2 Hz, Ar-H), 8.09 (1H, d, J = 8.9 Hz, Ar-
H), 3.57 (1H, dd, J = 11.7, 9.5 Hz, CH), 2.46
(2H, t, J = 1.9 Hz, CHy). *C-NMR (125 MHz;
DMSO-dg) & 172.4 (C=SNH), 166.3 (C=O0OH),
149.9 (C=ONH), 142.3 (Ar-C), 136.9 (Ar-C),
130.6 (Ar-C), 124.0 (Ar-C), 57.2 (CH), 32.9
(CH,).

Synthesis of Copper(ll) Complexes of
Thiourea

Synthesis and Characterisation Data of di((4-
nitrobenzoyl)carbamothioyl) tryptophanato

copper(ll) (6)

Compound 1 (0.206 g, 0.5 mmol) was dissolved
in 10 ml of ethanol followed by continuous
stirring to make sure all ligand was dissolved. A
(2.2 mL 0.5 mmol) of KOH was added into the
solution and the mixture was stirred at room
temperature for 30 minutes. A metal solution of
CuCl,.2H,0 (0.043 g, 0.25 mmol) in 2 mL of
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distilled water was later added into the solution
containing ligand and KOH before the mixture
was stirred for another 24 hours. Then, the
mixture was filtered out and left to evaporate for
few days to give out brownish precipitate of
complex 6 (0.18 g, 68.70%). The complex was
then subjected to purification with distilled
water. FTIR wvmax 3170 (N-H), 1681 (C=0
amide), 1520 (C=C aromatic), 853 (C=S), 1171
(C-N). Calcd. for (CsgHssCuNgO10Sz); C:
43.53%, H: 4.61%, N: 10.69%, S: 6.12%, found:
C: 43.16%, H: 3.85%, N: 10.62%, S: 6.61%.

Synthesis and Characterisation Data of di((4-
nitrobenzoyl)carbamothioyl)methionato

copper(I) (7)

The procedure for the synthesis of complex 7
was repeated using ligand 2 (0.357 g, 1.0 mmol),
KOH (4.7 mL 1.0 mmol) and CuCl,.2H,0 (0.085
g, 0.5 mmol). After few days, green precipitate
of complex 7 (0.239 g, 57.59 %) was obtained.
FTIR vmax 2986 (N-H), 1682 (C=0 amide), 1523
(C=C aromatic), 854 (C=S), 1169 (C-N). Calcd.
for (Cz6H34CuNgO13Ss); C: 37.61%, H: 4.13%,
N: 10.12%, S: 15.45%, found: C: 37.25%, H:
3.73%, N: 10.52%, S: 15.61%.

Synthesis of di((4-nitrobenzoyl)
carbamothioyl)valinatocopper(ll) (8)

The procedure for the synthesis of complex 8
was repeated using compound 3 (0.325 g, 1.0
mmol), KOH (47 mL 1.0 mmol) and
CuCl,.2H,0 (0.085 g, 0.5 mmol). After few
days, brownish precipitate of complex 8 (0.261
g, 65.10%) was obtained. FTIR vma 2964 (N-H),
1679 (C=0 amide), 1519 (C=C aromatic), 853
(C=S), 1166 (C-N). Calcd. for
(CzeHsgCUNeOlssz); C: 38.92%, H: 4.77%, N:
10.48%, S: 7.99%, found: C: 48.73%, H: 4.30%,
N: 10.85%, S: 9.21%.

Synthesis of di((4-nitrobenzoyl)
carbamothioyl)alaninatocopper(11) (9)

The procedure for the synthesis of complex 9
was repeated using compound 4 (0.193 g, 0.65
mmol), KOH (3.1 mL 0.65 mmol) and
CuCl,.2H,0 (0.0554 g, 0.325 mmol). After few
days, brownish precipitate of complex 9 (0.137
0, 55.24%) was obtained. FTIR vma 3116 (N-H),
1671 (C=0 amide), 1519 (C=C aromatic), 854
(C=9), 1170 (C-N). Calcd. for
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(C22H3ZCUN601GSZ); C: 34.58%, H: 4.22%, N:
11.00%, S: 8.39%, found: C: 34.30%, H: 3.90%,
N: 11.04%, S: 9.89%.

Synthesis of di((4-nitrobenzoyl)
carbamothioyl)tcysteinatocopper(l1) (10)

The procedure for the synthesis of complex 10
was repeated using compound 5 (0.157 g, 0.48
mmol), KOH (2.3 mL, 0.48 mmol) and
CuCl2.2H20 (0.041 g, 0.24 mmol). After few
days, brownish precipitate of complex 10 (0.131
g, 76.15%) was obtained. FTIR vmax 3072 (N-H),
1703 (C=0 carboxylic), 1651 (C=0 amide),
1523 (C=C aromatic), 851 (C=S), 1168 (C-N).
Calcd. for (szHzoCUNeOloSA); C: 36.69%, H:
2.80%, N: 11.67%, S: 17.81%, found: C:
36.64%, H: 3.08%, N: 12.26%, S: 12.75%.

Antimicrobial Activity Test

All synthesised compounds were evaluated for
antibacterial activity using the disc diffusion
method against three gram-positive bacteria
(Staphylococcus aureus, Bacillus cereus,
Listeria monocytogenes) and three gram-
negative bacteria (Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa). All
bacteria were cultured in Mueller Hinton broth
and incubated at 37 °C with stirring for 24 hours.
The bacterial suspension was adjusted to 0.5
McFarland standard and 20 uL of the inoculum
was spread uniformly onto Mueller Hinton agar
using a sterile cotton swab. The disc with
different concentrations (50 ppm, 100 ppm, 150
ppm, 200 ppm, 250 ppm, 500 ppm and 1000
ppm) of synthesized compounds dissolved in
DMSO were placed onto the Mueller Hinton
agar. The DMSO was used as negative control
(Halim & Ngaini, 2016). Meanwhile, penicillin,
vancomycin, ampicillin, tetracycline,
ceftazidime and imipenem were used as the
standard antibiotic for Staphylococcus aureus,
Bacillus cereus, Listeria monocytogenes,
Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa respectively. Each
antibiotic was selected based on its established
efficacy as a standard treatment for the
corresponding bacterial strain. Subsequently, the
plates were incubated at 37 °C for 24 hours.
After the incubation, the clear inhibition zone
was observed, and the diameter of the inhibition
zone was measured in millimetre (mm).

Molecular Docking Study

Nitrobenzoylthiourea Compounds and their Copper(Il) Complex 139

The crystal structures of the targeted bacterial
proteins, S. aureus (PDB entry: 4xwa), B. cereus
(PDB entry: 5bca), K. pneumoniae (PDB entry:
5xun), and P. aeruginosa (PDB entry: 7ci4) were
retrieved in PDB format from the RCSB Protein
Data Bank. The protein was prepared using
AutoDock Tools-1.5.7 by adding polar hydrogen
atoms, removing water molecules, and ensuring
the structure was appropriately formatted. The
prepared protein structure was saved as a pdbqt
file. The synthesised ligand structures were
generated using Chemdraw software and were
later converted to pdbagt files using a variety of
software programs, including Molview, Open
Babel, and the AutoDock Tools program.
Docking simulations were performed with
AutoDock Vina wusing default grid box
parameters (40 x 40 x 40, 0.375 A spacing)
provided by AutoDock Tools (Trott & Olson,
2010). These parameters automatically center
the grid on the protein’s binding pocket. The grid
coordinates were (14.743, -0.047, 14.858) for S.
aureus, (40.132, 23.825, 36.938) for B. cereus,
(-28.095, 7.000, 19.029) for K. pneumoniae, and
(26.335, -8.649, 21.505) for P. aeruginosa.
These default settings are designed to maximise
the likelihood of identifying potential binding
interactions across the protein surface,
particularly in exploratory docking studies
where the exact binding site may not be well-
defined. Following that, molecular docking was
performed using AutoDock Vina (Pingaew et
al., 2018), which efficiently handles the docking
process within the grid parameters. The docking
process was managed with command prompt,
and the binding poses were visualized with
PyMOL (Schrodinger, 2016), an open-source
molecular visualization tool used to identify
hydrogen bonds and other key interactions
between the synthesised compounds and amino
acid residues of the protein (Roche Allred et al.,
2017). Factors such as the conformation within
protein binding site, binding affinity, and the
number of hydrogen bond interactions with
protein residues were investigated for better
understanding.

RESULTS & DISCUSSION

Thiourea Ligands

Thiourea ligands were synthesised via a
sequence of nucleophilic substitution reactions,

involving thiocyanate and isothiocyanate
intermediates. Initially, the thiocyanate anion
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(SCN") serves as a nucleophile, attacking the
carbonyl carbon of 4-nitrobenzoyl chloride. This
interaction facilitates the displacement of the
chloride ion, thereby vyielding 4-nitrobenzoyl
isothiocyanate. Subsequently, a primary amine
(R’-NH), which is the amino acid series
engages in a nucleophilic attack on the
electrophilic carbon of the isothiocyanate group
(N=C=S) within the 4-nitrobenzoyl
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isothiocyanate. This nucleophilic addition leads
to the formation of a thiourea linkage (-NH-
C=S), resulting in the corresponding
nitrobenzoylthiourea  derivatives.  Thiourea
derivatives (1-5) were successfully synthesized
with the percentage yields of 81.40%, 81.11%,
89.51%, 79.5% and 82.15% respectively. The
synthesis pathway of the thiourea ligand was
depicted in scheme 1.

0 0
ON N Ks—c=N _ ON S
Q Cl i - N=C=S

Acetone, Stirr 1 hour

4-nitrobenzoyl chloride

HN—R'

: HN«

nitrobenzoylthiourea derivatives

R'=  HN H, |
N ~CH
(=0 O
OH
H, H, |
HyC—S—C —C —CH
| (2)
-
OH

4-nitrobenzoyl isothiocyanate

R'-NH,
65 °C | Reflux
3 days
H
: N—C—S R—N
H
i i
HO—C—(llH— 3 HO—C—CH-
H3C—$H CH, )
CH; SH
o

Scheme 1: Synthesis pathway of thiourea ligand (1-5)

All synthesised compounds were
characterised using CHNS elemental analysis,
FT-IR, 'H and C NMR spectroscopy. The
elemental analysis data of ligand 1-5 are shown
in Table 1. The FT-IR spectra showed the
successful formation of thiourea compounds
through the absence of v(NCS) group at 2000
cm? to 2400 cm™ and the presence of expected
absorption at 3100 cm™ to 3400 cm attributed
to v(NH) band (Fakhar et al., 2018). This result
from the conversion of (NCS) to (NH) which
also indicates that all (NCS) has reacted with the
amino acid. For ligands (1-5), the v(C=0)
stretching of carboxylic were observed at 1722
cm?tto 1709 cm™. Apart from that, distinctive
peaks were also observed between 1681 cm™ to

1659 cm? that attributed to the presence of
v(C=0) of amide group of ligands (1-5)
respectively. These distinctive peak apparently
were decreased in frequency compared to
ordinary amides absorption range due to the
formation of intramolecular hydrogen bond
interaction (Khairul et al., 2016) between the
hydrogen atom of thio-amide group (H-N-C=S)
and the oxygen atom of carbonyl group (C=0)
(Fakhar et al., 2018). Moreover, the C=0 group
(benzoyl) occurred at 1681 to 1659 cm™! which
was lower than the usual carbonyl group at 1760-
1685 cm™, is due to the conjugation towards the
benzene ring and the hydrogen bond formation
with NH (Li et al., 2010). Table 2 summarises
the important bands observed in the FTIR
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spectra of nitrobenzoylthiourea derivatives (1-
5).

The 'H NMR and **C NMR spectroscopic
analysis was performed for all
nitrobenzoylthiourea ligands (1-5). For *H NMR
two (NH) peaks can be observed which represent
resonance of (CONH) and (CSNH). The proton
resonance of (CONH) in which the proton
bonded to carbonyl group can be noticed at
higher chemical shift compared to the resonance
of (CSNH) in which the proton is bonded to
thiocarbonyl group. This might be due to
electron withdrawing effect of oxygen and
sulphur (Hassan et al., 2011), and the presence
of deshielding aromatic ring near (CONH) group
making it more deshielded and exist downfield
at higher frequency compared to proton of
(CSNH). The chemical shifts of the two (N-H)
signals were distinct, owing to the existence and
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influence of the electron withdrawing group and
intramolecular hydrogen bond in the molecule
(Saeed et al., 2010; Raheel et al., 2016).
Distinctive multiple resonances at oy 8.28-8.09
ppm were observed due to the presence of proton
of the aromatic group. Apart from that, the
formation of thiourea ligands were confirmed by
the appearance of carbon peak signals. The
carbon peaks of (CONH) were more deshielded
and present at the most downfield frequency
followed by the carbon of (COOH) and (CSNH)
due to the higher electronegativity value of
oxygen compared to sulphur atom. The spectra
of 3C NMR exhibited carbonyl (C=0) at &c
172.4-181.0 ppm and oc 166.3-173.3 ppm
corresponding to (CONH) and (C=00)
respectively. The successful formation of
thiourea compound was also confirmed by the
signal at 6c 149.9-167.8 ppm represents (CSNH)
thiocarbonyl.

Table 1. CHNS elemental analysis of nitrobenzoylthiourea derivatives 1-5

Thiourea Molecular Mole_cular Measured value (Theoretical Value)
Formula Weight
% Carbon % Hydrogen %Nitrogen %Sulphur
1 C19H16N4OsS 414.42 55.72(55.33) 4.18(3.91) 13.87(13.58) 6.51(7.77)
2 C13H1sN30sS; 357.41 43.71(43.69)  4.22(4.23)  11.82(11.76)  17.76(17.94)
3 C13H15N305S 325.34 48.16(47.99) 4.73(4.65) 12.97(12.92) 8.26(9.86)
4 C11H11N30sS 297.29 44.84(44.44)  3.97(3.73)  14.53(14.13)  8.68(10.79)
5 C11H11N30sS; 329.35 40.43(40.11) 3.57(3.37) 14.07(12.76)  16.49(19.47)
Table 2. Important bands observed in the FTIR spectra of nitrobenzoylthiourea derivatives 1-5
Thiourea v(C=0) v(C=0) v(C=C) _
ligand V(NH) carboxylic amide aromatic V(C=S) V(EN)
1 3412 1716 1674 1514 854 1159
2 3218 1722 1681 1508 853 1156
3 3237 1716 1672 1521 854 1163
4 3281 1709 1659 1532 847 1167
5 3113 1716 1668 1519 848 1157
carboxylic acid group present in the

Copper(l1) Complexes of Thiourea

Copper(Il) complexes were synthesised through
a process that involved the deprotonation of the

nitrobenzoylthiourea ligands. This
deprotonation step generates a carboxylate
anion, which then facilitates the coordination of
copper(11) ions to form stable copper(I1) thiourea
complexes via chelation. Copper(Il) complexes
(6-10) were successfully synthesised with
satisfactory percentage yield of 68.7%, 57.6%,
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65.1%, 55.2% and 76.2%, respectively. Scheme
2 illustrated the synthesis pathway of copper(ll)
complexes (6-10).

H/N« KOH
Noz—@—c\\ S CuCl1.2H,0
0 O,N
R'=  HN Hy 0
N e, I
| (1) HO—C—CH- (4)
C=0
I CH,4
OH
Hy Hy | |c|)
H,C—S—C—C—CH
3 I 2) HO—C—(|3H—
=0 cH, 6
OH .
i
HO—C—CH—
3
H,C—CH
CH,
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R"= HN H,
N2
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H, CH, (15)
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<7 NCH;  (12)
H2
CH 13
H;C” “CH, (13

Scheme 2: Synthesis pathway of copper(ll) complexes of thiourea (6-10)

The CHNS elemental analysis data of
copper(ll) complexes (6-10) are in good
agreement with the theoretical value as showed
in Table 3. FTIR analysis of copper(ll)
complexes (6-10) was conducted to demonstrate
significant changes in the functional group
stretching vibrations upon complexation, as
evidenced by the shifting of the designated peaks
and intensities in their spectra. These changes
confirm the coordination sites of ligands (1-5) to
the metal ions in the complex. In addition, the
shifts experienced by the v(C=0) carboxylic
(1709 —1722 cm™*) towards lower region (1671 —
1703 cm™) in the IR spectrum of (6-10) possibly
indicate the coordination to the Cu(ll) metal
centre through the carboxylate binding site to
form the thiourea complexes. The shifting of the
peak towards the lower region was due to the
deprotonation that induced the delocalisation of
the electron and conforming the coordination
through oxygen (Mishra et al., 2012). In
addition, the decrease in shifting frequency
observed in complex (10), compared to its free
ligand, suggests a reduction in the bond order of

the C=0 bond upon coordination to the
copper(Il) metal (Welch et al.,, 2022). The
carbonyl of v(C=0) of amide group showed
slight chemical shift from 1659 cm™ to 1681 cm
Lin the free ligand to 1651 cm™ to 1682 cm™ of
metal complexes. In addition, there was very
little to no variable shift of v(C=S) and v(C-N) in
the complex in comparison to the free ligands.
This observation suggests that the (C=S) group
does not form any coordinate covalent bond with
the metal ions. This interpretation is consistent
with the unchanged spectral features between the
free ligands and the complex, indicating that the
chemical environment around these functional
groups remains largely unaffected by metal
coordination. The FTIR stretching vibration
values of copper(ll) complexes (6-10) were
shown in Table 4. Due to the paramagnetic
nature of copper(l1) complexes, *H and *C NMR
experiments was not performed on all of the
copper(l) complexes. The paramagnetic
properties of the complexes could cause severe
broadening of NMR signals, making NMR an
ineffective method for their analysis.

Table 3. CHNS elemental analysis of thiourea complex 6-10

Complex  Molecular Formula

(g/mol)

Molecular Weight

Measured value (Theoretical Value)
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%C %H %N %S
43.16 3.85 10.62 6.61
6 C3sH32CuNgO10S; 888.38 (43.53) (4.61) (10.69) (6.12)
37.25 3.73 10.52 15.61
7 C26H30CuNgO10Ss 778.36 (37.61) (4.13) (10.12) (15.45)
48.73 4.30 10.85 9.21
8 C26H28CUNg010S; 712.21 (38.92) @4.77) (10.48) (7.99)
34.30 3.90 11.04 9.89
9 C22H20CuNgO10S; 656.10 (34.58) (4.22) (11.00) (8.39)
36.64 3.08 12.26 12.75
10 C22H20CuNgO10S4 720.23 (36.69) (2.80) (11.67) (17.81)
Table 4. FTIR spectrum of thiourea complex 6-10
Thiourea v(C=0) v(C=C)
v(NH) ) ) v(C=S) v(CN)
complexes amide aromatic
6 3170 1681 1520 853 1171
7 2986 1682 1523 854 1169
8 2964 1679 1519 853 1166
9 3116 1671 1519 854 1170
10 3072 1651 1523 851 1168

Antibacterial Activity

The antibacterial activity of all produced
compounds at different concentrations (150
ppm, 250 ppm, 500 ppm, and 1000 ppm) was
determined using the disc diffusion method. The
compounds (1-10) were tested against several
bacteria, including Staphylococcus aureus,
Bacillus cereus, Listeria monocytogenes,
Escherichia coli, Klebsiella pneumoniae, and
Pseudomonas aeruginosa. Standard antibiotics
were used as positive controls, and DMSO
served as the negative control (Ngaini &
Mortadza, 2019). The results were classified as
mild (6-13 mm) or moderate (14-16 mm) based
on the inhibition zones (Halim & Ngaini, 2017).
The antibacterial activity of thiourea compounds
(1-10) against gram-positive bacteria is
summarized in Table 5.

Notably, all ligands showed little bactericidal
activity against gram-positive bacteria at
concentrations below 500 ppm. This low activity

could be due to steric hindrance caused by bulky
groups, such as the tryptophan and nitrobenzoyl
groups in ligand 1, which block the interaction
between the compound's active sites and the
bacterial receptor sites (Smith, 2017; Fakhar et
al., 2018). As lipophilicity is a key factor in a
compound’s bioactivity (Arslan et al., 2009),
steric hindrance decreases lipophilicity, making
it harder for the compound to penetrate bacterial
cell membranes, thus reducing the antibacterial
activity (Ngaini et al., 2012).

However, at both 500 ppm and 1000 ppm,
ligands 1 and 2 showed mild antibacterial
activity against gram-positive bacteria (B.
cereus, L. monocytogenes, and S. aureus).
Ligand 2’s activity may be due to the longer
aliphatic chain in its structure, which increases
biological activity by enhancing lipophilicity
(Liang et al., 2018; Fatima et al., 2017).

The incorporation of copper(ll) into the
thiourea complexes (6-10) led to more effective
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inhibition of gram-positive bacteria. At both 500
ppm and 1000 ppm, all complexes showed
antibacterial activity, particularly against S.
aureus, with complex 8 showing the highest
activity. The copper(ll) complexes also
significantly increased antibacterial activity of
complex 9 and 10 against B. cereus compared to
their free ligands 4 and 5. This improved activity
could possibly due to the effect of chelation,
which reduces metal ion polarity and increases
lipophilicity, allowing better penetration through
bacterial cell membranes (Sumrra et al., 2014;
Ramesh et al., 2016).

For gram-negative bacteria, the thiourea
ligands (1-5) showed no activity at concentration
below 500 ppm, except for ligand 4, which had
notable activity against K. pneumoniae starting
at 150 ppm. This could possibly be due to the
smaller size of alanine that enhance the
antibacterial activity, which is in agreement with
the data reported by Madabhushi et al. (2014).
Ligands 2, 3, and 5 showed only mild activity at
500 ppm and 1000 ppm. Copper(ll) complexes
(6-10), however, showed mild to moderate
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activity against gram-negative bacteria, with

complex 9 being the most active

concentrations below 500 ppm. This further
demonstrates the role of metal ions in enhancing
antibacterial effects (Boros et al., 2020; Claudel
The metal-ligand complex
increases lipophilicity, helping the complex
and
deactivate bacteria (Liang et al., 2018; Arendsen
et al., 2019). The antibacterial activity of the
thiourea compounds (1-10) against gram-

et al., 2020).

penetrate  bacterial cell membranes

negative bacteria is shown in Table 6.

Overall, metal complexes exhibited better
antibacterial activity than free ligands, especially
which are
generally more susceptible to antibacterial
agents due to their cell wall structure (Mukherjee
etal., 2017). Complex 10 was the most effective
against gram-positive bacteria, while complex 9
showed the highest inhibition against gram-
negative bacteria. The inhibition zones for the
thiourea ligands (1-5) and copper(ll) complexes

against gram-positive bacteria,

(6-10) are shown in Figures 1- 4.

Table 5. Zone of inhibition (mm) of thiourea compounds (1-10) on gram positive bacteria

Zone of Inhibition (mm)

S. aureus B. cereus L. monocytogenes
Concentration
(Ppm)
150 250 500 1000 150 250 500 1000 150 250 500 1000
Compound

1 - - - - - - 8 9 - - -

2 - - 10 10 - - - - - 75 9

3 - - - - - - - - - - - -

4 - - - - - - - - - - - -

5 - - - - - - - - - - - -

6 - - 7 11 - - - - - - - -

7 - - 7 10 - - - - 75 75 75 7.5

8 - - 13 15 - - - - - - - -

9 - - 9 15 - - 9.5 10 - - - -

10 95 95 095 10 - - 8 9.5 - - - -

DMSO (-): 6.5 mm
Standard antibiotic (+):
Penicillin = 17 mm
Vancomycin =15 mm
Ampicillin =19 mm

*Note: (-) = No activity

Table 6. Zone of inhibition (mm) of synthesized compound on gram negative bacteria

E. coli

Zone of Inhibition (mm)

K. pneumoniae P. aeruginosa
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Concentration
(ppm)
150 250 500 1000 150 250 500 1000 150 250 500 1000
Compound
1 - - - - - - - - - - - -
2 - - - 7 - - 8 8 - - 9 12
3 - - - - 7 7 - - -
4 - - - 12 13 13 14 - - - -
5 - - - - - - 10 11 - - - -
6 - - 8 9.5 - - - - - - - -
7 7 7 7 9 - - 8 8 - - - 7.5
8 8 8 8 8 - - 12 16 - - - -
9 7 75 85 9 7 75 85 9 - 8 8 8
10 - - 7.5 7.5 - - - 7 - 8 9
DMSO (-): 6.5 mm
Standard antibiotic (+):
Tetracyline =19 mm
Cefazidime =17 mm *Note: (-) = No activity

Imipenem =17 mm
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Figure 1. The zone of inhibition (mm) of thiourea ligand (1-5) on gram-positive bacteria
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Figure 2. The zone of inhibition (mm) of thiourea copper(Il) complex (6-10) on gram-positive bacteria
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Figure 3. The zone of inhibition (mm) of thiourea ligand (1-5) on gram-negative bacteria
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Figure 4. The zone of inhibition (mm) of thiourea copper(ll) complex (6-10) on gram-negative bacteria

Molecular Docking Study

Molecular docking was employed to predict the
interactions between synthesised compounds
(ligand and complexes) and targeted proteins at
the atomic level, aiding in understanding the
mode of action in antibacterial activity
(Echeverria et al., 2017). In this study, we
focused on the compounds with the inhibition
zones of 10 mm or greater from the antibacterial
studies to prioritise candidates with the highest
antibacterial potency. The findings from the
docking studies were used to provide an insight
on what are the possible factors that contribute
to the antibacterial properties of the selected
compounds, such as the binding affinity
(docking score), interaction between the
compounds and the proteins (e.g hydrogen
bonds, hydrophobic interaction etc) or how well
the compounds fit into the binding pockets. The
targeted proteins for this study were PDB ID

4XWA (S. aureus), PDB ID 7ci4 (P.
aeruginosa), PDB ID 5xun (K. pneumoniae) and
PDB ID 5BCA (B. cereus), which are highly
crucial for the survival of the named bacteria
(Mahone & Goley., 2020; Bush & Bradford.,
2016; Zeng & Lin., 2013; Ambade et al., 2023).

For free ligand 2, the obtained binding energy
against S. aureus and P. aeruginosa, were -7.7
kcal/mol and -6.7 kcal/mol respectively, while
the obtained binding energy for free ligand 4
against K. pneumoniae was -6.7 kcal/mol. The
binding energies obtained were consistent with
the mild antibacterial activity of these
compounds against the respected bacteria.
Comparison was also made with the free amino
acids that present in free ligand 2 which is
methionine against both S. aureus and P.
aeruginosa, which results in the binding energy
of -4.4 kcal/mol and -3.8 kcal/mol respectively.
Likewise, the same experiment was conducted
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on alanine, an amino acid block of free ligand 4
which resulted in the binding energy of -3.9
kcal/mol. These data shows that the presence of
thiourea moiety in the synthesised compounds, 2
and 4 could possibly result in the formation of
more hydrogen bonds that contributed to the
enhanced binding affinity of the synthesised
compounds with the targeted protein receptors
(Ngaini et al., 2020). An illustration of the
molecular docking for the interactions of the
ligands and the receptors is depicted in Figure 5-
7 while the molecular binding pocket of ligand 2
docked with S. aureus and P. aeruginosa as well
as ligand 4 docked with K. pneumoniae is shown
in Figure 8.

On the other hand, the copper(ll) complexes
(6-10) were shown to have stronger binding
affinity to the targeted proteins with lower
binding energy compared to the free ligands 2
and 4. Of all the copper(ll) complexes studied,
complex 6 showed the strongest binding affinity
with the lowest binding energies of -10.4
kcal/mol, followed by complex 9 (-9.8
kcal/mol), 8 (-9.4 kcal/mol), 10 (-9.3 kcal/mol)
and 7 (-9.0 kcal/mol) (Table 8). The molecular
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binding pocket of S. aureus docked with
complex 6-10 is illustrated in Figure 9. The 3D
Pymol Modelling shows that complex 6 formed
ten hydrogen bonds with nine important amino
acid residues of protein PDB ID 4XWA (S.
aureus), particularly between the metal-bound
oxygen with the -NH groups of SER-175 in the
enzyme’s binding pocket that could possibly be
the key interaction that contributed to the
inhibitory activity. These interactions, especially
with polar substituents like -NO2, -NH, and C=0
groups, can enhance the binding stability and are
likely responsible for the observed biological
activity (Maalik et al., 2019; Souza et al., 2021).
The 3D Pymol Modelling for other complexes in
shown in Table 9 to 11. Nevertheless, there was
no =-m interaction observed between the
aromatic ring of the inhibitor and bacteria,
although there are some aromatic rings present
in the compounds. Although this data provides
some insights to the inhibition of the bacteria, it
is still not conclusive and have some limitations
and more thorough investigation should be made
particularly on the inhibition mechanism of the
synthesised compounds.

Table 7. The molecular docking results for thiourea ligand 2, 4 and its respected antibiotic with S. aureus (PDB
entry: 4xwa), P. aeruginosa (PDB entry: 7ci4) and K. pneumoniae (PDB entry: 5xun) including the binding affinity
and important amino acid residues of proteins that interact with the compounds

Binding score value

Ligand PDB entry (kcal/mol) Important Residue
2 4xwa -7.7 Gly12, Ser13, Gly14, Lys15 and Thr16
2 7ci4 -6.7 Glub5 and Arg272
4 5xun -6.9 Thré4, Thro3 and Tyr86
Methionine 4xwa -4.4 Thrl6, Gly14, Serl3 and Cys15
Methionine 7ci4 -3.8 Asn251 and Asp89
Alanine 5xun -3.9 Arg96 and Ser66

Table 8. The molecular docking results for thiourea complex 6, 7, 8, 9 and 10 with S. aureus (PDB entry: 4xwa),
B. cereus (PDB entry: 5bca) and K. pneumoniae (PDB entry: 5xun) including the binding affinity score and
important amino acid residues of proteins that interact with the compounds

Binding score value

Complex PDB entry (kcal/mol) Important Residue
Ser180, Arg48, Ser 175, Glull, Thrl6, Lys15,
6 Axwa -104 Gly14, Ser13 and Gly12
7 4xwa -9.0 Thrl6, Lys15, Serl3, Gly12, Glull and Serl75
8 4xwa -9.4 Ser180, Arg48, Serl75, Arg92 and Lys15
Ser180, Asnl73, Glull, Lys15, Serl75 and
9 4xwa -9.8
Gly176
Ser180, Arg48, Ser 175, Glull, Thrl6, Lys15,
10 Axwa 9.3 Gly14 and Serl3
5bca -8.3 Tyr343, Lys379, Arg380 and Ala444
8 5xun -9.2 Cys69, Asn88, Ser66 and Arg96
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(a)

(b)

Figure 5. The 3D representation of the interactions for S. aureus (PDB ID: 4xwa) docked with (a) ligand 2 and

(b) methionine.
<
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Figure 6. The 3D representation of the interactions for P. aeruginosa (PDB entry: 7ci4) docked with (a) ligand 2

and (b) methionine
:
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Figure 7. The 3D representation of the interactions for K. pneumoniae (PDB entry: 5xun) docked with (a) ligand
4 and (b) alanine
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Figure 8. The molecular binding pocket of (a) ligand 2 docked with S. aureus, (b) ligand 2 docked with P.
aeruginosa and (c) ligand 4 docked with K. pneumoniae

Figure 9. The molecular binding pocket of S. aureus docked with (a) complex 6, (b) complex 7, (¢c) complex 8,
(d) complex 9 and (e) complex 10
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Table 9. 3D docking illustration between complex 6, 7, 8, 9 and 10 against S. aureus (PDB entry: 4xwa)

Binding poses

Complex (kcal/mol) PyMol Modelling
6 -10.4
7 -9.0
8 -9.4
9 -9.8

10 -9.3
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Table 10. 3D docking illustration between complex 9 against B. cereus (PDB entry: 5bca)

Binding poses

Complex =y calimol)

PyMol Modelling

Table 11. 3D docking illustration between complex 7 against K. pneumoniae (PDB entry: 5xun)

Binding
Complex poses Pymol Modelling
(kcal/mol)
7 -9.2

AR
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CONCLUSION

In conclusion, nitrobenzoylthiourea derivatives
were synthesised via one-pot reactions between
nitrobenzoyl chloride, potassium thiocyanate
and a series of chosen amino acids in acetone
solvent under reflux conditions in moderate to
high yields. On the other hand, Cu(ll) complexes
were prepared from the deprotonation of
carboxylic acid moiety of the ligands and
subsequent reaction with Cu(ll) chloride with
moderate yield. From the present studies, the
incorporation of Cu(ll) ions has enhanced the
antibacterial activity of the free ligands which
was measured based on the inhibition zones
against both gram-positive and gram-negative
bacteria. In the case of gram-positive bacteria, at
1000 pm, complex 8 and 9 both inhibited the
growth of S. aureus with 15 mm inhibition
zones. Likewise, complex 8 also inhibited the
growth of K. pneumoniae at the concentration of
1000 ppm with inhibition zone of 16 mm.
Docking studies were conducted only on ligands
and complexes that shown 10 mm and greater
inhibition zone to provide some insights on what
factors that could possibly contributed to the
antibacterial activity. Complexes 6-10 have
shown good binding energies between -10.4
kcal/mol to -9.0 kcal/mol and these findings
correlates to the enhanced antibacterial activity
of the copper(ll) complexes synthesised.

The present study has several limitations.
First, the scope of the research is confined to the
molecular docking of four specific protein
structures (PDB IDs: 4xwa, 7ci4, 5xun and
5bca), which may not represent the full range of
possible interactions. Additionally, the accuracy
of the docking predictions is inherently limited
by the resolution of the protein structures used
and the constraints of the computational
algorithms. Furthermore, this study relies on
available crystallographic data, which may not
fully capture dynamic conformational changes in
proteins. Consequently, experimental validation
is necessary to confirm the predicted
interactions. Future studies could extend these
findings by including more diverse protein-
ligand complexes and employing enhanced
molecular dynamics simulations.

Supporting Materials Summary

The characterization data FTIR spectrometer, *H
and ¥C NMR spectroscopy on each of
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compound for this article can be accessed as
supplementary data.
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ABSTRACT

Carrageenan, an extract from red seaweed (Rhodophyta), has many uses in cosmetics, and this literature review
delves into them all. Due to its superior gelling, thickening, and stabilizing properties, carrageenan, a
polysaccharide with a wide range of chemical structures, has been utilized in various industries throughout history.
In recent years, the cosmetics industry has shown growing interest in harnessing the potential of carrageenan,
driven by the increasing demand for natural and sustainable ingredients. This review provides a comprehensive
examination of the botanical background, types of carrageenan, and the most effective extraction methods for
obtaining the key bioactive compounds that enhance its functionality in cosmetic formulations. The functional
properties of carrageenan in cosmetics are discussed in depth, including its gelling and thickening capabilities,
moisturizing effects, and stability enhancement. Additionally, its biological activities, such as antioxidant and anti-
inflammatory properties, contribute to its appeal as a valuable ingredient in skincare products. Formulation
considerations, including compatibility with a wide range of cosmetic ingredients and optimal concentrations, are
explored to facilitate the development of effective products. The review also addresses the incorporation of
carrageenan into cosmetic formulations, along with safety and regulatory aspects, ensuring a comprehensive
understanding of the product's conformity with industry standards. In conclusion, the review provides an overview
of current challenges, potential future research directions, and case studies showcasing the incorporation of
carrageenan into cosmetic products. This review aims to serve as a valuable resource for researchers, formulators,
and industry professionals interested in the innovative use of carrageenan in the evolving landscape of cosmetic
science by synthesizing existing knowledge and identifying gaps in the current scientific literature.
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INTRODUCTION The cosmetics industry is experiencing a
surge in the utilization of bioactive compounds

Cosmetics, encompassing a wide variety of derived from natural sources, reflecting a

personal care products, constitute an essential
aspect of daily grooming routines and play a
crucial role in enhancing and maintaining the
aesthetic appeal of the human body (Kalasariya
et al.,, 2021). These products are currently
undergoing a transformative shift, driven by an
increasing emphasis on sustainability and
consumer demand for natural alternatives
(Ferreira et al., 2022). In addition to their role in
facilitating  self-expression and  boosting
confidence, cosmetics are also leading the way
in this development.

broader societal trend towards environmentally
friendly products (Prajaputra et al.,2024).
Customers are becoming increasingly conscious
of the environmental impact of their choices,
thus seeking products aligned with their ethical
principles (Khalil et al., 2017). This trend is
exemplified by the adoption of ingredients such
as carrageenan from red seaweed (Batista et al.,
2020), underscoring the industry's commitment
to offering aesthetically pleasing options that are
both environmentally friendly and sustainable
(Shi et al., 2020), catering to individual well-
being and ecological responsibility alike.
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Carrageenan is a sulfated polysaccharide
derived from various species of red seaweed (Shi
et al., 2020). It is highly sought after in the
cosmetic industry due to its excellent gelling and
thickening properties (Tarman et al., 2020). The
extraction process involves a series of
meticulous steps, beginning with the collection
of red seaweed, typically found in large
guantities in coastal regions worldwide
(Pessarrodona et al., 2020). Before undergoing
extraction, this natural resource is meticulously
cleaned and dried. The extraction process
typically involves alkaline treatment or other
specialized methods (Firdayanti et al., 2023).

Due to the abundance of red seaweed in
coastal areas, carrageenan extraction is a
sustainable practice that requires minimal land
use and freshwater resources compared to the
extraction of plant-based ingredients from
terrestrial sources (Bukhari et al., 2023). Given
the growing demand for sustainable sourcing in
the cosmetics industry, carrageenan aligns well
with this trend (Gerber et al., 1958).

Furthermore, carrageenan's appeal stems
from its natural derivation and high
biocompatibility, making it an ideal candidate
for the production of clean and environmentally
friendly  beauty  products sought by
conscientious consumers (Hamasuna et al.,
1994) Its versatility extends beyond gelling and
thickening; carrageenan also moisturizes and
conditions the skin, enhancing its desirability for
use in various cosmetic formulations (He et al.,
2019), including haircare (Ismail et al., 2020),
skincare (Janowicz et al., 2023), and other
personal care products (Jiménez-Escrig et al.,
2013).

The significance of incorporating natural
ingredients into cosmetic formulations cannot be
emphasized enough (Jing et al., 2021). With a
rising consumer demand for products free from
synthetic additives, chemicals, and potential
irritants (Ju et al., 2023), the allure of natural
ingredients extends beyond environmental
concerns (Khoobbakht et al., 2024). They offer
unique advantages for skin health and product
efficacy (Pangestuti et al., 2021). In this
landscape, carrageenan emerges as a standout
ingredient, sourced from botanical origins and
boasting a versatile array of functionalities
(Gerber et al., 1958). It presents an enticing
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option for formulators seeking to align with
current beauty industry trends and values.

The aim of this review is to extensively
examine the utilization of carrageenan extract
from red seaweed in cosmetic production. By
delving into extraction methods, functional
properties, biological activities, formulation
considerations, safety aspects, and regulatory
implications associated with carrageenan, move
forward to deepen understanding of its potential
in the cosmetics industry. Through this
investigation, the review endeavors to furnish
researchers,  formulators, and  industry
professionals with valuable insights to navigate
the convergence of natural ingredients and
cosmetic science more effectively.

Chemical Composition of Seaweed

Based on the research conducted by Ghada and
Armany on the chemical composition of
seaweed from the Mediterranean Sea coast in
Egypt, chemical analyses have been carried out
to identify the elements present in various types
of red seaweed sourced from different sampling
locations along the Mediterranean Sea (El-said
etal., 2013).

The study likely involved collecting samples
of red seaweed from multiple locations along the
Egyptian coast of the Mediterranean Sea (El-said
et al., 2013; Lim et al., 2021). These samples
would have been subjected to various chemical
analyses to determine their elemental
composition. Analytical techniques such as
atomic  absorption  spectroscopy  (AAS),
inductively coupled plasma mass spectrometry
(ICP-MS), or X-ray fluorescence spectroscopy
(XRF) may have been employed to quantify the
concentration of elements present in the seaweed
samples (Lim et al., 2021).

The chemical composition analysis would
have provided valuable insights into the
elemental content of the red seaweed (Montaser
et al., 2021; Mostafavi et al., 2020), including
essential  nutrients such as  potassium,
magnesium, calcium, and trace elements like
iodine, selenium, and zinc as shown in Table 1.
Additionally, the presence of potentially harmful
elements or heavy metals may have been
investigated to assess the seaweed's safety for
consumption  or utilization in  various
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applications (Nufiez-Santiago et al., 2011;
Laokelis et al., 2022).

The research findings would contribute to our
understanding of the nutritional value,
environmental quality, and potential industrial
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applications of red seaweed from the
Mediterranean Sea coast in Egypt (El-said et al.,
2013). They could also inform future studies on
seaweed utilization, marine  biodiversity
conservation, and  sustainable  resource
management in coastal ecosystems.

Table 1. Distributions of selected elements and carbohydrate contents in different red seaweed species

Sample of red seaweed

Nutritional value for some seaweed (mg/g)

Ca Mg Na K F Carbohydrates
Gracilaria compressa 3.33 1.73 29.08 4.46 40.97 116.23
Gracilaria verrucosa 0.94 0.29 22.80 8.17 113.12 111.46
Pterocladia capillacea 3.05 2.08 17.92 8.32 177.88 96.37
Hypnea musciformis 3.79 1.15 24.22 8.22 50.90 111.72

Based on the results of chemical analysis
from the research, various critical elements
present in seaweed contribute to its nutritional
value, which varies depending on the type of
seaweed and its growth conditions. Calcium, a
vital mineral found in seaweed, plays a crucial
role in promoting skeletal health and serves as a
valuable dietary source (Al-Nahdi et al., 2019).
It is essential for the development and
maintenance of strong bones and teeth, with
adequate consumption aiding in bone density
and helping to prevent disorders such as
osteoporosis,  particularly among aging
populations  (Ningrum et al., 2021).
Additionally, calcium is involved in various
physiological functions, including muscular
contraction, neuronal transmission, and blood
coagulation (Otero et al., 2021).

Moving on to magnesium, another essential
mineral found in seaweed, it serves as a cofactor
for enzymes involved in the conversion of food
into energy. Consumption of seaweed as a
source of magnesium contributes to increased
energy synthesis and utilization in cells, thereby
aiding metabolic activities. Similar to calcium,
magnesium is crucial for muscle and nerve
function, assisting in muscle contraction and
relaxation, which is integral for maintaining
muscle health and preventing disorders such as
muscle cramps (Hamzalioglu et al., 2016).
Furthermore, magnesium has potential benefits
for cardiovascular health, as it helps regulate
blood pressure and maintain a regular heartbeat
(Hong et al., 2021).

Sodium and potassium are also essential
elements found in seaweed, playing roles in fluid
balance, neuron function, and overall cellular
health. Both sodium and potassium are important

electrolytes involved in regulating water balance
within and surrounding cells (Huang et al., 2022;
Jonsson et al., 2023). Adequate intake of these
components as part of a balanced diet contributes
to optimal hydration levels, critical for cellular
function, nutrient transport optimization, and
waste disposal efficiency. Additionally, seaweed
contains trace levels of fluorine, contributing to
overall dietary fluorine consumption, which aids
in the remineralization of dental enamel and
helps maintain good oral hygiene (Kaur et al.,
2022; Waseem et al., 2023).

Furthermore, seaweed has a high
carbohydrate content compared to other
elements, serving as a key source of energy.
Polysaccharides found in seaweed, including
agar and carrageenan in red seaweeds and ulvans
in green seaweeds, offer sustained energy
release, enhancing metabolic activity and overall
vitality (Wells et al., 2016). Additionally,
seaweed carbohydrates, particularly dietary
fiber, promote intestinal health by promoting
regular  bowel  movements, preventing
constipation, and maintaining a healthy gut
microbiota (Wijesinghe et al., 2019). Due to its
complex composition, seaweed carbohydrates
may also help manage blood sugar levels by
allowing for a more gradual release of glucose
into the system (Xu et al., 2023).

Optimized Methods for Extracting
Carrageenan

Carrageenan is a polysaccharide extracted from
red seaweed (Rhodophyta) and is widely used in
various industries, including food,
pharmaceuticals, cosmetics, and biotechnology,
due to its gelling, thickening, and stabilizing
properties (Al-Nahdi et al., 2019; Laokelis et al.,
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2022). There are several methods used to extract
carrageenan from red seaweed, and these
methods can vary based on factors such as the
type of seaweed, extraction efficiency, and
desired properties of the carrageenan (Ningrum
et al., 2021). These methods can vary in terms of
efficiency, yield, and the quality of carrageenan
produced. Researchers often optimize these
methods based on factors such as the type of
seaweed, desired properties of carrageenan, and
industrial scalability. Additionally,
advancements in  extraction technologies
continue to improve efficiency and sustainability
in carrageenan production (Xu et al., 2023).

The extraction process of carrageenan from
red seaweed is meticulously executed, involving
several crucial steps. |Initially, seaweed is
carefully harvested from coastal regions, with
common species including Chondrus crispus or
Eucheuma cottonii (Al-Nahdi et al., 2019).
Following harvest, thorough cleaning is
undertaken to eliminate contaminants such as
sand and epiphytes. Subsequently, the seaweed
may undergo pre-treatment, often involving
immersion in an alkaline solution to soften cell
walls for easier extraction (Liu et al., 2022).
Careful drying follows to reduce moisture
content, preparing the seaweed for the extraction
phase (Entezari et al., 2022).

Based on Figure 1, during the extraction
process, the dried seaweed undergoes an alkaline
treatment, typically employing potassium
hydroxide (KOH) (Ferdiansyah et al., 2023).
This treatment dissolves the carrageenan
previously present in the seaweed. Subsequently,
carrageenan precipitation occurs by adding an
acid, usually potassium chloride (KCI), causing
the carrageenan to solidify and separate from the
solution (Yuan & Song, 2005). Post-
precipitation, the produced carrageenan
undergoes washing to remove residual salts and
impurities before being dried (Zaitseva et al.,
2022), yielding a purified carrageenan product
ready for utilization across various industries,
including cosmetics.

Harvest Seaweed Clean Thoroughly Pre-treatment Dry Seaweed
(Alkaline Solution)

Figure 1. The eight (8) extraction process of carrageenan

Alkaline Treatment
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This extraction method is crucial to ensure
the isolation of carrageenan in a form suitable for
diverse applications, owing to its exceptional
gelling and thickening properties as summary in
Table 2.

Alkaline Extraction Method

This method involves treating the red seaweed
with an alkaline solution, typically potassium
hydroxide (KOH) or sodium hydroxide (NaOH),
to solubilize the carrageenan. After alkaline
treatment, the mixture is heated to facilitate
carrageenan extraction. The carrageenan is then
precipitated from the solution by adding an acid,
such as hydrochloric acid (HCI) or sulfuric acid
(H2SO4). The precipitated carrageenan is then
washed and dried to obtain the final product
(Loukelis et al., 2022)

Acid Extraction method

In this method, the red seaweed is treated with a
dilute acid, such as hydrochloric acid (HCI) or
sulfuric acid (H.SO4), to dissolve the
carrageenan. The mixture is then heated to aid in
the extraction process. Once the carrageenan is
extracted, it is precipitated by adding a base,
such as calcium carbonate (CaCOs3) or potassium
carbonate (K>CQOs), to neutralize the acid. The
precipitated carrageenan is then washed and
dried (NUfez-Santiago et al., 2011; Laokelis et
al., 2022).

Hot Water Extraction Method

This method involves boiling the red seaweed in
water to extract carrageenan. The mixture is then
filtered to remove solid residues, and the filtrate
containing carrageenan is concentrated by
evaporation. Carrageenan is then precipitated by
adding alcohol, such as isopropyl alcohol or
ethanol, to the concentrated solution. The
precipitated carrageenan is collected, washed,
and dried (Liu et al., 2022; Entezari et al., 2022).

Carrageenan Precipitation
(KOH) Dissalved (KCI)

Wash and Dry

Carrageenan
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Table 2. Summary of extraction carrageenan process from red seaweed
Extraction Method steps Reagent Related** Industry Related Applications [Ref.]
Method
Alkaline e Treatment with Alkaline e Potassium Food Industry: ~ Applied Phycology
Solution hydroxide (KOH) Carrageenan extracted via (Kaur et al., 2022;
e Heating and Facilitation of or sodium this method is commonly  Wells et al., 2016;
Extraction hydroxide (NaOH) used as a stabilizer and Thiviya et al., 2022)
e Precipitation with Acid as alkaline solution  thickening agent in dairy
e Washing and >Drying of e Hydrochloric acid products like ice cream
Carrageenan (HCI) or sulfuric and chocolate milk.
acid (H2SOs) asacid ~ Pharmaceutical Industry:
for precipitation Utilized as a gelatinous
substance in
pharmaceutical
formulations, including
capsules and tablets.
Acid e Dissolution with Dilute e Hydrochloric acid Biotechnology: Agricultural and Food
Acid (HCI) or sulfuric Carrageenan extracted via ~ Chemistry
o Heating to Aid Extraction acid (H2SOs) asacid  this ~ method  finds  (NUfiez-Santiago et al.,
o Neutralization and for dissolution applications in tissue 2011; Laokelis et al.,
Precipitation e Calcium carbonate engineering and drug 2022).
e Washing and Drying of  (CaCOs) or  delivery systems.
Carrageenan potassium Cosmetic Industry: Used
carbonate (K»COs) as a thickening agent and
as base for stabilizer in lotions,
precipitation creams, and shampoos.
Hot Water e Boiling and Extraction in e Water as solvent for  Biomedical Engineering: Marine Drugs
Water extraction Carrageenan extracted via  (Tarman et al., 2020;
e Filtration and e Isopropylalcohol or this method is utilized in  Pangestuti et al., 2021,
Concentration ethanol as alcohol the  development of Pacheco-Quito et al,
e Precipitation with Alcohol ~ for precipitation wound  dressings and  2020; El-Beltagi et al.,
e Washing and Drying of e Optionally, salt scaffolds. for  tissue 2022; L(’Jpez-}:lortas et
Carrageenan solutions (e.., regeneration. al., 2021; Pefalver et
sodium  chloride) Nutraceuticals: Used as al., 2020; Wan-Loy et
for salting out a dietary supplement due al., 2016)
to its potential health
benefits, including its role
in promoting digestive
health.
Enzyme- o Cell Wall Breakdown with e Specific enzymes Biopharmaceuticals: Biotechnology and
Assisted Enzymes such as cellulase or ~ Carrageenan extracted via  Bioengineering
o Further Solubilization and pectinase for cell this method is utilized in  (Tarman et al., 2020;
Recovery wall degradation the formulation of Entezari et al., 2022;
e Precipitation and e Alkaline solution controlled-release drug Kanlayavattanakul et
Processing (e.g, KOH or delivery systems. al., 2015)
e Washing and Drying of NaOH) or acid Bioremediation: Used in
Carrageenan solution (e.g., HCI environmental
or H:S04) for applications for the
further extraction removal of heavy metals
from wastewater.
Microwave- e Utilization of Microwave e Water or alkaline Food Packaging:  Chemical Technology
Assisted Irradiation solution as solvent Carrageenan extractedvia and Biotechnology

e Enhanced Extraction for extraction this method is employed (Tarman et al., 2020;
Efficiency e Isopropyl alcoholor ~ as a coating material for  Entezari et al.,, 2022
e Precipitation and ethanol as alcohol food packaging films to Kanlayavattanakul et
Processing for precipitation improve their mechanical al., 2015)
e Washing and Drying of e Optionally,  salt ~and barrier properties.
Carrageenan solutions (e.g., Agriculture: Utilized as a
sodium  chloride) bio-stimulant in

for salting out

agriculture for enhancing
plant growth and stress
tolerance.

** These reagents and chemicals play crucial roles in each extraction method, aiding in the solubilization, precipitation, and
purification of carrageenan from red seaweed. The specific choice and concentration of these chemicals may vary depending
on factors such as the seaweed species, extraction conditions, and desired properties of the extracted carrageenan.
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Enzyme-Assisted Extraction Method

Enzyme-assisted extraction involves using
specific enzymes, such as cellulase or pectinase,
to break down cell wall components of the red
seaweed and release carrageenan. After enzyme
treatment, the mixture is typically subjected to
further extraction steps such as alkaline or acid
treatment to solubilize and recover carrageenan.
The extracted carrageenan is then precipitated
and processed similarly to other extraction
methods (Otero et al., 2021).

Microwave-Assisted Extraction Method

This method utilizes microwave irradiation to
enhance the extraction efficiency of
carrageenan. Red seaweed is mixed with a
suitable solvent, such as water or alkaline
solution, and subjected to microwave irradiation.
The microwave energy helps to break down cell
walls and facilitate the release of carrageenan
into the solvent. After extraction, carrageenan is
precipitated, washed, and dried (Entezari et al.,
2022).
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Types of Carrageenan and their Properties

Carrageenan, derived from red seaweed, is
categorized into three main types: kappa, iota,
and lambda, each with distinct properties and
applications in cosmetics.

Kappa Carrageenan: Known for its strong
gelling abilities, kappa carrageenan is a key
ingredient in hair styling products like gels and
mousses, providing firm textures (Figure 2). It
helps create stable and resilient shapes, crucial
for long-lasting hold in these products.

lota Carrageenan: This type forms soft, elastic
gels, making it ideal for lotions, creams, and
moisturizers. Its ability to impart a smooth,
luxurious feel on the skin enhances the sensory
experience of cosmetic products.

Lambda Carrageenan: Unlike kappa and iota,
lambda carrageenan does not gel but
significantly increases viscosity. It is widely
used in creams and emulsions to improve
consistency and stability without forming a gel
(refer to Figure 2).

CH,OH CH, CH,OH

0,50 0 \—o 0,80 o
(0]

L0 O™ & \“o N
OH OH OH
kappa (k) iota (1)
CH,OH CH,0S0;"
oy—o 0
o)
050, 080y
lambda ())

Figure 2. Chemical structure of kappa, iota and lambda carrageenans

Biological Activities

In addition to its role in enhancing texture and
stability, carrageenan possesses significant
biological activities that render it invaluable in
cosmetic formulations (NuUfiez-Santiago et al.,
2011; Bagal-Kestwal et al., 2019).

The  inherent  properties of  this
polysaccharide make it a highly sought-after
addition to personal care and skincare products.
Renowned for its antioxidant properties,

carrageenan plays a pivotal role in combating
oxidative stress on the skin (Wang et al., 2024)
Antioxidants aid in neutralizing free radicals and
mitigating damage caused by environmental
factors, making them particularly relevant in
cosmetics designed for anti-aging or protective
purposes (El-Beltagi et al., 2022; Pinheiro et al.,
2023).

Furthermore, carrageenan exhibits anti-
inflammatory properties, making it an excellent
choice for soothing and calming irritated or



Mingu et al. 2024

sensitive skin (Obafemi et al., 2021; Fransiska et
al., 2021). These anti-inflammatory attributes
align with the increasing demand for skincare
products tailored to address conditions such as
inflammation or redness. Moreover, carrageenan
serves as a humectant, facilitating skin moisture
retention and contributing to hydration
(Kanlayavattanakul et al., 2015). As such, it
holds importance as a key component in
moisturizers and formulations intended to
hydrate the skin (Liu et al., 2023), thereby
enhancing the overall skin-conditioning
performance of cosmetic products.

Given its diverse biological activities,
carrageenan transcends its role as a mere
texturizing agent; it emerges as an active
ingredient with positive implications for skin
health and the overall effectiveness of cosmetic
products within the industry.

Protein

Seaweeds are renowned for being rich sources of
protein, with the concentration varying
depending on factors such as species, seasonal
cycle, and environmental fluctuations. These
proteins encompass essential amino acids, along
with glycine, alanine, proline, arginine, glutamic
acid, and aspartic acid (McKim et al., 2019).
Among the three main types of seaweeds - green,
red, and brown - red seaweeds boast the highest
protein concentration, reaching up to 47%. In
comparison, brown seaweeds typically contain
protein concentrations ranging from 24% to
35%, while green seaweeds fall within a similar
range (Miskova et al., 2021; Morais et al., 2021).
Interestingly, the protein concentration of red
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seaweeds rivals that of other protein-rich foods
such as soybeans, cereals, eggs, and fish.

Lipid

Seaweeds harbor lipids, albeit with a low
concentration ranging from 0.5% to 5.0% of dry
weight samples as shown in Table 3 (Pefalver et
al., 2020). Despite this modest concentration,
seaweeds are esteemed as rich sources of lipids,
notably containing a high proportion of
unsaturated fatty acids, including
Eicosapentaenoic acid (as n-3 PUFASs) and
Arachidonic acid (as n-6 PUFASs) (Petikirige et
al., 2022)

Further examination from Table 3 reveals
that red seaweeds exhibit the lowest lipid content
(0.64-5.0) %, followed by brown (0.38-11.91) %
and green seaweeds (1.57-13.04) %. The
variation in total lipid content can be attributed
to factors such as geographic location,
temperature, light intensity, seasonal changes,
salinity, and species interactions (Priyadarshi et
al., 2022).

Seaweeds are rich reservoirs of beneficial
lipids, including a diverse array of sterols such
as cholesterol and clionasterol (Rioux et al.,
2017). These sterols are renowned for their
bioactivity, offering numerous health benefits
including cancer prevention, weight
management, antioxidant effects, and protection
against tumors (Yuan and Song, 2021), viruses,
and cardiovascular diseases (Roohinejad et al.,
2017). Fucosterol and isofucosterol emerge as
prominent players among these seaweed sterols
(Shannon E et al., 2022; Safwa et al., 2023).

Table 3. Chemical composition of seaweeds based on different species

Chemical composition of seaweed (% dry weight)

Species Protein Lipid Ash

Green seaweed 32.70-3.30 13.04-1.57 27.50-19.59
Brown seaweed 25.70-5.40 11.91-0.38 39.30-20.71
Red seaweed 47.0-2.30 5.0-0.64 44.,03-17.50

Vitamins

Seaweeds boast a diverse array of vitamins,
including fat-soluble vitamins such as vitamin A,
vitamin D, vitamin E, and provitamin A, as well
as water-soluble vitamins like vitamin C, various
B vitamins (including vitamin B12, vitamin B6,
vitamin B3, vitamin B2, and vitamin B),
pantothenic acid, niacin, riboflavin, and folic

acid (Chauhan et al., 2016; Obafemi et al.,
2021). However, the levels of vitamins in
seaweeds may vary depending on the species,
with some seaweeds exhibiting lower levels of
certain vitamins (Lim et al., 2021).

Different types of seaweeds-green, red, and
brown-each possess their own unique strengths
when it comes to vitamins. Green seaweeds are
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particularly rich in vitamin E, while red
seaweeds excel in providing vitamin C. Brown
seaweeds stand out for their contribution of
essential vitamin B3 (Rioux et al., 2017).
Interestingly, seaweeds also contain vitamin
B12, a nutrient often scarce in plant-based foods,
with various seaweed families containing
differing amounts of this vital vitamin (Salido et
al., 2024).

Pigments

Pigments play a crucial role in controlling
photosynthesis, as well as the growth and
development of plants (Shannon E et al., 2022).
There are three main types of pigments:
chlorophylls, carotenoids, and phycobilins.
Chlorophylls, particularly chlorophyll a, are
essential elements in photosynthesis, with green
seaweeds containing the highest quantity of
chlorophyll. Carotenoids and phycobilins serve
as accessory pigments, transferring energy to
chlorophyll a. Brown macrophytes are
distinguished by their fucoxanthin content, while
red ones are renowned for their phycobilins
(Smyth et al., 2021).

In the realm of food, color is a vital aspect,
with pigments playing a crucial role. Primarily,
pigments are utilized as natural dyes, reflecting
a growing consumer preference for health-
conscious choices. Natural pigments are
regarded as health-promoting ingredients,
offering numerous beneficial functions and
serving as promising alternatives to synthetic
dyes and ingredients. Additionally, due to their
nutraceutical  properties, pigments exhibit
biological activities that significantly impact
human health (Qin, 2018; Thiviya et al., 2022).

Metals and lodine

Given seaweeds' propensity for bioaccumulating
metals, their consumption raises concerns
regarding the potential transfer of high-risk
metals to humans in relation to chemical
pollution. Thus, it is imperative to comprehend
the metal concentrations present in seaweed.
Various factors, such as the seaweed's habitat
and the surrounding water quality, influence the
levels of metals within them. Typically, green
macrophytes exhibit higher metal
bioaccumulation compared to red and brown
macrophytes (Jia et al 2014; Sanjeewa et al.,
2016). In Europe, the European Union
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Recommendation has proposed regulations for
controlling the presence of arsenic, cadmium,
iodine, lead, and mercury in seaweed, halophilic
plants, and seaweed-based products.

Of particular importance is iodine, as some
seaweed species contain elevated levels of this
element. While excessive iodine intake may
contribute to thyroid diseases, it is essential for
the synthesis of thyroid hormones. Studies
conducted by the Spanish Agency for Food
Safety and Nutrition (AESAN) have revealed
that processing methods, such as freezing or
drying, can affect the iodine content of
seaweeds. In France, a maximum iodine content
of 2000 mg kg™ DW is recommended for all
seaweed species. However, pregnant women,
individuals with heart or renal conditions, and
those with thyroid disorders (especially those
taking iodine-related medications) should
exercise caution when consuming iodine or
iodine-derived products (Otero et al.,2021).

Application and Formulation Considerations

The application and formulation considerations
of carrageenan in cosmetic products underscore
its versatile role in achieving specific textural
and performance characteristics while meeting
formulation requirements. Thanks to its unique
gelling properties, carrageenan proves to be a
valuable ingredient across a range of cosmetic
products, including lotions, creams, and gels,
where it imparts desired smoothness and
consistency. Its ability to form and stabilize gels
enhances both the tactile experience and visual
appeal of the final product.

Furthermore, carrageenan  demonstrates
compatibility with a wide array of cosmetic
ingredients, affording formulators the flexibility
to create diverse formulations without
compromising  stability or efficacy. Its
compatibility extends to formulations based on
either water or oil (Fransiska et al., 2021),
rendering it suitable for use in various cosmetic
products.

Formulation considerations for carrageenan
involve optimizing its concentration according
to the specific requirements of the cosmetic
product to achieve optimal results. Formulators
can manipulate carrageenan concentration to
attain desired texture, viscosity, and stability
without negatively affecting the performance of
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other ingredients (Shannon et al., 2022; Safwa et
al., 2023). Its versatility makes it an ideal
candidate for combination with other natural
ingredients commonly wused in cosmetics,
enabling the creation of holistic formulations
that align with consumer demand for clean and
environmentally friendly beauty products.

Beyond its role as a texturizing agent,
carrageenan contributes to the overall sensorial
experience provided by cosmetic products
(Rioux et al., 2017; Salido et al., 2024).
Enhancing spread ability and absorbability, it not
only improves product effectiveness but also
enhances customer satisfaction (Liu et al., 2023).
Formulators can leverage carrageenan to create

ﬂhlorotannil)
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aesthetically pleasing products that resonate with
market trends emphasizing functionality and a
natural, environmentally conscious appeal.

Specific Chemical Content

Red seaweed, like other types of seaweed,
contains a variety of bioactive compounds that
offer benefits for cosmetic applications. While
the specific chemical content may vary between
different species of seaweed, red seaweed is
known for containing unique compounds that
contribute to its skincare properties as shown in
Figure 3. Here are some of the key chemicals
found in red seaweed, along with their cosmetic
benefits.

(Carotenoids)

compounds

(Carrageenans) (

Essential
minerals

)

Figure 3. Several of chemicals found in red seaweed, along with their cosmetic benefits

Carrageenans

Red seaweed is rich in carrageenans, a type of
sulfated polysaccharide. Carrageenans have
excellent emollient properties, making them
valuable in moisturizing creams, lotions, and
masks. They form a protective barrier on the
skin, helping to retain moisture and prevent
dryness. Additionally, carrageenans have a
soothing effect on the skin, making them suitable
for calming irritated or inflamed skin.

Fucoidans

Fucoidans are another type of polysaccharide
found in red seaweed. They have antioxidant and
anti-inflammatory properties, which can help
protect the skin from environmental damage and

reduce redness and inflammation. Fucoidans
also promote collagen synthesis and skin
regeneration, making them beneficial for anti-
aging and wound healing formulations.

Phlorotannins

Phlorotannins are polyphenolic compounds
found in red seaweed that possess strong
antioxidant properties. They help neutralize free
radicals generated by UV radiation and other
environmental stressors, thereby protecting the
skin from premature aging and oxidative
damage. Phlorotannins also have skin-
brightening effects, making them useful in
formulations targeting hyperpigmentation and
uneven skin tone.



Mingu et al. 2024

Carotenoids

Red seaweed contains carotenoids, including p-
carotene and astaxanthin, which are responsible
for its red coloration. Carotenoids have potent
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antioxidant properties and help protect the skin
from UV-induced damage. They also contribute
to the skin's natural radiance and can enhance the
appearance of dull or tired skin. Figure 4 show
the chemicals structure of B-Carotene.
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Figure 4. Chemical structures of; (a) Kappa - carrageenan; (b) Fucoidan; (c) Phlorotannin; (2,7’ -phloroglucinol-

6,6’-biecckol) and (d) B-carotene
Essential Minerals

Red seaweed is a rich source of essential
minerals such as calcium, magnesium,
potassium, and iron. These minerals play crucial
roles in maintaining skin health and function.
Calcium helps regulate skin cell turnover and
hydration, magnesium supports enzymatic
processes involved in collagen synthesis,
potassium (NUfiez-Santiago et al., 2011;
Laokelis et al., 2022) helps maintain electrolyte
balance in skin cells, and iron contributes to
oxygen transport and energy metabolism in the
skin.

Compared to other types of seaweed, red
seaweed is particularly prized in cosmetics for its
high content of carrageenans, fucoidans, and
phlorotannins, which offer unique benefits such
as enhanced moisturization, anti-inflammatory

effects, and antioxidant protection. However, it's
worth noting that the specific chemical
composition and concentrations of bioactive
compounds can vary between different species
of red seaweed and even within the same species
due to factors like geographical location,
environmental conditions, and harvesting
methods.

Natural and Sustainable Sourcing

With growing consumer demand for natural and
sustainable skincare ingredients, red seaweed
extracts offer an attractive option for cosmetic
manufacturers.  Seaweed  cultivation  is
environmentally friendly and requires minimal
land and freshwater resources compared to
traditional agricultural crops. Table 4 shows the
summary of cosmetic application based on the
bioactive compound in the red seaweeds.
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Cosmetic
Application [Ref.]

Bioactive

Bioactive
Compounds

Chemicals/
Elements

Moisturizing
Properties
(Zaitseva et al.,
2022; Pinheiro et
al., 2023)

Anti-Aging Effects
(Janowicz et al.,
2023; Pangestuti et
al., 2021; Waseem
et al, 2023;
Priyadarshi et al.,
2022)

Anti-Inflammatory
and Soothing
Properties
(Obafemi et al.,
2021)

Skin  Brightening
and Pigmentation
Reduction

(Pangestuti et al.,
2021; Montaser et
al.,, 2021; Liu et
al., 2023)

Wound  Healing
and Regenerative
Effects

(Batista et al,
2020; Jing et al.,
2021; Montaser et
al., 2021)

uv Protection
(Gerber et al,
1958)

Red seaweed extracts are known for their
hydrating and moisturizing effects on the
skin.

Studies have identified polysaccharides and
peptides in red seaweed that help improve
skin hydration by forming a protective
barrier, reducing transepidermal water loss,
and enhancing skin elasticity.

Certain compounds found in red seaweed,
such as phlorotannins and carotenoids,
possess antioxidant properties.

These antioxidants help neutralize free
radicals, which are known to cause oxidative
stress and contribute to skin aging.

Research suggests that incorporating red
seaweed extracts into cosmetic formulations
may help reduce the appearance of wrinkles,
fine lines, and other signs of aging.

Red seaweed extracts contain bioactive
compounds like fucoidans and sulfated
polysaccharides, which  exhibit  anti-
inflammatory properties.

These compounds can help soothe irritated
skin, reduce redness, and alleviate symptoms
of conditions like eczema and psoriasis.
Cosmetics containing red seaweed extracts
may therefore be beneficial for individuals
with sensitive or inflamed skin.

Some studies have explored the potential of
red seaweed extracts in skin brightening
formulations.

Certain compounds in red seaweed, such as
arbutin and phycobiliproteins, have been
found to inhibit melanin production and
reduce hyperpigmentation, leading to a more
even skin tone.

Red seaweed extracts have been investigated
for their wound healing properties.
Compounds like carrageenan and fucoidans
promote the proliferation of skin cells,
accelerate  wound closure, and stimulate
collagen synthesis, thereby aiding in tissue
repair and regeneration.

Certain red seaweed species produce
compounds like mycosporine-like amino
acids (MAAs), which have UV-absorbing
properties.

Incorporating these compounds into cosmetic
formulations may help provide additional
protection against UV-induced skin damage,
including sunburn and photoaging.

Polysaccharides
(e.g,carrageenans,
agarans), peptides

Phlorotannins,
carotenoids

Fucoidans,
polysaccharides

Arbutin,
phycobiliprotein

Carrageenans,
fucoidans

Mycosporine-like
amino acids

sulfated

Sulfur-containing
compounds, such as
sulfated polysaccharides

Polyphenols, fucoxanthin,
astaxanthin

Fucose, galactose, sulfate
esters

Phenolic compounds,
bilirubin-like pigments

Carrageenan
oligosaccharides, fucose-
containing sulfated

polysaccharides

Amino acids
(e.g., glycine, glutamine),
imino acids
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Safety, Regulatory Aspects & Challenges

When integrating carrageenan into cosmetic
formulations, considerations regarding safety,
regulatory compliance, and related challenges
are imperative to ensure the quality of the final
product and the well-being of its users. Initially,
carrageenan is generally regarded as safe for use
in cosmetics, with numerous studies affirming its
safety within specified concentrations. However,
concerns arise regarding its  potential
degradation into smaller molecules, known as
poligeenan, under specific conditions (McKim et
al., 2019). This raises safety concerns,
particularly at higher concentrations or when
formulated in certain ways. To ensure the safe
and effective use of carrageenan in cosmetics,
regulatory bodies such as the Food and Drug
Administration (FDA) in the United States, the
European Commission, and similar agencies
worldwide have established limits and
specifications for its usage (Morais et al., 2021).

In the cosmetics industry, challenges
associated with carrageenan include potential
interactions with other components, leading to
formulation instability or decreased product
effectiveness (Shannon et al., 2019). With
consumer awareness regarding ingredients on
the rise, there's a growing demand for
transparent  labeling and communication
regarding the presence of carrageenan in
cosmetic products (Smyth et al., 2021). Despite
its benefits, significant obstacles persist in
utilizing carrageenan in cosmetic formulations.
These hurdles encompass compliance with
evolving regulations, addressing consumer
concerns regarding safety and sustainability, and
ongoing research to validate its efficacy and
safety.

A comprehensive approach is necessary,
giving equal weight to consumer safety and
product innovation, to navigate these challenges
and leverage the benefits carrageenan offers in
the cosmetics industry, such as its natural origin,
versatility, and advantageous properties
(Thiviya et al., 2022). This entails striking a
delicate balance between addressing regulatory
requirements, meeting consumer expectations,
and harnessing carrageenan's potential in
cosmetic formulations effectively.

With regard to carrageenan, formulation
considerations, safety aspects, and regulatory
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dynamics underscore the importance of
maintaining a balanced approach. While
enhancing product texture and stability,
carrageenan also contributes to the broader
narrative of environmentally conscious beauty
(Wan-Loy et al., 2016). As the cosmetics
industry continues to evolve, carrageenan
emerges as a promising and innovative
component, aligning  with  sustainability
demands and consumer expectations (Pimentel
etal., 2017).

To navigate carrageenan's future in the
cosmetics industry  effectively, ongoing
research, collaboration between regulatory
bodies and industry stakeholders, and
transparent communication with consumers are
essential (Qin et al., 2018). Commitment to
rigorous safety assessments and continuous
monitoring of industry practices is crucial to
address challenges such as degradation and
formulation interactions. Carrageenan plays a
pivotal role in formulating products that not only
meet stringent safety standards but also resonate
with evolving beauty consumer values and
preferences.

CONCLUSION

In conclusion, the utilization of carrageenan
extract derived from red seaweed in cosmetic
product production exemplifies the dynamic
intersection of natural ingredients and the
advancement of cosmetic science. Through a
comprehensive examination of its types,
biological activities, and extraction methods, it
becomes evident that carrageenan holds
multifaceted potential within the cosmetics
sector. Among the various extraction techniques,
the optimal method for obtaining the most
important bioactive compounds has been
identified, which maximizes its effectiveness in
cosmetic applications. Its versatility in gelling,
thickening, and providing skin benefits aligns
well with the increasing consumer preference for
clean and environmentally friendly beauty
products. Given the dynamic landscape of the
cosmetic industry driven by sustainability and
natural ingredient trends, carrageenan stands
poised to significantly influence the
development of future beauty formulations that
are both clean and efficacious. As the cosmetics
industry embraces innovation and sustainability,
carrageenan's role is set to expand, making it a
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key player in shaping the future of clean and
effective beauty products.
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ABSTRACT

The FMD virus, also known as FMDV, is a member of the Picornaviridae family of the genus Aphthovirus. There
are seven immunologically distinct FMD virus serotypes, known as Asia-1, A, C, O, South-African Territories
(SAT) -1, -2, and -3. The disease's clinical symptoms include the development of vesicles on the lips, tongue,
palate, tooth pads, nose, coronary band, gums, and interdigital spaces. There are many viral, host, and
environmental factors that affect the epidemiology of FMD, including variations in viral virulence, particle
stability in diverse microenvironments, and possible long-term survival. FMD can spread in a variety of ways,
including through human contact with contaminated milk tankers or animal transport vehicles, the use of
contaminated animal goods, equipment, or vehicles, or by the transmission of windborne viruses. Foot and mouth
illness is not considered to be a serious public health hazard because the infection seems to be rare and the effects
are self-limiting. Since the cost of disease control is added to the direct economic losses brought on by animal
deaths, decreased milk production, and slowed animal growth rates, FMD epidemics indirectly harm the economy.
Some of the techniques used to control FMD epidemics include mobility restrictions, quarantines, the death of
infected and exposed animals, and cleaning and disinfecting impacted buildings, equipment, and vehicles.
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INTRODUCTION

A highly contagious viral illness that affects
animals with cloven hooves, foot and mouth
disease (FMD) epidemics have a significant
negative financial impact on the global livestock
business (Chanchaidechachai et al., 2022). This
disease can attack livestock and wild animals
such as cattle, sheep, buffalo, goats, pigs, deer,
elephants, and camels (Rodriguez-Habibe et al.,
2020). The illness sometimes produces
epidemics in once free nations and is endemic in
portions of South America, Africa, the Middle
East, and Asia (Jamal & Belsham, 2013). About
77% of the world’s total livestock population is
estimated to be affected by FMD; thus, making
it one of the important illnesses that need to be
reported to the World Organization for Animal
Health (Knight-Jones et al., 2017). The livestock
sector has been seriously threatened by this since
the sixteenth century (Longjam et al., 2011).

An ltalian monk named Hieronymus
Fracastorius gave the earliest account of foot and
mouth disease (FMD) in cattle in Venice in 1514
(Jamal & Belsham, 2013). Affected animals
refuse to eat, display reddened oral mucosa, and
have vesicles on their paws and in their mouths.
Morbidity due to FMD can reach 90-100%
among susceptible animal populations; however,
most infected animals recover as mortality is
generally low, especially in adult animals (1 —
5%) (Teifke et al., 2012). This description, made
500 years ago, bears a strong resemblance to
FMD when viewed today. An estimated 77 —
80% of the global livestock-keeping regions,
especially in Asia, Africa, the Middle East, and
some regions in South America have been
affected by this disease.

Globally, FMD continues to afflict more
than 100 nations, and its distribution largely
corresponds to economic progress (Pattnaik et
al., 2012). The FMD virus (FMDV), which is a
member of the Picornaviridae family of the
genus Aphthovirus, is known for causing FMD
(Malik et al., 2017). There are seven different
FMDYV serotypes known: Asial, O, A, C, SATL,
SAT2, and SAT3 (Ranaweera et al., 2019; Paton
et al.,, 2021). FMDV samples from the South
African FMD outbreak were found to include the
SAT1, SAT2,and SAT3 FMDV serotypes (Fana
et al., 2021). Asian serotype 1 was discovered in
Pakistan. Meanwhile, the last serotype C was
detected in Kenya and Brazil (Wekesa et al.,
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2015). Cloven hooves play a critical
epidemiological function in keeping the virus in
the environment, even though FMD can
inadvertently infect a wide range of host species
(Grubman & Baxt, 2004).

Clinically, the disease manifests as the
development of vesicles on the lips, tongue,
palate, tooth pads, shout, coronary band, gums,
and interdigital spaces (Arzt et al., 2011).
Additionally prevalent are drooling, depression,
lameness, and anorexia, which have a negative
impact on livestock systems productivity and
efficiency (Jori et al, 2021). Significant
economic effects from these epidemics may
include decreased milk and meat output,
maintenance  expenses,  power  outages,
limitations on the trade in animals and animal
products, and high implementation costs for
control efforts (Espinosa et al.,, 2020). The
current requirement for mass slaughter of
diseased animals and possible contacts when an
outbreak arises in an FMD-free area also makes
FMD a problem for animal welfare (Bradhurst et
al., 2019).

Even though FMD rarely results in the death
of older animals, the virus can induce major
cardiac lesions in young animals with a
significant mortality rate of 20% or higher. FMD
typically has a fatality rate below 5% (Mahmoud
& Galbat, 2017). The main obstacles to
containing this condition and the reasons it is
regarded as the most feared viral disease are its
high prevalence of transmission, wide
geographic distribution, broad host range, ability
to identify carrier status, antigenic diversity that
results in poor cross-immunity, and relatively
short duration of immunity (Shurbe et al., 2022).
The main issues with controlling this disease
include a lack of surveillance, inadequate
diagnostic tools, and ineffective control
strategies (Maree et al., 2014). Throughout the
year, there are still periodic reports of these
breakouts.

This disease has been wiped out in more
affluent nations, but the disease's spread to
underdeveloped nations that are often free of it
can result in significant economic losses (Limon
et al., 2020). FMD outbreaks frequently recur in
these nations despite the implementation of
prevention and control strategies like a
combination of stamp policies, increased
biosecurity,  preventative or  emergency
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vaccinations, movement restrictions,
strengthened surveillance, education programs,
and community outreach (Blacksell et al., 2019).
Due to disparities in animal health priorities,
varied resources, and varying logistical
capabilities, these techniques are adopted and
enforced inconsistently among nations, which
leads to partial or no results (Gordon et al.,
2022).

The FMD virus is regarded as a serious global
health issue. The goal of this review is to provide
a comprehensive explanation of the etiology,
pathophysiology, epidemiology, diagnosis,
clinical symptoms, transmission, impact on
public health, economic impact, and control
measures against the development of FMD in
livestock. This review's information was
compiled to present recent scientific research,
identify knowledge gaps and study restrictions
surrounding FMD disease, and provide current
scientific literature.

Etiology

The Foot and Mouth Disease Virus (FMDV) is
the sole genus-level representative of the
Aphthovirus genus that belongs to the
Picornaviridae family and the first viral
pathogen to be recognized (Malik et al., 2017).
There are seven immunologically distinct FMD
virus serotypes, identified as A, O, C, Asia-1,
South-African Territories (SAT) -1, -2, and -3,
which include more than 65 subtypes
(Ranaweera et al., 2019). Type O stood for the
Oise in France, while Type A stood for
Allemagne (Germany). The type C is then
referred to as the supplementary type in
Germany (Jamal & Belsham, 2013). About 30
years later, researchers at The Pirbright Institute,
United Kingdom in England identified 3 novel
FMDYV serotypes called SAT1, SAT2, and SAT3
in samples taken from an FMD outbreak in
South Africa (Banda et al., 2022). First
identified in a sample from Pakistan was a
seventh serotype called Asia 1 (Longjam et al.,
2011).

A single-stranded RNA with a positive
charge and a length of roughly 8500 nucleotides
is found inside the viral particle, or virion (Gao
etal., 2016). These are icosahedral particles with
a smooth surface that have a diameter of about
30 nm. The structural proteins VP1, VP2, VP3,
and VP4 are each present in 60 copies (Dong et
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al., 2021). The fourth structural protein (MW8.5
kDa) is internal, whereas the first three (MW24
kDa) include a surface component. Additionally,
virions typically contain one or two VPO units,
which are the forerunners of VP2 and VP4 (Park
et al., 2022). The structural protein VP1-3 folds
into eight strands that join to create the majority
of the capsid structure, forming a 13-barrel
wedge shape (Longjam et al., 2011). The
FMDV's three-dimensional structure has shown
notable surface features made of loops between
the G and H strands of VP1 (Burman et al.,
2006).

Located inside the capsid is the VP4 protein.
Loops connecting the 13-barrel VP1-3 strands
make up the virion's outer surface (Yuan et al.,
2017). FMDV lacks surface gorges or pits,
which are receptor binding sites for
enteroviruses and cardioviruses. This makes it
different from other picornaviruses (Wang et al.,
2015). The channel on the fivefold axis of this
virion, which facilitates the entry of tiny
molecules like Cscl into the capsid and gives
FMDV the highest buoyant density among the
picornaviruses, is another characteristic of this
organism (Yuan et al., 2017). The trypsin-
sensitive region of VP1 contains the FMDV's
primary cell attachment site and
immunodominant region, which are both
situated in solvent-exposed regions of the virion
surface (Lawrence et al.,, 2013). Previous
serological research showed that one of the main
antigenic regions of the virus, the highly variable
VP1 region, which is comprised of residues 135
to 155, is shared by various FMDV serotypes
(Ludi et al., 2014).

Pathogenesis

After the virus enters the animal's body through
the digestive and respiratory tracts, it replicates
in the lymphoid tissue, particularly in the upper
respiratory tract, before entering the bloodstream
and circulating for three to five days (Rodriguez-
Habibe et al., 2020). Prior to the virus entering
the bloodstream and the onset of clinical
symptoms, the virus can be found in the
oropharynx one to three days earlier. The virus
then travels and replicates through the
circulation in its predilected epithelial tissues,
including the heart muscle in young animals,
between the nails, female animal nipples, and the
tongue (Dash et al., 2010). The virus was ejected
from infected animals two days before clinical
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signs manifested (the wvirus in milk was
discovered four days prior to the onset of clinical
signs), and considerable amounts of the virus
were no longer expelled 4 -5 days after vesicles
developed (Stenfeldt et al., 2016a). Skin wounds
typically recover in 10 days, but animals with
secondary infections need longer time of about 2
weeks to recover (Dillon, 2011).

The epithelium turns pale and gradually fills
with fluid on the first day that clinical indications
in the form of skin lesions occur. On the second
day, the vesicles burst, and a layer of epithelium
with distinct borders could be seen at the lesion's
edges and at its red base. On the third day, the
lesion's edges are hazy and the ground turns a
faint crimson tint; fibrin deposition starts. On the
fourth day, fibrin deposition increased in size
and epithelial tissue started to regrow around the
lesion's margins (Mohebbi et al., 2017). The
scars are still visible as pale areas even though
the lesions are typically healed by day 10 and
scar tissue has formed by day 7. Although the
age of lesions can be determined, the accuracy
will decrease since the rate of lesions healing
varies between animals (Gornik et al., 2019).
Due to their smaller size compared to cattle,
lesions in goats and sheep are typically more
challenging to observe. Additionally, these small
ruminants frequently have leg lesions in the
coronary band of the leg, which are typically
milder lesions (Muthukrishnan et al., 2020). In
pigs, foot lesions are more frequently observed
to identify the age of the lesions (Stenfeldt et al.,
2016a).

Even though ruminants have immunity to the
FMD virus, virus particles can still be discovered
in their oropharynx up to 28 days after infection,
and 50% of ruminants may develop persistent
infection (Stenfeldt et al., 2016b). Animals
whose oropharynx is still found to have the virus
after 28 days post-infection are referred to as
disease-carrying animals (Jamal & Belsham,
2013). Cattle, small ruminants, African buffalo,
and Asian water buffalo have all been observed
to be chronic carriers of the virus for up to five
years, three years, and nine months, respectively,
although pigs are not thought to be such
persistent carriers (Bertram et al., 2018). The
amount of viral excretion in carriers is variable
(not constant), and it gets smaller over time.
With the exception of the African buffalo, which
is considered to have contributed to the FMD
outbreak in Zimbabwe in 1989 and 1991, the
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epidemiological significance of these carriers
(especially cattle and small ruminant animals
such as pigs) in disease transmission is unknown
(Guerrini et al., 2019).

Epidemiology

The epidemiology of FMD is complicated and is
influenced by a variety of viral, host, and
environmental factors, including variations in
viral virulence (lesional severity, number, and
duration of viral shedding), stability of the
particles in different microenvironments, and
potential long-term persistence (Paton et al.,
2018). The host species (cattle, sheep, water
buffalo, goats, pigs, deer, antelope, and bison),
nutritional and immunological state, population
densities, animal migration, and contact between
various domestic and wild host species and
animals that might mechanically transport the
virus are other factors that affect FMDV
replication and transmission (Ranjan et al.,
2016). The environment can act as a
geographical barrier to the spread of a virus or,
on the other hand, it can promote transmission of
a virus when the correct climatic circumstances
are present (Bessell et al., 2008). The
tremendous potential for FMDV variation and
adaptation in this multifactorial scenario has
mimicked complicated evolutionary patterns
discovered by molecular epidemiological
investigations, which are mostly based on
nucleotide sequencing of capsid protein genes
(Caridi et al., 2021).

Various regions of Asia, Africa, the Middle
East, and South America are plagued with foot
and mouth disease (Maree et al., 2014). While
serotypes O and A are common, SAT virus is
primarily found in Africa (with sporadic
incursions into the Middle East), and Asia 1 is
now solely found in Asia (Bachanek-Bankowska
et al., 2018). FMDV is not present in Western
Europe, New Zealand, Australia, Greenland,
Iceland, North and Central America (Brown et
al., 2021). However, FMD has not been detected
in North America for more than 60 years despite
recent outbreaks in Western Europe (where
eradication efforts have been successful)
(Valarcher et al., 2008). The last FMD outbreak
occurred in the US in 1929, whereas it has not
occurred in Canada or Mexico since the 1950s
(Jamal & Belsham, 2013). After being
proclaimed cured of the disease in 1986, an FMD
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outbreak returned to Indonesia recently in 2022
(Sutawi et al., 2023).

FMDV serotypes are not evenly distributed
around the world. The virus strains O, A, and C
have persistent and aggressive distribution
patterns throughout Europe, America, Asia, and
Africa (Woldemariyam et al., 2023). However,
FMDV serotype C may no longer exist outside
of laboratories because the last FMDV serotype
C infection was documented in Ethiopia in 2005
(Ayelet et al., 2009). Sub-Saharan Africa is
typically the only place where the SAT1-3 virus
is found (Wubshet et al., 2019). The three
continental reservoirs in Asia, Africa, and South
America, which can be further divided into
seven primary infectious viral pools, are
currently maintaining the worldwide burden of
FMDV infection (Woldemariyam et al., 2023).
Each of these seven primary infectious viral
pools has at least three different serotypes of the
virus, and because circulating viruses are mostly
found in these local reservoirs, local strains have
developed that are sometimes (as with type A
and SAT viruses) difficult to control without
specialized testing and vaccinations (Ludi et al.,
2014).

Diagnosis

The control and eradication of disease in
endemic areas depend on an accurate diagnosis
of FMDV infection. Clinical indicators are
typically utilized to make the initial diagnosis of
FMD, but these can be easily mistaken for those
of other vesicular illnesses. Therefore, breeders
must identify illness symptoms quickly and
report them to the appropriate veterinary
authorities to confirm. Samples of suspected
disease should also be sent to a reference
laboratory for confirmation (Ding et al., 2013).
Important support for FMD control and
vaccination campaigns is provided by quick and
accurate laboratory data generation (Capozzo et
al., 2023). However, because of inefficient cold
chains and prolonged transport times, samples
that laboratories acquire from  many
impoverished nations may be of low quality
(Blacksell et al., 2019). These circumstances
render  laboratory  diagnosis  unreliable,
necessitating the use of a diagnostic instrument
that is suited for the situation to enable quick
diagnosis and the implementation of the
necessary controls (van Vuren et al., 2022).

Foot and Mouth Disease in Livestock 177

The following ideas form the foundation of
the majority of current diagnostic methods for
FMD detection: Viral isolation involving
proliferation in susceptible cell cultures is used
to identify the infectious agent, use of an FMDV-
specific antibody or capture reagent in an
Enzyme-linked Immunosorbent Assay (ELISA)
technique for viral antigen detection, genetic
analysis of nucleotide sequences and reverse
transcription polymerase chain reaction (RT-
PCR)-based viral nucleic acid detection,
detection of FMDV-specific antibodies in
animals that have already been exposed to the
virus (Rémond et al., 2002). Typically, sera
determined to be positive by ELISA are
confirmed by Virus Neutralization Test (VNT)
(Ma et al., 2011). These methods are especially
appropriate for well-equipped labs, which are
typically national or regional reference labs.

For instance, the use of viral cell culture
systems necessitates educated people, a
biosafety level 3 (BSL-3) laboratory, and
cautious handling of samples to prevent cross-
contamination and environmental contamination
(Artika & Ma'roef, 2017). A high-quality sample
is necessary for successful viral isolation, which
also calls for transportation conditions from the
sampling location to the lab (Burrell et al.,
2017). In diagnostic labs in endemic areas, it is
simple to deploy both solid-phase competition
ELISA and liquid-phase inhibitory ELISA for
the serological detection of FMDV-specific
antibodies to structural proteins (Cao et al.,
2022).

Clinical Symptoms

The intensity of clinical indications can range
from moderate or subclinical to severe,
depending on the virus type, exposure dose, age
and species of the infected animal, and degree of
host immunity. Death is uncommon, with the
exception of young animals, who can pass away
through malnutrition or multifocal myocarditis
(Hammond et al., 2021). Most adult animals
recover in two to three weeks, however
subsequent infections can prolong recovery
(Park et al., 2022). Morbidity can be close to
100%. The mortality rate is typically 1% to 5%
for adults, but 20% or more for young lambs,
piglets, and calves (Mahmoud et al., 2017).
Recovery typically takes two weeks in simple
cases.
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Cattle

The most severe FMD symptoms are found
in highly productive dairy cows found in
developed nations (Lyons et al., 2015). The
following signs and symptoms appear after 24
hours: pyrexia, anorexia, chills, decreased milk
production for a couple of days, smacking of the
lips, drooling, grinding of teeth, limping,
kicking, or stamping of the feet. These
symptoms are caused by vesicles (aphthae)
between the coronary bands and claws, and in
the mucous membranes of the buccal and nasal
cavities. Vesicles can burst in the mammary
glands and leave behind erosions (Shmeiger et
al., 2021). Recovery typically takes 8 to 15 days.
There are several complications, including
tongue erosion, superinfection of lesions, nail
distortion, mastitis and a persistent disruption of
milk  production, myocarditis, infertility,
abortion, a persistent loss of weight, and loss of
heat regulation. Myocarditis causes the death of
young animals (Tufani, 2013).

Sheep and Goat

Many diseased sheep or goats could not show
any symptoms or may only have one lesion.
Typical symptoms include fever and mild to
severe lameness in one or more legs. Vesicles
develop on the feet, in the coronary bands, and
in the interdigital gaps, but they may burst or
become concealed by foot lesions from other
causes (Muthukrishnan et al., 2020). Mouth
lesions typically present as shallow erosions and
are frequently undetectable or severe. It is
typical for sheep and goats to be milked to
exhibit pyrexia and agalactia. Several epidemics
resulted in the death of numerous ewes. Young
animals can die without showing any clinical
symptoms (Kitching & Hughes, 2002).

Pigs

Pigs exposed to concrete in particular can
experience pyrexia, develop severe leg lesions,
and become lame with detached claws (Perez &
Willeberg, 2017). Vesicles frequently develop at
pressure sites on the legs, particularly along the
knuckles. There may be dry lesions on the
tongue and vesicular lesions on the muzzle
(Stenfeldt et al., 2016a). Piglets younger than 8
weeks of age are especially susceptible to sudden
death from heart failure in young pigs up to 14
weeks of age (Moreno-Torres et al., 2022).
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Transmission

There are numerous ways that FMD can spread,
including human contact with contaminated
equipment, animal transport vehicles, milk
tankers, animal products, vehicles, and
windborne virus transmission (Auty et al.,
2019). One of the main ways that FMD spreads
is by the aerosol route, which involves passing
the disease from one animal to another (Brown
et al, 2022). Virus concentrations in
downstream air are primarily determined by
meteorological factors. The quantity and species
of afflicted animals, the type of virus, the
environment, and the species and number of
animals under the wind are all factors that
determine how quickly an infection spreads
through the air (Subramaniam et al., 2022).
Inhibiting the spread of disease-causing aerosols
during the rainy season are persistent
downpours, high relative humidity, and humid
winds. Additionally, during this season, strong
rains or flooding in some locations hinder the
movement and transportation of animals from
one place to another (Rahman et al., 2020).

The number of FMD outbreaks rises in the
winter because of environmental factors that
favor dry weather, dry winds, and low to
moderate temperatures (Hegde et al., 2014).
Viral infections may spread more quickly among
susceptible animal populations as a result of
these favorable environmental conditions
(Mielke & Garabed, 2020). Due to the summer's
oppressive heat, there are fewer FMD outbreaks
(Hagerman et al., 2018). Additionally, migration
to new pastures, large-scale movements and
animal groupings, as well as cow and buffalo
exhibits, are all associated with seasonal peaks
in FMD prevalence (Wubshet et al., 2019).
Cattle are regarded as an indication of this illness
because they are typically the first species to
exhibit FMD symptoms (Mohebbi et al., 2017).
Because the minimum 20TCID50 (tissue culture
infective dose) of virus is needed to initiate
infection in these animals (cattle and buffalo),
they are extremely sensitive to infection (Walz
et al., 2020).

Pigs are regarded as a reinforcing host for the
iliness due to their high airborne virus
transmission rates and relative resistance to
airborne infection (Valarcher et al., 2008). Sheep
and cattle both excrete airborne viruses at a
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similar rate, but due to sheep's smaller
respiratory volume than cattle, it is believed that
they are less susceptible to airborne infections
(Marcos et al., 2019). Sheep are thought of as
maintenance hosts since they do not often exhibit
conventional clinical symptoms or cardinal
indicators that are similar to those of other
airborne diseases (Stenfeldt et al., 2019).
Conditions that are conducive to the spread of
this disease include low relative humidity
(>60%), dim sunlight, a lack of heavy rain, and
slow and consistent wind speed and direction
(Brown et al., 2022).

FMD virus can be shed into blood, milk,
pharynx, rectum, and vagina before the
appearance of clinical manifestations of disease
in infected cows (Suchowski et al., 2021). The
possibility exists for raw milk to spread the virus
both inside the farm and from farm to farm
because the virus is shed into the milk before the
dairy cows exhibit clinical signs of sickness
(Shaban et al., 2022). Further study is required
in areas including virus emission, particle size
and virus content, virus challenge times, and
meteorological ~ consequences  to  better
understand airborne FMD transmission and its
significance in upcoming outbreaks. The genetic
and antigenic diversity of FMDV is one of its
most crucial characteristics.

Public Health Impact

Humans can also contract FMDV, which has
moderate flu-like symptoms as well as
conjunctivitis  symptoms, small vesicular
eruptions on the skin, and tissue erosion (Dillon,
2011). Most of the symptoms are extremely
mild, self-limiting, and unnoticeable. When
handling infected or suspect animals and
conducting laboratory sample processing,
precautions should be used (Longjam et al.,
2011). Since the infection seems to be
uncommon and the consequences are moderate,
foot and mouth disease is not seen as a severe
public health issue (Knight-Jones et al., 2017).
There have only been a relatively small number
of clinical cases, even though many persons who
previously worked with FMDV in vaccine labs
or other settings generated antibodies to this
virus (Di Giacomo et al., 2022). One lab reported
only 2 occurrences in more than 50 years, and a
significant FMD vaccine manufacturer found 3
cases among its employees (Chanchaidechachai
etal., 2022). Perhaps exposure to extremely high
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levels of virus or predisposing circumstances is
required for infection.

Between 1921 and 1969, there were reports
of more than 40 human instances of FMD that
were confirmed in labs (Bauer, 1997). Vesicular
lesions and influenza-like symptoms are among
the signs and symptoms of this illness, which is
often mild, transient, and self-limiting (Wong et
al., 2020). Some human cases are known to enter
via wound infection, with the initial lesion
forming at the site of inoculation (Prempeh et al.,
2001). There are also claims that three
veterinarians purposefully exposed themselves
to the FMD virus by consuming tainted
unpasteurized milk for three days (Shaban et al.,
2022). Another study claimed that youngsters
may be more likely than adults to contract the
virus (Dubie & Negash, 2021). The FMD virus
is present in the vesicles from an infected
individual, despite their being no reports of
person-to-person transmission (Li et al., 2021).

Economic Impact

The genetic makeup of the animals (usually
their expressed genotype which were inherited
from their parents) in a country, common
livestock management techniques, costs for
inputs and products used in livestock production,
and the country's ability to produce livestock for
export markets are all factors that affect the
prevalence and danger of disease attack
(Adamchick et al., 2021). Disease impact is not
the same in all countries and livestock
populations as a result of these differences. Live
animal commerce between FMD-affected and
FMD-free nations is prohibited (Knight-Jones et
al., 2017). The EU, US, and Japan often have the
highest pricing for FMD-free meat, with prices
being 50% higher on average (Dinku &
Matsuda, 2018). Additionally, trade in cattle
products is prohibited. Only processed, canned
goods may be shipped in the event of the usual
outbreak; however, boneless meat may be
exported if FMD is effectively controlled by
vaccination administered by an experienced
veterinary service capable of identifying an
outbreak (Paton et al., 2009).

FMD outbreaks damage the economy
indirectly since the cost of disease control adds
to the direct economic losses brought on by
animal fatalities, decreased milk output, and
slowed animal growth rates (de Menezes et al.,
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2023). A nation that has been identified as
having FMD will face barriers in international
trade due to the disease's ease of spread,
particularly when dealing with products derived
from animals that may carry the FMD virus
(Auty et al, 2019). The socioeconomic
circumstances of those impacted by limitations
on the movement of animals and animal products
are likewise impacted by FMD epidemics
(Naranjo & Cosivi, 2013). To stop the spread of
the virus when FMD first appeared in the UK in
2001, around 6.2 million animals were
euthanised (Davies, 2002). The outbreak in
Japan in 2010 resulted in 290 thousand animals
having to be slaughtered (Muroga et al., 2012),
while in South Korea as many as 3.47 million
animals were slaughtered in 2010 to 2011 (Park
et al.,, 2013). According to a 2013 study, the
annual economic losses caused by lower
productivity and the cost of FMD vaccine range
from 6.5 to 21 billion US dollars worldwide
(Alhaji et al., 2020).

Control And Preventive Measures

In a region endemic with FMD, quick action is
crucial for controlling an outbreak. Veterinarians
should adhere to their local and national illness
reporting procedures when they uncover or
suspect this disease (Eschbaumer et al., 2020).
Import restrictions aid in preventing the spread
of FMDV from endemic regions to diseased
animals or tainted food fed to animals
(Woldemariyam et al., 2023). Particularly
concerning is food waste provided to pigs.
FMDV can be killed by heat treatment, which
also lowers the danger of outbreaks;
nevertheless, several nations have outright
banned feeding because it is impossible to ensure
that proper heat treatment techniques are
followed (Kristensen et al., 2021). The WOAH
has published guidelines for eradicating FMDV
from animal products such dairy, meat, leather,
and wool (Marcos & Perez, 2019). Recently, a
global FMD control campaign was launched to
lower the spread of the virus and the incidence
of this disease (Naranjo & Cosivi, 2013).

Among the steps employed to contain FMD
epidemics include quarantine and mobility
restrictions, the killing of afflicted and exposed
animals, and the cleaning and disinfection of
impacted buildings, machinery, and vehicles
(Clemmons et al., 2021). Euthanasia of animals
at risk of infection and immunization are
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possible further interventions (Costa & Akdeniz,
2019). Infected carcasses must be safely
disposed of using methods such as rendering,
burying, or burning (Guan et al., 2010). The
carcass should not be fed to carnivores,
including dogs and cats, which may become
infected with the virus in raw tissue (Waters et
al., 2021). To stop the virus from spreading
mechanically, rats and other vectors can be
eliminated (Auty et al., 2019). People who have
been exposed to FMDV may be advised to
refrain from contact with vulnerable animals for
a while, as well as decontaminating clothing and
other personal items (Orsel & Bouma, 2009). To
avoid virus entry, farms that are not infected
should implement good biosecurity practices
(Fountain et al., 2018).

During some outbreaks, vaccination can be
used to prevent the spread of FMDV or to save
some animals (such as zoo animals) (Muleme et
al., 2013). The choice to utilize vaccination is
complicated and depends on the outbreak's
scientific, economic, political, and social
considerations (Rawdon et al., 2018).
Additionally, vaccines are utilized in endemic
regions to safeguard animals from sickness
(Railey & Marsh, 2019). The FMDV vaccination
(such as the use of live-attenuated vaccines,
DNA vaccines, peptide vaccines, and live viral
vector vaccines) only offers protection against
the serotype it contains; to provide appropriate
protection, the vaccine strain must also be
modified to account for field strains (Singh et al.,
2019).

CONCLUSION

FMD is considered to be a significant global
veterinary concern especially as the FMD virus
sub-lineages have been recognized to evolve into
novel strains with the capacity to escape
vaccination and result into major livestock
epidemics. Limitations on the transportation of
animals and animal products have an influence
on people whose socioeconomic conditions are
affected by FMD epidemics. Farms that are not
afflicted should employ appropriate biosecurity
procedures to prevent virus entry. Finally, it is
imperative to continue implementing measures
and research studies directed at vaccine
matching, vaccine design improvement, vaccine
quality control, and continued surveillance in
order to control and to keep track of FMD virus
epidemiology and transmission.
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ABSTRACT

The gut microbiota of rodents is shaped by highly diverse bacterial communities. Within the gut environment,
there are core gut bacteria that are responsible for facilitating essential bodily processes while maintaining the
health of the host rodents. Currently, research on the gut microbiota of wild rodents in Borneo remains limited,
especially those encompassing the potential influence of environmental factors. Through the Next-Generation
Sequencing (NGS) performed using Oxford Nanopore Technologies, a total of 1052 bacterial genera were detected
from 16 rodent individuals of six rodent species. These bacteria were found to be prevalent in the gut microbiota
of wild rodents in forested regions. Several bacterial families of importance belonging to the phylum Bacillota
were identified, including Lachnospiraceae (18%), Lactobacillaceae (20%) and Oscillospiraceae (19%). They were
found to have a high relative abundance when compared with other bacterial families. The diversity of gut
microbes among individual rodents showed no significant differences. However, the gut microbiome composition
of wild rodents appears to have been influenced by the host species and their life stages. The outcome of this study
allows for a better understanding of the prevailing core microbiome members shared across multiple wild rodent
individuals within forested areas.
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INTRODUCTION comprising of gut microbiota that contribute to
the various physiological processes of wild
The gut microbiota of rodents is a complex rodents.
ecosystem of microorganisms inhabiting their
gastrointestinal tracts. It comprises high
bacterial diversity, collectively forming a

dynamic and intricate community (Coyte &

The core gut microbiota refers to the bacteria
that would define the overall microbiome
composition of the host (Risely, 2020; Perlman

Rakoff-Nahoum, 2019). The gut bacterial
community plays a crucial role in maintaining
the health of the host by facilitating essential
processes such as digestion, nutrient absorption,
colonisation resistance and immune system
regulation (Kinross et al., 2011; Valdes et al.,
2018; Hou et al., 2022). The gut microbiome
may potentially influence wildlife behaviour
through chemical signalling and impacts on the
host nervous system (Archie & Tung, 2015).
Hence, the symbiotic relationship between these
microorganisms and their host allows the
formation of a stable bacterial community,

etal., 2022; Sharon et al., 2022). These microbes
could be essential in sustaining the overall gut
microbial community while ensuring host
survival. However, identifying keystone taxa
that help shape the ecological structure of the gut
microbiome is difficult, as highlighted by
Perlman et al. (2022). Instead, a more suitable
approach would be to determine recurring
microbiome members in multiple individual
hosts to gain an understanding of their
significance. The concurrent bacterial taxa found
across different individuals, even in an otherwise
variable  microbial  community,  could
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presumably be considered members of the core
gut microbiome (Turnbaugh et al., 2007).

The gut microbiome diversity of rodents
could exhibit variation among different host
individuals (Viney, 2019). This diversity is
shaped by a combination of host genetics and
environmental factors (Campbell et al., 2012),
and studies have demonstrated that seasonal
changes in rodents’ diet can lead to short-term
shifts in their gut microbial communities
(Maurice et al., 2015). Furthermore, the ageing
process of rodents was found to significantly
alter the composition and diversity of their gut
microbiome in the long-term (Fenn et al., 2023).
Despite  these  insights, the  specific
environmental factors directly influencing gut
microbiome diversity in rodents are still not well
understood. Environmental factors that are
distinct to the rodents’ natural habitat could play
a role in shaping their gut microbiome
composition (Teng et al., 2022).

The characterisation of the gut microbiome
within wild rodents would contribute to a better
understanding on the intricate relationships
between the bacterial community and their
rodent hosts. Currently, research on the gut
microbiota of wild rodents in Malaysia remains
limited, especially those encompassing the
potential influence of environmental factors.
Recent studies have instead focused on gut
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microbiome studies of other endangered
mammals such as flying foxes (Mohd-Yusof et
al., 2022), tigers (Khairulmunir et al., 2023;
Gani et al., 2024) and primates (Jose, et al.,
2024; Sariyati et al., 2024). Thus, the main
objectives of this study are to taxonomically
identify the gut microbiome of wild rodents and
to determine the potential environmental factors
that could shape their gut microbial diversity.

MATERIALS AND METHODS
Study Sites

The study sites consist of multiple mixed
dipterocarp forested areas situated in both
protected and non-protected regions of Sarawak,
Borneo (Figure 1). The chosen locations host a
variety of native forest rodent species, adapted to
their respective habitats within the study sites.
Among the protected areas are Gunung Gading
National Park (N1°41'27.0" E109°50°45.0") and
Lambir Hills National Park (N4°11'57.5"
E114°02'34.3"), while Marup Atas Engkilili
(N1°07'08.3" E111°38'15.8"), Ulu Poi Kanowit
(N1°57'09.9" E112°1323.0"), and Sungai Sibau
Kapit (N2°00'02.7" E112°56'16.4") represent
the non-protected areas (Supplementary Table
2). Rodent trapping was carried out from
October 2021 to March 2023.

113°0.000" 114°0.000" 115°0.000"

Map of Borneo
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Figure 1. Map of sampling sites in Sarawak, highlighted in green (QGIS v3.21). Non-protected areas are marked

with red dots while protected areas are marked as blue
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Sampling Methods

Each sampling site involved five nights of
trapping, with a total of 50 cage traps and 120
Sherman traps being used for the rodent
trapping. The same traps were deployed at each
site and sanitised beforehand using 70% ethanol
to kill microorganisms and bleach to degrade the
DNA of previously trapped rodents. The traps
were baited with banana covered with peanut
butter. The traps were checked from 0900 hours
to 1200 hours, as well as from 1400 hours to
1700 hours, with bait replacement occurring
every two days. Morphological measurements of
the captured rodents, including head body, tail
ventral, ear, hindfoot, sex, weight and life stages,
were also recorded. Then, the rodents were
transferred to separate sterilised breathable
containers to avoid cross contamination during
faecal collection. The rodents were identified in
the field using descriptions and keys from Payne
et al. (1985) and Phillipps and Phillipps (2018).
Molecular methods were later used to confirm
the species identification due to the presence of
several cryptic species. Fresh faecal samples
were collected using sterile forceps as soon as
the rodents defecate in the sterilised containers.
The faecal samples of each captured rodent were
transferred to sterilised 1.5 ml collection tube
containing RNAlater (Ambion, USA) using
sterilised forceps. The collection tubes
containing faecal samples were immediately
stored in a cooler box. Upon arrival at the
laboratory, the sample was promptly transferred
to a -20 °C freezer for DNA preservation and
stability.

DNA Extraction and Molecular Species
Identification

A QIAmp PowerFecal Pro DNA Kit (Qiagen,
Germany) was used according to the
manufacturer’s protocol to extract the DNA
from collected rodent faecal samples. The
extracted DNA was amplified through
polymerase chain reaction (PCR), targeting the
cytochrome b region of the mtDNA. The primer
set used were LGL 765 (5’-GAA AAA CCA
YCG TTG TWA TTC AAC T-3’) and LGL 766
(5-GTT TAATTAGAATYT YAG CTT TGG
G-3’) (Bickham et al., 1995). The PCR
conditions were: pre-denaturation at 94 °C for 7
minutes, 34 cycles of: denaturation at 92 °C for
1 minute, annealing at 50 °C for 1 minute and
extension at 72 °C for 1 minute, followed by 72
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°C final extension for 7 minutes. The PCR
products were sent to a commercial sequencing
company for purification and sequencing
(Apical Scientific, Malaysia). Sequencher 4.1.4
(Gene Code, USA) was then used to clean the
obtained DNA sequences and the NCBI Basic
Local Alignment Search Tool (BLAST) was
used for species identification based on the
lowest E-values of the uploaded sequences. The
lower E-values indicate high degree of similarity
between sequences defined by many identical
residues and few substitutions or gaps (Kerfeld
& Scott, 2011). Finally, the DNA sequences,
along with sequences from GenBank were
analysed in MEGA-X 10.2.4 software to
generate a Maximum-Likelihood phylogenetic
tree and calculate the pairwise genetic distance
between rodent individuals subjected to Kimura
two-parameter model (Kimura, 1980). The
sequences of the sampled rodents were
submitted to the GenBank and Sequence Read
Archive databases (Supplementary Table 3).

Next-Generation Sequencing

A DeNovix DS-11  Spectrophotometer
(Denovix, Delaware, USA) was used for
quantification of the extracted faecal DNA as
preparation for nanopore sequencing. DNA with
a concentration above 20 pg/ml and a purity ratio
between 1.8 and 2.0 at 260 nm and 280 nm
absorbance are considered to have passed the
quality check. The PCR amplification of 16S
rRNA gene (27F and 1482R) were done using
16S Barcoding Kit (SQK-RAB204) from
Oxford Nanopore Technologies, United
Kingdom (ONT). The quality of PCR products
were checked and only passed products
(concentration above 20 pug/ml; absorbance ratio
between 1.8 and 2.0 at 260/280 ratio) proceeded
to sample pooling and library preparation
following the manufacturer’s protocol (ONT).
The Flow Cell Priming Kit (EXP-FLP002) was
then used to prime the flow cell (R9.4.1) and
load the samples. Lastly, a MinlON Mk1C
sequencer (ONT) was used to perform nanopore
sequencing for around 17 hours for each
sequencing run.

Data Analysis

FASTQ files of the 16S rRNA sequences were
obtained using Guppy 5.1.12 (ONT), which is
the basecaller integrated in the MinKNOW
21.11.6 (ONT) operating system. The EPI2ME
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(ONT) application was used to perform
taxonomic classification of bacterial species
according to the National Center for
Biotechnology Information (NCBI) taxonomic
records at 95% confidence threshold. Reads
below the threshold of the default quality score
of 7 were excluded. The range of the library sizes
was between ~25,000 and ~1,300,000 reads. The
R package phyloseq (McMurdie & Holmes,
2013) was used to normalise the dataset to the
library with the lowest number of reads for
further analysis using the rarefying method. The
gut microbiome of rodents was visualised using
the MiscMetabar package (Taudiére, 2023) to
produce a Sankey chart. Also, the ggplot2
package (Wickham, 2011) was used to produce
an abundance graph of bacterial genera for each
rodent individual. Alpha diversity was estimated
using the Shannon index and plots of diversity
indices were done using the phyloseq package
(McMurdie & Holmes, 2013).

RESULTS

A total of 16 rodent individuals (15 adult; 1
juvenile) belonging to six different species from
various study sites were used in this study (Table
1). Among the sites, Sungai Sibau Kapit had the
highest number of rodent captures, with a total
of five individuals. For the lowest number of
sampled rodents, Gunung Gading National Park
and Lambir Hills National Park recorded only
two individuals each. Furthermore, Sungai Sibau
Kapit had the highest diversity as four species
were caught during rodent sampling. In contrast,
Gunung Gading National Park recorded just one
species. The phylogenetic tree and genetic
distances between rodent’s species (K2P)
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confirm the species identification of the wild
rodents (Table 2; Figure 2).

The combined gut microbiome of all rodent
individuals was distinguished at different
taxonomic levels (Figure 3). After filtering, the
average read length of all sequences of bacteria
were around 1,500 bp. Overall, the most
abundant phylum across all rodent species is
Bacillota (formerly Firmicutes) which represents
around 78% of the total abundance. The three
most dominant bacterial families belong to this
phylum, which includes Lachnospiraceae (18%),
Lactobacillaceae (20%) and Oscillospiraceae
(19%). At the genus level, a total of 1052
bacterial genera were detected, with the most
abundant consisting of Ruminococcus (12.2%),
Ligilactobacillus (8.9%), and Lactobacillus
(7.2%) (Table 3). Comparing each rodent
individual, their gut microbiome composition
did not adhere to a strict pattern (Figure 4). The
relative abundance of these predominant genera
differs from each rodent individual. In particular,
one juvenile rodent individual from Lambir Hills
National Park (L1) had genus Ligilactobacillus
(77.8%) as the most dominant genus.

The estimated alpha diversity, based on the
Shannon diversity index values, displayed
variation among the gut microbiomes of all
rodent individuals, ranging from 2.2 in Lambir
Hills National Park to 5.0 in Sungai Sibau Kapit
(Figure 5). Non-parametric Kruskal-Wallis test
was used to assess the differences between alpha
diversity according to each study site and
revealed these differences were not significant (p
<0.05).

Table 1. Number of individuals of rodent species from Gunung Gading National Park (GGNP), Lambir Hills
National Park (LHNP), Marup Atas Engkilili (MAE), Sungai Sibau Kapit (SSK) and Ulu Poi Kanowit (UPK)

Rodent Species GGNP LHNP MAE SSK UPK
Maxomys surifer 0 0 0 1 0
Maxomys tajuddini 0 0 2 1 1
Maxomys whiteheadi 2 0 1 0 0
Niviventer cremoriventer 0 1 1 2 1
Rattus tanezumi 0 0 0 0 1
Sundamys muelleri 0 1 0 1 0
Total 2 2 4 5 3
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Table 2. Average percentage of K2P genetic distance values among rodent species based on cytochrome b gene

No. Rodent Species 1 2 3 4 5 6
1 Maxomys surifer -

2 Maxomys tajuddini 14.5 -

3 Maxomys whiteheadi 12.6 9.7 -

4 Niviventer cremoriventer 16.6 16.3 15.9 -

5 Rattus tanezumi 16.5 17.3 16.5 16.2 -

6 Sundamys muelleri 17.8 18.0 17.0 17.2 15.9 -

Table 3. Relative abundance table in percentages of the top 23 most abundant bacterial genera (>1% overall
relative abundance) according to rodent species

) MaX(_)mys Mz_axorr)y_s Mz_ixomys_ Nivivgnter Rattus ) Sundamy_s overall
Bacterial Genera surifer tajuddini whiteheadi  cremoriventer tanezumi  muelleri
(n=1) (n=4) (n=3) (n=5) (n=1) (n=2)
Ruminococcus 9.69 5.68-26.8 2.59-12.5 0.76-14.2 5,54 225-404 12.2
Ligilactobacillus 0.26 0.03-0.12  0.06-0.10 0.03-77.8 0.38 0.03-0.09 8.93
Lactobacillus 11.61 3.64-9.17 11.6-25.5 0.03-1.49 466 1.00-8.11 7.19
Blautia 5.37 1.91-8.80 0.97-5.49 0.45-11.38 3.62 1.93-359 4.07
Lachnoclostridium 5.87 291-12.1 1.27-3.97 0.41-7.80 296 1.87-259 3.68
Flintibacter 3.12 1.82-5.28 0.66-2.76 0.24-2.80 6.22 3.24-480 2.80
Limosilactobacillus 1.59 0.75-5.46  2.10-4.04 0.03-4.33 6.12 1.11-342 2.62
Flavonifractor 2.18 2.40-3.48 1.31-3.00 0.22-4.00 482 243-3.79 252
Clostridium 3.57 1.09-3.05 1.09-6.40 0.34-3.03 1.90 1.11-211 219
Duncaniella 1.90 0.64-2.13 2.45-3.81 0.39-5.74 477 056-091 2.04
Klebsiella 0.06 0.38-3.35  1.00-7.38 0.07-11.9 0.09 0.06 1.89
Anaerostipes 0.96 1.41-421 0.55-1.34 0.26-6.39 155 137-231 1.72
Muribaculum 1.61 0.52-1.89 2.17-3.32 0.34-4.53 3.30 0.33-054 1.70
Prevotella 0.68 0.37-2.80 0.83-4.52 0.06-2.80 3.38 154-272 159
Romboutsia 4.85 0.02-4.06 0.02-11.1 0.01-1.65 0.13 0.03-0.14 1.49
Lacrimispora 1.03 0.92-3.13  0.20-1.45 0.40-2.82 1.53 1.10-340 1.48
Escherichia 0.31 0.29-3.13 0.84-1.71 0.13-3.73 0.18 0.16-0.27 1.43
Intestinimonas 2.26 1.01-2.23 0.52-2.35 0.10-1.44 1.85 1.82-1.86 1.35
Lachnospira 0.82 0.21-3.42 0.07-0.29 0.06-3.98 0.77 0.63-1.39 1.16
Phascolarctobacterium  0.74 0.00-3.59  0.00-5.61 0.00-0.17 0.00 0.69-2.25 1.08
Bacillus 1.06 0.79-1.28 0.82-1.08 0.98-1.55 1.11 0.61-1.03 1.07
Bacteroides 1.92 0.25-2.63 0.87-3.62 0.28-0.94 1.02 0.38-0.61 1.06

Anaerobutyricum 0.52 0.53-3.47 0.14-0.87 0.12-2.69 1.18 0.64-1.26 1.00
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Figure 2. Maximum-Likelihood phylogenetic tree of sequenced rodent individuals highlighted in blue font. Red
diamonds indicate nodes with bootstrap values >90. (PM = Peninsular Malaysia, BO = Borneo, nBO = North
Borneo, nwBO = Northwest Borneo, neBO = Northeast Borneo, wBO = West Borneo, eBO = East Borneo)
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Figure 3. Sankey chart of combined gut microbiome composition of all rodent individuals (n = 16) according to
different taxa levels. Only bacterial genera with relative abundance of >1% were shown. Number above nodes

indicate the number of reads assigned for each taxon
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Figure 5. Box plot of Shannon diversity index of the gut microbiome of rodent individuals across different study
sites
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DISCUSSION

The gut microbiomes across different rodent
individuals have shown patterns of variation,
indicating the presence of distinct bacterial
communities. Various factors, including dietary
preferences, host genetics, and environmental
exposures, have been reported to contribute to
the observed heterogeneity (Campbell et al.,
2012; Maurice et al., 2015). However, a
consistent  finding throughout all these
microbiomes is the dominance of the Bacillota
phylum. Similarly, recent studies have identified
Bacillota, previously recognised as Firmicutes,
as one of the most abundant bacterial phyla
within the gut microbiota of wild rodents
(Weldon et al., 2015; Jahan et al., 2021). These
microbes are commonly found within the
mammalian gut microbiota, contributing to the
regulation of the host’s immune system and the
development of the gut epithelium (Leser &
Mglbak, 2009).

One of the most abundant bacterial family
observed in the gut microbiota of rodents was
Oscillospiraceae. This family is also recognised
as Ruminococcaceae, which is considered as a
heterotypic synonym to Oscillospiraceae
(Euzéby, 2010). Members of this bacterial
family, alongside Lachnospiraceae, are common
in the gut environment and plays a vital role in
digestion and nutrient absorption. They were
found to be specialised for degrading complex
plant material through enzymatic activities
(Biddle et al., 2013). The genus Ruminococcus,
belonging to the family Oscillospiraceae, is the
most abundant genus observed across all rodent
individuals.  Studies have shown that
Ruminococcus is a constituent of the rodent core
gut bacteria based on their significant abundance
(Wang et al., 2019). The high prevalence of this
bacteria observed in wild rodents could have
potential importance to their feeding behaviours
(e.g., Kohl etal., 2022). Forest rodents in Borneo
have very specialised diets and lifestyles
(Phillipps & Phillipps, 2018). Since most of the
rodent species found in this study typically
inhabit forested areas, the presence of
Ruminococcus may suggest that the readily
abundant vegetation leads them to consume a
substantial amount of plant material.

Lachnospiraceae is also a prominent bacterial
family and is represented by multiple genera at
varying abundances. Among these, the genus
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Blautia was observed as the most highly present
genus. Liu et al. (2021) have highlighted the
nutritional benefits of some Blautia species for
their probiotic properties in mammals. However,
they have also stated that further research is
required due to the lack of comprehensive
review concerning this genus. Although it was
observed at relatively low abundance, another
noteworthy bacterial genus within the same
Lachnospiraceae family is Anaerobutyricum.
Similar to Blautia, certain strains of
Anaerobutyricum could potentially serve as
probiotics, and recent studies have undergone
preclinical testing in mice models for medical
use (Wortelboer et al., 2022). The presence of
various Lachnospiraceae members within the gut
microbiota suggests their pivotal role as a
component of the bacterial community, and
further research on the significance of this family
could contribute to advancements in wildlife and
humans in general.

Another dominant bacterial family is
Lactobacillaceae which recorded the highest
abundance for the overall combined gut
microbiome of wild rodents. This family
represents the lactic acid bacteria that are
responsible for metabolising lactose within the
gut environment (Kénig & Frohlich, 2017). This
includes the genus Lactobacillus which were
found to be significantly higher in
reproductively active wild female rodents
(Maurice et al.,, 2015). Notably, the gut
microbiota of a  juvenile  Niviventer
cremoriventer individual from Lambir Hills
National Park was observed to be predominantly
Ligilactobacillus, another genus from the family
Lactobacillaceae that was formerly known as the
Lactobacillus salivarius group (Zheng et al.,
2020). It is possible that Ligilactobacillus could
share similar properties with Lactobacillus as
lactic acid bacteria. The relative abundance of
Ligilactobacillus in the other adult N.
cremoriventer individuals were noticeably lower
(0% to 39.8%) than the juvenile individual
(77.8%). The prevalence of this genus in the gut
of the young rodent could imply its significance
during infancy, potentially contributing to the
digestion of maternal milk.

Several potentially pathogenic bacterial
genera were detected at low abundance in
multiple rodent individuals from various
localities. This includes Bacillus, Bacteroides,
Clostridium, and Escherichia. Certain species
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from these genera are considered pathogenic to
humans as they can cause illnesses and can be
transmitted to both humans and animals through
multiple pathways (e.g., direct contact with
infected animals or ingestion of contaminated
food or water) (Wexler, 2007; Erickson, 2016;
Carlson et al., 2019; Fagre et al., 2022). While
the combined abundance of these bacteria is
lower than that of the other bacterial taxa, their
prevalence in all wild rodent individuals
indicates the potential existence of a commensal
relationship between them. These bacteria may
possess the capability to coexist within the
established bacterial community in the rodent
gut microbiota, capitalising on the nutrient-rich
environment derived from the gut microbiota
(Bédumler & Sperandio, 2016). Nevertheless,
rodents are recognised as reservoir hosts for
pathogenic bacteria, and conducting specific
analyses that emphasise the prevalence of
pathogenic bacteria occurring at low abundances
could lead to a better understanding of their
transmission dynamics.

The interactions between specific
environmental factors and the composition of the
wild rodent gut microbiome remains largely
unknown. Shifting the focus towards the dietary
behaviours and the vegetation composition of
the natural habitat would help determine the
factors that contribute to the variations in the gut
microbial communities within mammals (e.g.,
Fan et al., 2022). However, it is apparent that the
host rodent species plays a substantial role in
shaping their gut microbiota. For instance, in
Maxomys species, Lactobacillus is one of the
most dominant taxa with a relative abundance
ranging from 3.64% to 25.50%. In contrast, for
other rodent genera (Niviventer, Sundamys and
Rattus), the relative abundance of Lactobacillus
falls between 0.03% to 8.11%. Anders et al.
(2021) reported similar findings, noting clear
differences in the gut microbiome compositions
among three wild rodent species (Apodemus
speciosus, A. argenteus and Myodes rufocanus).
The monophyletic relationship among Maxomys
individuals implies that the phylogenetic
similarity of rodent species may reflect their gut
microbiome composition. According to Wang et
al. (2022), gut microbiota among individuals of
the same species from two distant locations are
more similar, compared to individuals of closely
related species within the same geographical
area. However, the habitats are similar overall,
with the main differences being in annual
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temperature and precipitation. Nevertheless, due
to the higher number of rodent individuals within
genus Maxomys, this assumption needs to be
treated with caution. On the other hand, the life
stage of the rodents seems to affect their gut
microbiota based on the observed low alpha
diversity exhibited by the juvenile N.
cremoriventer individual from Lambir Hills
National Park. As highlighted by Fenn et al.
(2023), microbiome alpha diversity increases
with age for wild rodents as there is a positive
shift in species richness. This pattern might arise
due to the incomplete development of the
bacterial community within the gut environment
of young rodents.

The characterisation of the combined core gut
microbiota in this study may not accurately
reflect the microbiome composition of distinct
rodent species. Given the non-invasive nature of
faecal sampling, it is recommended to obtain a
larger sample size that encompasses a diverse
range of wild rodent species and accounts for
different life stages. This approach would yield
a more comprehensive understanding on the
dynamics of the host-specific core gut
microbiome, especially with an increased
number of representatives for each species.
Furthermore, including more localities with
distinct habitat types and incorporating
additional  environmental data into the
characterisation of the rodents’ gut microbiome
would provide insights into the constituents that
influence the structure of the bacterial
community (e.g., Lobato-Bailén et al., 2023).
Determining the effects of distinct habitats on
the rodent gut microbiome could have
significant implications for zoonotic disease
risks, as certain environmental factors may
potentially influence pathogenic bacteria
transmission.

CONCLUSION

This study effectively characterises the gut
microbiome of multiple wild rodents inhabiting
forested areas in Sarawak, Borneo as bacteria
with high relative abundance hold potential as
core constituents of the rodent gut microbiome.
Furthermore, it appears that the gut microbiome
composition of wild rodents is influenced by the
host rodent species and their life stages, as
evidenced by the abundance patterns of certain
bacterial taxa.



Azmi et al. 2024

ACKNOWLEDGEMENTS

The authors sincerely thank Sarawak Research
and Development Council for their funding and
support (GL/FO7/SRDC/05/2021;
RDCRGO02/CAT/2020/_33), and  Sarawak
Forestry Corporation for the permission to
conduct our work in Sarawak (Permit No.
SFC.810-4/6/1 (2021) and Park Permit No. WL
21/2021). We also thank Faculty of Resource
Science and Technology at Universiti Malaysia
Sarawak (UNIMAS) and its staff for assisting in
logistics and laboratory support. UNIMAS also
supported some of the authors through the
Zamalah Graduate Scholarship and Postgraduate
Research Grant (FO7/PGRG/2046/2020). Lastly,
we are thankful for FAAK lab members for their
cooperation and commitment during the
sampling process for this study. The substance of
this manuscript was submitted by MAIA to the
Faculty of Resource Science and Technology,
Universiti  Malaysia Sarawak as partial
fulfilment of the M.Sc. degree in Zoology.

REFERENCES

Anders, J.L., Moustafa, M.A.M., Mohamed, W.M.A.,
Hayakawa, T., Nakao, R., & Koizumi, 1. (2021).
Comparing the gut microbiome along the
gastrointestinal tract of three sympatric species of
wild rodents. Scientific Reports, 11(1), 199209.
DOI:10.1038/s41598-021-99379-6

Archie, E.A., & Tung, J. (2015). Social behavior and
the microbiome. Current Opinion in Behavioral
Sciences, 6: 28-34. DOl:
10.1016/j.cobeha.2015.07.008

Baumler, A.J., & Sperandio, V. (2016). Interactions
between the microbiota and pathogenic bacteria in
the gut. Nature, 535(7610): 85-93.
DOI:10.1038/nature18849

Bickham, JW., Wood, C.C., & Patton, J.C. (1995).
Biogeographic implications of cytochrome b
sequences and allozymes in  sockeye
(Oncorhynchus nerka). Journal of Heredity,
86(2): 140-144.
DOI:10.1093/oxfordjournals.jhered.a111544

Biddle, A., Stewart, L., Blanchard, J., & Leschine, S.
(2013). Untangling the genetic basis of fibrolytic
specialization by  Lachnospiraceae  and
Ruminococcaceae in diverse gut communities.
Diversity, 5(3): 627-640. DOI:10.3390/d5030627

Campbell, J.H., Foster, C.M., Vishnivetskaya, T.,
Campbell, A.G., Yang, Z.K., Wymore, A,

Rodent Gut Microbiomes in Sarawak Forests 198

Palumbo, A.V., Chesler, E.J., & Podar, M. (2012).
Host genetic and environmental effects on mouse
intestinal microbiota. The ISME Journal, 6(11):
2033-2044. DOI:10.1038/ismej.2012.54

Carlson, CJ., Kracalik, I.T., Ross, N., Alexander, K.A.,
Hugh-Jones, M.E., Fegan, M., EIkin B.T., Epp, T.,
Shury, T.K., Zhang, W., Bagirova, M., Getz,
W.M., & Blackburn, J.K. (2019). The global
distribution of Bacillus anthracis and associated
anthrax risk to humans, livestock and
wildlife. Nature Microbiology, 4(8), 1337-1343.
DOI:10.1038/s41564-019-0435-4

Coyte, K.Z., & Rakoff-Nahoum, S. (2019).
Understanding competition and cooperation
within the mammalian gut microbiome. Current

Biology, 29(11): R538-R544.
DOI:10.1016/j.cub.2019.04.017
Erickson, M.C. (2016). Overview: Foodborne

pathogens in wildlife populations. In: Jay-Russell,
M., & Doyle, M.P. (eds.), Food Safety Risks from
Wildlife: Challenges in Agriculture,
Conservation, and Public Health. Cham:
Springer. pp. 1-30. DOI:10.1007/978-3-319-
24442-6 1

Euzéby, J. (2010). List of new names and new
combinations previously effectively, but not
validly, published. International Journal of
Systematic and Evolutionary Microbiology, 60(3):
469-472. DOI:10.1099/ijs.0.022855-0

Fagre, A.C., Cohen, L.E., Eskew, E.A., Farrell, M.,
Glennon, E., Joseph, M.B., Frank, H.K., Ryan,
SJ., Carlson, CJ., & Albery, G.F. (2022).
Assessing the risk of human-to-wildlife pathogen
transmission  for conservation and public
health. Ecology  Letters, 25(6),  1534-1549.
DOI:10.1111/ele.14003

Fan, C., Zhang, L., Jia, S., Tang, X., Fu, H., Li, W.,
Liu, C., Zhang, H., Cheng, Q., & Zhang, Y.
(2022). Seasonal variations in the composition
and functional profiles of gut microbiota reflect
dietary changes in plateau pikas. Integrative
Zoology, 17(3): 379-395. DOI:10.1111/1749-
4877.12630

Fenn, J., Taylor, C., Goertz, S., Wanelik, K.M.,
Paterson, S., Begon, M., Jackson, J., & Bradley, J.
(2023). Discrete patterns of microbiome
variability across timescales in a wild rodent
population. BMC Microbiology, 23(1): 1-17.
DOI:10.1186/s12866-023-02824-x

Gani, M., Mohd-Ridwan, A.R., Sitam, F.T.,
Kamarudin, Z., Selamat, S.S., Awang, N.M.Z.,
Karuppannan, K.V., & Md-Zain, B. M. (2024).



Azmi et al. 2024

Habitat shapes the gut microbiome diversity of
Malayan tigers (Panthera tigris jacksoni) as
revealed through metabarcoding 16S rRNA
profiling. World Journal of Microbiology and
Biotechnology, 40(4), 111. DOI:10.1007/s11274-
023-03868-x

Hou, K., Wu, Z.X., Chen, X.Y., Wang, J.Q., Zhang,
D., Xiao, C., Zhu, D., Koya, J.B., Wei, L., Li, J.,
& Chen, Z.S. (2022). Microbiota in health and
diseases. Signal Transduction and Targeted
Therapy, 7(1): 135. DOI:10.1038/s41392-022-
00974-4

Jahan, N.A., Lindsey, L.L., Kipp, E.J., Reinschmidt,
A., Heins, B.J., Runck, A.M., & Larsen, P.A.
(2021). Nanopore-based surveillance of zoonotic
bacterial pathogens in farm dwelling peridomestic
rodents. Pathogens, 10(9): 1183.
DOI:10.3390/pathogens10091183

Jose, L., Lee, W., Hanya, G., Tuuga, A., Goossens, B.,
Tangah, J., Matsuda, I., & Kumar, V.S. (2024).
Gut microbial community in proboscis monkeys
(Nasalis larvatus): Implications for effects of
geographical and social factors. Royal Society
Open Science, 11(7), 231756.
DOI:10.1098/rs0s.231756

Kerfeld, C.A., & Scott, K.M. (2011). Using BLAST to
teach “E-value-tionary” concepts. PL0S Biology,
9(2): e1001014.
DOI:10.1371/journal.pbio.1001014

Khairulmunir, M., Gani, M., Karuppannan, K.V.,
Mohd-Ridwan, A.R., & Md-Zain, B.M. (2023).
High-throughput DNA  metabarcoding  for
determining the gut microbiome of captive
critically endangered Malayan tiger
(Pantheratigrisjacksoni) during
fasting. Biodiversity Data Journal, 11, e104757.
DOI:10.3897/BDJ.11.104757

Kimura, M. (1980). A simple method for estimating
evolutionary rate of base substitutions through
comparative studies of nucleotide sequences.
Journal of Molecular Evolution, 16: 111-120.
DOI:10.1007/BF01731581

Kinross, J.M., Darzi, A\W., & Nicholson, J.K. (2011).
Gut microbiome-host interactions in health and
disease. Genome Medicine, 3: 1-12.
DOI:10.1186/gm228

Kohl, K.D., Dieppa-Colén, E., Goyco-Blas, J., Peralta-
Martinez, K., Scafidi, L., Shah, S., Zawacki, E.,
Barts, N., Ahn, Y., Hedayati, S., Secor, S.M., &
Rowe, M.P. (2022). Gut microbial ecology of five
species of sympatric desert rodents in relation to
herbivorous and insectivorous feeding strategies.

Rodent Gut Microbiomes in Sarawak Forests 199

Integrative and Comparative Biology, 62(2): 237-
251. DOI:10.1093/icb/icac045

Koénig, H., & Fréhlich, J. (2017). Lactic acid bacteria.
In: Konig, H., Unden, G., & Frohlich, J. (eds.),
Biology of Microorganisms on Grape, in Must and
in  Wine. Cham: Springer. pp. 3-41.
DOI:10.1007/978-3-319-60021-5

Leser, T.D., & Mglbak, L. (2009). Better living
through microbial action: the benefits of the
mammalian gastrointestinal microbiota on the
host. Environmental Microbiology, 11(9): 2194-
2206. DOI:10.1111/j.1462-2920.2009.01941.x

Liu, X., Mao, B., Gu, J., Wu, J., Cui, S., Wang, G.,
Zhao, J., Zhang, J., & Chen, W. (2021). Blautia—
a new functional genus with potential probiotic
properties? Gut Microbes, 13(1): 1875796.
DOI:10.1080/19490976.2021.1875796

Lobato-Bailon, L., Garcia-Ulloa, M., Santos, A,
Guixé, D., Camprodon, J., Florensa-Rius, X.,
Molleda, R., Manzano, R., Ribas, M.P., Espunyes,
J., Dias-Alves, A., Marco, |., Migura-Garcia, L.,
& Martinez-Urtaza, J. (2023). The fecal bacterial
microbiome of the Kuhl’s pipistrelle bat
(Pipistrellus ~ kuhlii) reflects  landscape
anthropogenic pressure. Animal Microbiome,
5(1): 1-14. DOI:10.1186/s42523-023-00229-9

Maurice, C.F., Knowles, S.C., Ladau, J., Pollard, K.S.,
Fenton, A., Pedersen, A.B., & Turnbaugh, P.J.
(2015). Marked seasonal variation in the wild
mouse gut microbiota. The ISME Journal, 9(11):
2423-2434. DOI:10.1038/ismej.2015.53

McMurdie, P.J., & Holmes, S. (2013). phyloseq: An R
package for reproducible interactive analysis and
graphics of microbiome census data. PloS ONE,
8(4): 61217. DOI:10.1371/journal.pone.0061217

Mohd-Y usof, N.S., Abdul-Latiff, M.A.B.,
Badrulisham, A.S., Othman, N., Yaakop, S., Md-
Nor, S., & Md-Zain, B.M. (2022). First report on
metabarcoding analysis of gut microbiome in
Island Flying Fox (Pteropus hypomelanus) in
island populations of Malaysia. Biodiversity Data
Journal, 10, €69631.
DOI:10.3897/BDJ.10.669631

Payne, J., Francis, C.M., & Phllipps, K. (1985). A field
guide to the mammals of Borneo. Kota Kinabalu:
The Sabah Society.

Perlman, D., Martinez-Alvaro, M., Morais, S.,
Altshuler, 1., Hagen, L.H., Jami, E., Roehe, R.,
Pope, P.B., & Mizrahi, I. (2022). Concepts and
consequences of a core gut microbiota for animal
growth and development. Annual Review of



Azmi et al. 2024

Animal Biosciences, 10: 177-201.
DOI:10.1146/annurev-animal-013020-020412

Phillipps, Q., & Phillipps, K. (2018). Phillipps field
guide to the mammals of Borneo. 2nd Edition.
Oxford, UK: John Beaufoy Publishing.

Risely, A. (2020). Applying the core microbiome to
understand host-microbe systems. Journal of
Animal Ecology, 89(7): 1549-1558.
DOI:10.1111/1365-2656.13229

Sariyati, N.H., Othman, N., Abdullah-Fauzi, N.A.F.,
Chan, E., Md-Zain, B.M., Karuppannan, K.V., &
Abdul-Latiff, M.A.B. (2024). Characterizing the
gastrointestinal ~ microbiome  diversity  in
endangered Malayan Siamang (Symphalangus
syndactylus): Insights into group composition, age
variability and sex-related patterns. Journal of
Medical Primatology, 53(5), e12730.
DOI:10.1111/jmp.12730

Sharon, 1., Quijada, N.M., Pasolli, E., Fabbrini, M.,
Vitali, F., Agamennone, V., Détsch, A,
Selberherr, E., Grau, J.H., Meixner, M., Liere, K.,
Ercolini, D., de Filippo, C., Caderni, G., Brigidi,
P., & Turroni, S. (2022). The core human
microbiome: Does it exist and how can we find It?
A critical review of the concept. Nutrients, 14(14):
2872. DOI:10.3390/nu14142872

Taudiére, A. (2023). MiscMetabar: Miscellaneous
functions for metabarcoding analysis. Retrieved
January 16, 2024, from
https://github.com/adrientaudiere/MiscMetabar.

Teng, Y., Yang, X,, Li, G., Zhu, Y., Zhang, Z. (2022).
Habitats show more impacts than host species in
shaping gut microbiota of sympatric rodent
species in a fragmented forest. Frontiers in
Microbiology, 13: 811990.
DOI:10.3389/fmich.2022.811990

Turnbaugh, P.J., Ley, R.E., Hamady, M., Fraser-
Liggett, C.M., Knight, R., & Gordon, J.I. (2007).
The human microbiome project. Nature,
449(7164): 804-810. DOI:10.1038/nature06244

Valdes, A.M., Walter, J., Segal, E., & Spector, T.D.
(2018). Role of the gut microbiota in nutrition and

Rodent Gut Microbiomes in Sarawak Forests 200

health. BMJ, 361: k2179.

DOI:10.1136/bmj.k2179

Viney, M. (2019). The gut microbiota of wild rodents:
Challenges and opportunities.  Laboratory
Animals, 53(3): 252-258.
DOI:10.1177/0023677218787538

Wang, J., Lang, T., Shen, J., Dai, J., Tian, L., & Wang,
X. (2019). Core gut bacteria analysis of healthy
mice. Frontiers in Microbiology, 10: 887.
DOI:10.1128/AEM.00794-10

Wang, Z., Zhang, C., Li, G., & Yi, X. (2022). The
influence of species identity and geographic
locations on gut microbiota of small rodents.
Frontiers in  Microbiology, 13: 983660.
DOI:10.3389/fmich.2022.983660

Weldon, L., Abolins, S., Lenzi, L., Bourne, C., Riley,
E.M., & Viney, M. (2015). The gut microbiota of
wild mice. PLoS ONE, 10(8): e0134643. DOI:
10.1371/journal.pone.0134643

Wexler, H. M. (2007). Bacteroides: The good, the bad,
and the nitty-gritty. Clinical Microbiology
Reviews, 20(4), 593-621.
DOI:10.1128/cmr.00008-07

Wickham, H. (2011). ggplot2. Wiley Interdisciplinary
Reviews: Computational Statistics, 3(2): 180-185.
DOI:10.1002/wics.147

Wortelboer, K., Koopen, A.M., Herrema, H., de Vos,
W.M., Nieuwdorp, M., & Kemper, E.M. (2022).
From fecal microbiota transplantation toward
next-generation beneficial microbes: The case of
Anaerobutyricum  soehngenii.  Frontiers in
Medicine, 9: 1077275. DOI:10.3389/fmed.2022.
1077275

Zheng, J., Wittouck, S., Salvetti, E., Franz, C.M,,
Harris, H.M., Mattarelli, P., O’Toole, P.W., Pot,
B., Vandamme, P., Walter, J., Watanabe, K.,
Wuyts, S., Felis, G.E., Génzle, M.G., & Lebeer, S.
(2020). A taxonomic note on the genus
Lactobacillus: Description of 23 novel genera,
emended description of the genus Lactobacillus
Beijerinck 1901, and union of Lactobacillaceae
and Leuconostocaceae. International Journal of
Systematic and Evolutionary Microbiology, 70(4):
2782-2858. DOI:10.1099/ijsem.0.004107



Borneo Journal of Resource Science and Technology (2024), 14(2): 201-209
DOI: https:doi.org/10.33736/bjrst.6293.2024

Chemistry Profile and Biological Activity of Campnosperma auriculatum
Extracts

RINI MUHARINI™, IRA LESTARI, ERSANDO!, MASRIANI, YANA AISYA PUTRIY,
FEBRILIA GERINA?!, ANTONIUS RB OLA?
1Study Program of Chemistry Education, Faculty of Teacher Training and Education, Tanjungpura University,
Pontianak, Indonesia; 2Chemistry Department, Faculty of Science and Engineering, University of Nusa Cendana,
Kupang, Indonesia

*Corresponding author: rini.muharini@fkip.untan.ac.id
Received: 21 November 2023~ Accepted: 24 July 2024  Published: 31 December 2024

ABSTRACT

As our ongoing investigation for bioactive natural products from tropical plant, we performed preliminary study
on one of important tropical plants in West Kalimantan, Terentang putih, Campnosperma auriculatum. The aims
were to determine effective solvent used for extraction, chemistry profile, total phenolic content, free-radical
scavenging, cytotoxicity, and anti-termite activities of leaves, stems, and roots extracts of C. auriculatum.
Variation of solvent for extraction was selected based on its polarisation, namely, ethanol, ethyl acetate, and n-
hexane. The effectiveness of solvent was determined by observing the rendemen of each extract, where amount of
sample and solvent volume, duration of extraction, temperature, and maceration technique were controled.
Determination of total phenolic content was performed using Folin-Ciocalteu method. 1Csp value for free-radical
scavenging activity was calculated by plotting standard concentration and absorption data observed through DPPH
method. Cytotoxicity evaluation was performed to each ethanolic extract against 4T1 cancer cell line using MTT
assay. Anti-termite activity was conducted against Coptotermes curvignathus by calculating percentage of termite
mortality and paper weight loss. This research showed that ethanol solvent was the most effective extraction
solvent giving the highest yield in each part of plant. Phytochemically, all extracts showed that they contain
phenolics and alkaloids. Ethanolic extract of stems showed the highest total phenolic content with 737.6 + 0.56
ppm (GAE) and the most active as free-radical scavenger with ICso value of 135.51 + 0.91 ppm. Meanwhile, the
roots extract exhibited pronounce cytotoxicity toward 4T1 cancer cell line with 1Cso value of 1.55 + 3.29 pg/ml
and high selectivity index. Furthermore, the roots extract displayed most active as anti-termite as well as
antifeedant. Hitherto, this study is the first report on phytochemistry and biological activity from leaves, stems,
and roots of C. auriculatum. Moreover, this plant can be explored further for its potential on medicinal and
agricultural industries.

Keywords: Anti-proliferative, anti-termite, Campnosperma auriculatum, free-radical scavenging, phytochemical
investigation
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INTRODUCTION

Campnosperma  auriculatum, known  as
Terentang putih by local, is one of tropical plants
found abundant on peat swamp forest of primary
forest in West Kalimantan. Beside for its wood,
local people traditionally used young leaves of
this plant for treating burn skin. In Johor, shoots
and roots were prepared for treating coughing
with blood (Sabran et al., 2016). Meanwhile,
leaves and roots were used as herbal remedies
forstomach ache and headache (Ismail et al.,
2015). The oil produced from the wood was
reported having irritation effect on skin (Sanusi
et al., 2018)

To the best of our knowledge, there is little
information related with secondary metabolites
and its bioactivity from C. auriculatum. The
only information about chemical compounds
from C. auriculatum was from Lamberton’s
research dated back more than 60 years ago. It
mentioned the isolation of a 5-hydroxy-
cyclohex-2-en-one from C. auriculatum oil
(Lamberton, 1958). This type of alkyl-
hydroxycyclohexenones was reported also to be
found in Campnosperma zeylanica Thwaites
leaves (Edireweera et al., 2018). The
compounds were campnospermenone A, B, and
C, in which exhibited promising
antiproliferative towards several breast cancer
cell lines (Edireweera et al., 2018).
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As our ongoing exploration and investigation
on bioactive compound from tropical plant, we
performed preliminary study on C. auriculatum
collected at Sungai Pinang village, Melawi
district, West Kalimantan. This paper described
the extraction results on leaves, stems, and roots
of C. auriculatum by using different polarity
solvents, determination of total phenolic
contents, free-radical scavenging activity, and
anti-termite properties of each ethanolic extract.

MATERIALS AND METHODS

Plant Material Preparation and Extraction

The leaves, stems, and roots of C. auriculatum
were collected in October 2020 at Sungai Pinang
village, Melawi district, West Kalimantan. Its
specimens were determined and deposited at
Herbarium Bogor, Bogor, with code number B-
1559/IPH.3/KS/XI11/2020.  The  maceration
technique was performed to each part of plant
by using ethanol, ethyl acetate, and n-hexane as
solvent. Each resulted extract was concentrated
using rotary vacuum evaporator (Buchii,
Germany) and calculated for its rendement.

Chemistry Profile Evaluation

Aliguote of each extract was screened
phytochemically using several specific reagents
for phenolics, alkaloids, triterpenoids, and
steroids, as well as thin layer chromatography
(TLC) techniques with CeSO, 1.5% as a
universal TLC visualization reagent. Reverse
phase HPLC (Agilent EZChrom Elite 1220,
USA) was used to identify constituents profile
contained in each extract.

Determination of Total Phenolic Content

Total phenolic content of each extract were
determined using Folin-Ciocalteu  assay
described previously (Armania et al., 2013) with
some modification. Gallic acid was used as
comparison. The absorption data of the mixture
of each extract (10 mg/ml) with Folin-Ciocalteu
reagent was observed with uv
Spectrophotometer at A 765 nm. Measurement to
each extract was done in two replicates. Total
phenolic content was represented as milligram
gallic acid equivalent per gram extract
(mgGAE/g extract).
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Free-radical Scavenging Assay

Free-radical scavenging evaluation for each
extract were done by conducting TLC-DPPH
method described by Ciesla (2015). 1Cs values
were determined by using DPPH method
(Gulcin & Alwasel, 2023). Ascorbic acid was
used as a positive control. Correlation between
total phenolic content and antioxidant was
carried out using Pearson’s correlation with p=
0.05.

Cytotoxicity Assay

Cytotoxicity evaluation of each ethanolic extract
was conducted on 4T1 cancer cell line, a murine
mammary  carcinoma cell line  from
BALB/cfC3H mouse, using MTT assay with
modification (Damasuri et al., 2020). Each
ethanolic extract was prepared as a mixture of
one hundred pl of culture medium in various
concentration (31.25 — 500 pg/ml) on 96-well
microplate.  Cisplatin was used as positive
control. The medium culture without extract was
played as negative control. The assay was done
in triplicate. Absorbance for each well was
measured using ELISA microplate reader at A
570 nm. The absorbance values were directly
proportional to the number of live cells. The
viability was calculated using formula as in Eq.

2):

As—Ae
As—Ab

% viability = 100% — (

)x 100% Eq. (1)

where As is absorbance of cell control, Ae is
absorbance of extract, and Ay is absorbance of
media control. 1Csp values were determined by
probit analysis on log concentrations and
percentage of viability. The selectivity index
(SI) was determined by comparing ICs ratio in
Vero cell versus 4T1 cells (Rollando et al.,
2022). Selectivity index will be considered high
when its value is higher than 3.

Anti-termite Assay

Anti-termite evaluation was performed by
feeding termites Coptotermes curvignathus with
filter paper Whatman No.l1 (d = 3 cm)
impregnated with extract using previously
described procedure (Adfa et al., 2017) with
slight modification. About 30 workers and 3
soldiers of termites were employed. Negative
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control was Whatman filter paper without
extract. Each day, termite condition was
checked. After 21 days, the number of dead
termites were calculated for its percentage
mortality with formula as in Eq. (2):

% termite mortality =
number of dead termites after treatment

number of termites before treatment

x 100% Eq. (2)

In the same time, percentage of paper weight
loss was determined to observe how many
termites consumed their food. It can be
calculated using Eq. (3):

% paper weight loss =
paper weight before treatment—paper weight after treatment

berapaper weight before treatment

x 100% Eq. (3)

Finally, calculation of absolute antifeedant
coefficient for each extract experiment was
performed in order to determine antifeedant
activity with formula as in Eq. (4):

_ KK—EE
~ KK+EE

x 100% Eq. (4)

where A is absolute antifeedant coefficient, KK
is paper weight loss of control paper, EE is paper
weight loss of extract impregnated paper.

Statistics Analysis

All measurements were done in replication. Data
represented as a mean and a standard deviation.
The mean difference between obtained data
were determined using t-test with p value < 0.05.

RESULTS AND DISCUSSION

Extraction’s process began with preparation of
leaves, stems, and roots of C. auriculatum as
dried powder 165.0, 579.9, and 135.0, g
respectively. Each sample was divided equally
to be macerated with ethanol, ethyl acetate, and
n-hexane to give nine extracts all together
(Figure 1). The volume of solvent, maceration
duration, and number of shaking the mixture
were controlled and made to be exactly the same
with each other. Therefore, the effect of given
solvent can be observed.

Ethanol, ethyl acetate, and n-hexane extract
of each sample were analysed by comparing its
rendements and phytochemical profiles. Based
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on rendement, ethanol extract gave the highest
yield compared to ethyl acetate and n-hexane
extract (Table 1). Theorytically, organic solvent
will take secondary metabolites with similar
polarity out from plant cell tissue (Sticher,
2008), in which ethanol, as universal polar
organic solvent, is able to extract almost all
secondary metabolites contained in plant cell.
This is related with the size of ethanol that small
enough to break the membrane of plant cell
(Tzanova et al., 2020). Further analysis on
rendement of each extract obtained that
ethanolic extract from C. auricalatum roots gave
the highest rendement with 8.31%, indicating
roots part contained the highest content of
secondary metabolites. This data suggested that
C.auriculatum likely deposited its secondary
metabolites more in roots part other than leaves
or stems. Moreover, rendement analysis showed
that leaves possessed more semi polar to non
polar compounds than polar compounds. The
yield of ethyl acetate extract from leaves was
quite similar to ethanol extract, whereas its n-
hexane extract gave more than 2%. Thus, C.
auriculatum stems and roots were suggested to
have more polar compounds rather than non
polar compounds (Table 1). This suggestion was
supported by TLC and HPLC chromatogram
analyses on each extract.

Phytochemical screening test showed that the
leaves possessed phenolic, alkaloid, terpenoids,
and steroids (Table 2). The existence of
terpenoids and steroids in leaves was
particularly detected in ethyl acetate and n-
hexane extracts. The roots extract showed that
phenolics and alkaloids were dominant
secondary metabolites in this part of plant.
Previous study reported that secondary
metabolites isolated from genus
Campnospermae were phenolics and terpenoids.
They were lanaroflavon (1), a flavonoid isolated
from C. panamese leaves (Weniger et al., 2004);
campnospermenone A (2), campnospermenone
B (3), campnospermenone C (4), isolated from
C. zeylanica Thwaites leaves (Ediriweera et al.,
2018); and 5-hydroxy-cyclohex-2-en-one (5),
isolated from C. auriculatum oil (Lamberton,
1958) (Figure 2). Thus, the finding of the
existence of alkaloids, where it is prevailing in
root part of C. auriculatum, becomes new
phytochemical information for this genus.
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leaves, stems, & roots of Campnosperma

auriculatum dried powder

divided equally

macerated with
ethanol, 3x24h

macerated with ethyl
v acetate, 3x24h 3x24h

ethanol extract of
leaves, stems, & roots

ethyl acetate extract of
leaves, stems, & roots

n-hexane extract of

leaves, stems, & roots

Figure 1. Procedure scheme of leaves, stems, and roots of C. auriculatum extraction

Table 1. Rendement yield of each extract

204

macerated with n-hexane,

Part of plant Extract Amount (g) Rendement (%)
leaves Ethanol 3.68 6.69
Ethyl acetate 3.35 6.08
n-Hexane 1.64 2.98
stems Ethanol 3.36 1.73
Ethyl acetate 0.63 0.32
n-Hexane 0.58 0.30
roots Ethanol 3.74 8.31
Ethyl acetate 0.98 2.19
n-Hexane 0.19 0.43

Table 2. Phytochemical screening result using several specific reagents towards each extract

Extracts” Specific Reagent**

a b c d
CDE + + ++ -
CDA ++ + + +
CDH - ++ + +
CBE ++ + - -
CBA + + - -
CBH - ) + _
CAE ++ +++ - .
CAA ++ +++ - -
CAH - + - -

*CDE = ethanol leaves extract, CDA = ethyl acetate leaves extract, CDH = n-hexane leaves extract, CBE = ethanol stems

extract, CBA = ethyl acetate stems extract, CBH = n-hexane stems extract, CAE = ethanol roots extract, CAA = ethyl acetate
roots extract, CABH = n-hexane roots extract
**a = FeCls 5% reagent; b = Mayer reagent; ¢ = salkowsky reagent; d = liebermann-burchad reagent; +, ++, +++ = positive
result with increasing concentration; - = negative result
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OH

Figure 2. Reported compounds isolated from genus Campnospermae

Thin layer chromatography (TLC) technique
was performed to analyse chromatogram profile
from each extract. Two eluent systems with
different polarity (n-hexane — ethyl acetate, 8 :
2; chloroform 100%) were used to give better
understanding on TLC chromatogram. The
chromatogram showed that ethanolic leaves
extract differed than that ethanolic stems and
roots extracts, by giving spots on non polar
region with retention factor above 0.7 (Figure
3). Further, the HPLC chromatogram profile of
each ethanolic extract showed similar pattern

(Figure 4), particularly for roots and stems
extracts. Meanwhile, ethanolic leaves extract
chromatogram slightly differed by showing
overlapping peaks at retention time 12.5 — 15
minutes (more non polar region). Combining
this data with phytochemical screening’s result
gave facts that phenolics and alkaloids detected
in each extract possessed similar polarity and
variation. Meanwhile, peaks at retention time
12.5 — 15 minutes in ethanolic leaves extract’s
chromatogram might belong to terpenoids or
steroids.

Figure 3. TLC chromatogram for ethanol extract of roots (CAE), leaves (CDE), dan stems (CBE) after spraying
with CeSO4 1.5% with eluent sistem n-hexane — ethyl acetate, 8 : 2 (a), and chloroform 100% (b)
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Figure 4. HPLC profile of ethanol roots (a), stems (b), and leaves (c) extracts

Total phenolic content (TPC) from ethanol
stems extract was higher than from the ethanol
roots and leaves extract. This finding was
interesting because FeCls; 5% test for phenolics
of the stems extract showed less intense color
than from the roots. In this case, this proved that
TPC determination is important to describe
guantitatively the amount of phenolics in the
plant extract.

Antioxidant evaluation was performed using
DPPH assay and showed that ethanol extract of
stems and roots exhibited potential antioxidant
activity with 1Cso values of 135.66 and 194.54
ppm (Table 3). Free-radical scavenging activity
of an extract or a compound was reported to
have strong correlation with other biological
activities, such as cytotoxicity,

antiinflammation, antidiabetes, anticancer, and
antiviral (Lesjak et al., 2018; Grigalius et al.,
2017). In this case, both extracts were predicted
to show good results in other bioactivity assays.
Therefore, further bioactivity evaluation toward
these extracts was necessary to be performed.
Correlation analysis between free-radical
scavenging activity and total phenolic content of
these extracts indicated that there was strong
correlation between both variable (r = -0.93).
This data indicated that phenolics contained in
leaves, stems, and roots of C. auriculatum were
responsible for radical scavenging activity
showed by these extracts. Thus, this study
showed that phenolics contribute on free-radical
scaveging activity in the plant extract (Muharini,
2021).
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4T1 breast cancer cell line is one type of
breast cancer cell that commonly used in
preclinical research, particularly for studying
breast cancer metastasis (Nakayama et al.,
2021). Cytotoxic activity could be categorized
into four groups. They are high cytotoxic (ICso <
20 pg/ml), moderate cytotoxic (21 pg/ml < ICsp
<200 pg/ml), weak cytotoxic (201 pg/ml < ICsg
< 500 pg/ml), and no cytotoxic activity (ICsp >
500 pg/ml) (Damasuri et al., 2020). Based on
this classification, the evaluation result showed
that ethanol roots extract exhibited high
cytotoxicity, stems extract possessed moderate
cytotoxicity, and leaves extract is inactive
toward 4T1 cancer cell lines (Table 4).
Nevertheless, both roots and stems extracts
possessed high selectivity with SI index more
than three. Thus, the result indicated that latter
extracts has  pronounce potential  for
biopharmaceutical purposes.

Campnosperma auriculatum plant is woody
plant used by local for furniture and traditional
house floor because it sustains toward termites.
The activity of anti-termite was classified into
seven categories as very strong (mortality (m) >
95%), fairly strong (75% <m < 95%),
sufficiently strong (60% < m < 75%), moderate
(40% <m < 60%), weak (25% <m <40%), quite
weak (5% < m < 25%), and inactive (m < 5%)
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(Prijono, 1998). Anti-termite evaluation toward
leaves, stems, and roots extracts showed that all
of extracts are extremely active against C.
curvignathus, where roots extract exhibited the
most active as antitermite (Table 4). Meanwhile
termite’s resistance towards extract-
impregnated paper was observed through paper
weight loss and calculated for antifeedant
absolute coefficient (Ohmura et al., 2000).
There are four criteria of antifeedant activity, i.e
very strong (75% < antifeedant (A) < 100),
strong (50% < A < 75%), moderate (25% < A <
50%), and inactive (0 < A< 25%) (Dungani et
al., 2012). Calculation of antifeedant absolute
coefficient towards paper weight loss of each
extract showed that roots extract exhibited
pronounce antifeedant activity. On the other
side, the anti-termite activity of leaves and stems
extracts was due to the toxicity of its constituents
towards C. carvignathus. By comparing the anti-
termite activity of leaves, stems, and roots
extracts, it can be suggested that the constituents
responsible for anti-termite contained in roots
extract differed from those in leaves and stems
extracts. Furthermore, it revealed that the
ethanol leaves extract is toxic toward termites C.
carvignathus, but non-toxic toward 4T1 cancer
cell lines. Nevertheless, these findings confirm
well the utility of this plant as furniture or house
flooring material.

Table 3. Total phenolic contents (TPC) and free-radical scavenging activity data of each ethanolic extract of C.

auriculatum
Extracts? Free-radical scavenging activity® TPCP
(ICs0, ppm) (GAE, ppm)
CDE > 1000 151.6 £ 0.19
CBE 13551 +0.91 737.6 £0.56
CAE 194,54 + 1.63 420.3 £ 69.07

2CDE = ethanol leaves extract, CBE = ethanol stems extract, CAE = ethanol roots extract

®a mean and standard deviation in two replicates

Table 4. Cytotoxicity Data of C. auriculatum extracts

ICso (Lg/ml) -
Extracts aT1 Vero Selectivity Index
CAE 1.55+3.29 100.66 + 4.42 64.94
CBE 51.15+1.82 547.32 £ 3.48 10.70
CDE > 500 > 500 1
CONCLUSION major secondary metabolites in C. auriculatum

This study on C. auriculatum showed that
ethanolic roots extract contained the highest
content of secondary metabolites. In general,

were phenolics and alkaloids. Meanwhile, the
ethanol stems extract showed the highest
amount of phenolics based on its TPC value,
which also exhibited the highest radical
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scavenging activity. It can be concluded that
ethanolic stems and roots extracts of
C.auriculatum were promising to be natural
sources for searching antioxidants. All ethanolic
extracts exhibited pronounce anti-termite
activity, with the ethanolic roots extract gave
antifeedant property. These results are able to
give a hint for further investigation toward C.
auriculatum plant. Hitherto, there was no
antioxidant and anti-termite of phenolic or
alkaloids reported from C. auriculatum
previously. Thus, further investigation on
secondary metabolites from leaves, stems, and
roots of C. auriculatum was necessary to be
done thoroughly.
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ABSTRACT

Climate change increasingly affects agricultural output and productivity, prompting a search for resilient and
sustainable land use practices. Among these, agroforestry has gained recognition as a crucial strategy, offering
mitigation against climate change and providing environmental, economic, and social benefits. Agroforestry is a
practice that integrates trees and crops for sustainable land management to mitigate climate change and generate
income. Although there are successful pilot projects for wet rice cultivation in Kampung Skuduk and Kampung
Chupak, agroforestry activities in the paddy fields have yet to be documented. Therefore, it is crucial to introduce
agroforestry practices to farmers in order to diversify their income sources and aid in their adaptation to climate
change. Thus, this study aimed to determine farmers’ perception towards agroforestry, as it will influence farmers’
attitudes and the likelihood of them adopting agroforestry practices to adopt agroforestry practice. Data was
gathered via structured questionnaire interviews, employing a five-point Likert scale to evaluate respondents’
views on agroforestry. The data were analysed using SPSS and the trend of the composite score was used to
interpret the five-point Likert scale data. The results show that the respondents have a positive attitude toward
agroforestry practices. They also expected awareness-raising activities and workshops on agroforestry, indicating
that they are willing to learn more about these practices. Eighty percent of respondents who do not practice
agroforestry are interested in practicing agroforestry if there are no obstacles. This positive attitude indicates that
farmers in the study area are ready and willing to practice agroforestry if there are no obstacles, because a positive
attitude towards an agricultural innovation will increase the likelihood of adoption.

Keywords: Agroforestry, attitude, climate change, paddy farmers, perception
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INTRODUCTION environmental, economic, and social benefits
(Brown et al., 2018).
Agricultural productivity, crop choice, and food

security are affected by climate change Agroforestry is a method of integrating trees

worldwide (Vaghefi et al., 2016). The increasing
volatility of climate variables such as
temperature fluctuations, changes in
precipitation patterns, soil moisture variability,
floods, droughts, and other natural calamities
directly undermines the sustainability of
agricultural systems on economic, social, and
environmental fronts (Tang, 2019). These
changes, particularly in yield, cultivated land
area, and crop value, challenge the long-term
viability of agricultural practices, threatening the
stability of food systems and economic security
(Vaghefi et al., 2016). In response, agroforestry
has emerged as a promising land use strategy,
recognized for its potential to combat climate
change's adverse effects while offering various

with crops to address environmental, economic,
and societal issues (Kothke et al, 2022).
Numerous studies have shown that agroforestry
practices can contribute to carbon sequestration
and maintain soil health and ecosystem integrity
(Castle et al.,, 2022). A study by Santos et al.
(2019) found that agroforestry systems provide
up to 45-65 % benefits for biodiversity and
ecosystem services. These ecological advantages
fortify the environment and translate into
tangible social and economic gains for farmers,
providing  increased  profitability = and
sustainability. The potential of agroforestry to
deliver financial benefits is undeniable, as it
improves soil quality, enhances crop yields, and
diversifies income sources (Castle et al., 2022).
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Agroforestry is a well-established practice in
paddy cultivation across Southeast Asian
countries, including Vietnam, Indonesia, the
Philippines, Myanmar, Laos, and Thailand,
where it has proven instrumental in mitigating
the impacts of climate change
(Wangpakapattanawong et al., 2017). However,
despite its proven success, agroforestry activities
have yet to be documented in the paddy fields in
Kampung Skuduk and Kampung Chupak. These
villages are successful pilot projects for wet rice
cultivation in Sarawak (Kong, 2014), and rice
cultivation is one of the most important
economic activities in Siburan. Farmers who
only grow rice on their farms are considered
more vulnerable to climate and market shocks
(Wangpakapattanawong et al, 2017). This is
because monocropping increases exposure to
risks such as floods and droughts. Trees, by
contrast, offer greater resilience against these
extreme weather events, providing a buffer that
rice alone cannot. Farmers who integrate tree
crops are able to maintain food production and
income even when rice yields face challenges.
Therefore, it is important to provide farmers in
Kampung Skuduk and Kampung Chupak with
opportunities to diversify their sources of
income and thus help them adapt to the climate
change crisis.

However, before introducing agroforestry to
farmers, it is crucial to determine their attitudes
towards agroforestry practices to ensure the
successful implementation of agroforestry. This
is because the first step in the decision-making
process when adopting new practices depends on
their knowledge of the practice, e.g. how to

Siburan district
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apply it and what results it brings in terms of
products, yields, potential environmental
benefits, risks and costs (Rogers ef al., 2014).
This knowledge then forms the basis for a
person's perceptions and attitudes towards the
practice (Meijer et al., 2014). Knowledge refers
to the information and understanding about
agroforestry, while perception refers to the
farmer’s view based on their needs and
experiences. Both knowledge and perception
determine the farmer’s attitude toward
agroforestry (Meijer et al., 2014). Therefore, this
study aimed to determine perceptions and
attitudes toward agroforestry practices. Few
studies conducted in Bangladesh and Malaysia
indicate that most farmers have a positive
attitude toward agroforestry, especially middle-
aged farmers who prefer to adopt agroforestry
techniques (Islam et al., 2021; Sheikh et al,
2021).

METHODOLOGY
Study Area

This study was conducted in Kampung Skuduk
and Kampung Chupak, located in the Siburan
district, about 32 kilometers (about 19.88 miles)
from Kuching, the capital of Sarawak (Figure 1).
These two villages are primarily inhabited by the
Bidayuh ethnic group, who rely heavily on
paddy cultivation as their main economic
activity (personal communication). According to
the records from the Siburan District Agriculture
Department, there are 89 registered paddy
farmers in the area in 2023.
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Figure 1. The location of study area, Kampung Skuduk and Kampung Chupak
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Questionnaire Interview

A formal questionnaire interview was conducted
targeting the registered rice farmers listed by the
Jabatan Pertanian Daerah Siburan (Siburan
District Department of Agriculture). Five trained
enumerators were tasked with administering the
questionnaires. Before the survey, the
enumerators were familiarised with the
questionnaire and the study’s objectives. The
guestionnaires consisted of seven sections:
1. Socio-demographic information about
the respondents
2. Information about rice cultivation
3. Respondent’s perception of rice
cultivation
4. Awareness and knowledge about
agroforestry practices
5. Respondent’s awareness of the benefits
of agroforestry
6. Respondent’s perception of agroforestry
practices
7. The challenges in adapting agroforestry
practices
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The socio-demographics of the respondents were
collected during the interview and their
perceptions were rated using a five-point Likert
scale (1 = strongly agree, 2 = agree, 3 = neutral,
4 = disagree, 5 = strongly disagree). Before
eliciting their views on agroforestry, respondents
were provided with a comprehensive
explanation of the concept and its associated
benefits.

Data Analysis

The socio-demographics of the respondents were
analysed using IBM SPSS Statistic 27. The
responses to the Likert scale were analysed using
the method of Alonazi et al. (2019). Weighted
means were calculated for the Likert scales, from
Strongly Agree=1 to Strongly Disagree=5 (see
Table 1), so that the tendency of the composite
scores could be determined (Alonazi et al.,
2019).

Table 1. Weighted means for five-point Likert scale adapted from Alonazi et al. (2019)

Weighted Mean Result
1-1.79 Strongly agree
1.8-2.59 Agree
2.60-3.39 Neutral
34-4.19 Disagree
4.2-5 Strongly disagree

RESULTS

Socio-Demographic of the Respondents in the
Study Area and their Perception Towards
Agroforestry

Table 2 shows the socio-demographic data of the
paddy farmers who participated in this study. Of
the 89 registered farmers, 43 responses were
obtained, and the analysis revealed that 42% of
respondents actively engaged in agroforestry,
while 58% did not (Figure 2). Gender
distribution among the surveyed group indicates
a predominance of male farmers (63%), with
females constituting 37%. Most of the
respondents were older than 65 years old (49%)),
and most of them were married (91%). Most of
the farmers in Kampung Skuduk and Kampung
Chupak belong to the older generation, so most
of them have been cultivating paddy for more

than 21 years (74%). As most of the respondents
belonged to the Bidayuh ethnic group (77%),
many of them practised the Christian faith
(98%). Most of the respondents (72%) have
formal education, i.e. they have completed
primary or high school, and only 1% of the
respondents have higher education. Meanwhile,
26% of respondents have no formal education.
More than half of the respondents primarily
engaged in rice farming as their main occupation
(84%), and most of them (84%) have a monthly
income of less than RM1300.

Most respondents indicated a  solid
inclination to recommend agroforestry practices
to their friends or acquaintances (WM = 1.60).
They strongly agreed that agroforestry should be
practised in agriculture (WM = 1.51), as shown
in Table 3. The respondents also anticipated
increased awareness programs, and skill-
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development workshops focused on agroforestry
practices (WM = 1.40 for both). The results of
this study show that the respondents have a
positive perception and attitude towards
agroforestry practices after being informed about

58%

. Practising agroforestry
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the benefits of agroforestry. Moreover, 80% of
the respondents who do not practice agroforestry
were interested in practising agroforestry if there
were no obstacles (Figure 3).

42%

. Not practising agroforestry

Figure 2. Respondents practising agroforestry and not practising agroforestry

20%

Yes

80%

No

Figure 3. Non agroforestry practitioners that interested in practising agroforestry if there are no obstacles
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Table 2. Socio-demographic of respondents in Kampung Skuduk and Kampung Chupak, Siburan, Sarawak

Variables No. of Respondents (%)
1. Gender

Female 16 (37%)

Male 27 (63%)
2. Age

35-44 1 (2%)

45 - 54 10 (23%)

55-64 11 (26%)

> 65 21 (49%)
3. Marital Status

Single 1 (2%)

Married 39 (91%)

Divorce/Widow 3 (7%)
4. Race

Iban 4 (9%)

Bidayuh 33 (77%)

Cina 4 (9%)

Orang Ulu 1 (2%)

Others 1 (2%)
5. Religion

Christian 42 (98%)

Islam 1 (2%)
6. Education

No Formal Education 11 (26%)

Formal education 31 (72%)

Higher education 1 (2%)
7. Paddy Cultivation Status

Full Time 36 (84%)

Part Time 7 (16%)
8. Income

Less than RM 1300 36 (84%)

RM 1300 — RM 1400 5 (12%)

RM 1401 — RM 1700 1 (2%)

More than RM 1701 1 (2%)
9. Experience

5 —10 years 6 (14%)

11 — 20 years 5 (12%)

> 21 Years 32 (74%)

Table 3. Farmers’ perception on agroforestry practices. Weighted means for the Likert Scale were calculated and
the weighted mean tendency was determined (Refer Table 1)

Descriptions Weighted mean  Result

Recommending agroforestry practice to acquaintances 1.60 Very likely to recommend
Agroforestry practice must be practised in agriculture 1.51 Strongly agree

More awareness activity on agroforestry must be organized 1.40 Very anticipating

Workshop skills on agroforestry practices must be organized 1.40 Very anticipating
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DISCUSSION

Respondents’ Socio-Demographics and Their
Attitude Towards Agroforestry Practice

The respondent's socio-demographics play a
crucial role in determining their perceptions and
attitudes towards adopting or rejecting new ideas
(Phondani et al., 2020). Various studies have
shown that socioeconomic characteristics
significantly influence adoption behaviour in
relation to new practices. Various studies have
shown that socioeconomic characteristics
significantly influence adoption behaviour in
relation to new practices. Education plays a
crucial role in shaping respondents' perceptions
and attitudes toward agroforestry because it
enables farmers to comprehend the knowledge
associated with this practice. This understanding
is the foundation for individuals' perceptions and
attitudes about agroforestry (Meijer et al., 2014).
Given that most respondents in this study have
formal education, they may find it easier to
understand and adopt agroforestry if provided
with the proper information.

After learning about the benefits of
agroforestry, most respondents expressed a
desire to recommend these practices to their
acquaintances. They believe that agroforestry
should be adopted in the agriculture sector, as
they recognise its potential to improve land
productivity and quality of life. These findings
indicate that they are likely to recommend
agroforestry to others and have a higher
tendency to apply agroforestry in the future.
Furthermore, their anticipation of awareness
activities and workshops indicates a willingness
to learn about agroforestry practices. This
positive attitude demonstrates that the farmers in
the study area are willing and ready to adopt
agroforestry, provided there are no significant
obstacles. This finding is further supported by
the fact that the majority (80%) of respondents
not currently practising agroforestry expressed
interest in doing so. Such positive attitudes
towards agricultural innovations increased the
likelihood of adoption, whereas negative
attitudes typically lower adoption probabilities
(Meijer et al., 2014).

CONCLUSION

In summary, the farmers in Kampung Chupak
and Kampung Skuduk have a positive attitude
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towards agroforestry. They express a desire for
awareness activities and skills workshops related
to agroforestry, indicating their willingness to
learn more about this sustainable practice. This
positive attitude suggests that farmers in the
study area are ready and willing to practise
agroforestry if there are no obstacles. A positive
attitude towards agricultural innovation will
increase the likelihood of adoption. Therefore,
the government and the private sector should
collaborate to disseminate knowledge and
information  about  agroforestry to the
community, as a lack of understanding can
hinder the adoption of agroforestry.
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ABSTRACT

Silicon is known to play a central role in regulating various aspects of plant growth and development, including nutrient
uptake, root formation, and growth. Silicon is the second most abundant element found in soil primarily as neutral,
monomeric silicic acid, which is the biologically available form for plant uptake. Although silicon is not considered an
essential nutrient for the basic life cycle of most plants, its availability can significantly benefits to plant health, growth, and
stress tolerance. However, previous research has mainly focused on plants grown in silicon, and silicon occurs naturally as
silicon dioxide (SiO,), and is not in a form that is easily absorbed by plants. Therefore, this study investigates the effects of
silicon (Si) in silicic acid form (H404Si) on the growth and chlorophyll concentration of pepper (Piper nigrum L.) seedlings,
particularly the Kuching variety. The Si application had been applied once a week with five different concentrations via root
applications; T1 [0.5% Si (v/V)], T2 [1.5% Si (v/iv)], T3 [2.0% Si (v/V)], T4 [1.5% potassium silicate (v/v)] as positive
control and T5 [negative control (without silicon)] on pepper cutting-grown plants. Growth parameters such as plant height,
stem diameter and chlorophyll concentration were observed and collected. Our results showed that the treatment with Si
nutrients is promising, as the Si-treated pepper clones showed faster and more robust growth compared to the control plants
in the early growth stages. The results indicate that a 0.5% Si concentration (v/v) effectively maintains the high chlorophyll
content over four weeks, in contrast to the decreasing trend observed in the control group. This study thus presents the first
report on the application of Si in P. nigrum L., demonstrating the feasibility of Si uptake and growth enhancement in pepper
plants. The results suggest a stepwise application of Si, starting with low concentrations (0.5% Si v/v) via the root in the
early growth stages to strengthen young plants before transplanting to the field. However, foliar spraying could also be
considered in future studies as the silicon is absorbed faster compared to root application. Further studies on the passive
defence structure (physical barriers such as cuticle, wax, and trichomes) are needed to prove that it can repel pathogens and
insects.

Keywords: Chlorophyll concentration, Piper nigrum, growth enhancement, silicon, silicic acid, Terengganu
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INTRODUCTION common varieties are Sarikei and Kuching

(Ravindran et al., 2000). Kuching grows faster and

The pepper plant, scientifically known as Piper
nigrum L. and often referred to as the "king of
spices," because of its active ingredient piperine,
which has various pharmacological effects and offers
numerous health benefits (Srinivasan, 2007). The
cultivation of black pepper is widespread in various
Asian countries, including Malaysia, where the
pepper plant is one of the four most economically
important agricultural crops after palm, rubber and
cocoa (Joy et al., 2007; Damanhouri & Ahmad, 2014;
Abdulla et al., 2015). In Malaysia, there are seven
commonly cultivated varieties: "Semongok Aman",
"Semongok  Emas"”,  "Kuching”, “Sarikei”,
"Semongok Perak™, "Uthirancotta”, "Nyerigai", and
"PN129" (Paulus, 2011). In Sarawak, the most

higher yielding than Sarikei (Paulus & Sim, 2005),
making it the predominant variety in Sarawak and
Johor (Paulus, 2011). However, Kuching is highly
susceptible to diseases such as Phytophtora foot rot,
blackberry, Fusarium wilt, root-knot, and wrinkle
leaf (Paulus, 2011). Despite other widely grown
varieties such as "Semongok Perak”,” "Semongok
Emas" and "Semongok Aman", Kuching remains the
most widely grown variety in Malaysia.

Malaysia considered the fifth largest pepper
producer in the world (Malaysia Pepper Board,
2022), relies mainly on Sarawak, which contributes
98% of the country's annual production (Adam et al.,
2018). The average domestic consumption of pepper
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in 2017-2021 was 10, 891 tonnes (Malaysia’s Open
Data Portal, 2022). Domestic consumption of pepper
increased from 12,000 tonnes in 2014 to 13,500
tonnes in 2015 (Adam et al., 2018). Black pepper
production has declined since the early 1980s,
primarily due to pest infestations and disease
outbreaks in field plantations (Chen et al., 2010).
Moreover, due to biotic and abiotic stress factors,
farmers have difficulty in procuring healthy planting
materials, resulting in minimised pepper yields
(Sharma & Kalloo, 2004). Consequently, this has
resulted in an annual reduction of approximately 2%
in the total pepper cultivation area (Adam et al.,
2018).

There is therefore a need to promote the growth
and development of plants, e.g. by administering
silicon (Si) application, which can reportedly help to
improve plants’ resistance to disease. For example,
rock melon and strawberry growers have added Si to
the irrigation system to increase plant defenses
against diseases such as powdery mildew (Samuels
et al.,, 1991; Menzies et al., 1992; Belanger et al.,
2003; Ouellette et al., 2017). Numerous studies have
reported the promotion of root development by the
combined application of salicylic acid (SA) and Si
fertilization. SA, a phenolic compound, is known to
regulate plant growth and development in several
areas, including nutrient uptake and root initiation
and growth (Wani et al., 2016; Khan et al., 2017;
Pasternak et al., 2019). SA exposure has been shown
to stimulate the development of adventitious,
primary, and lateral roots in numerous plant species
(Yang et al., 2013; Pasternak et al., 2019). Similarly,
the beneficial effects of Si fertilization on plants
have been extensively documented (Laane, 2017),
including its regulatory role in enhancing the uptake
of other essential plant nutrients (Ma & Yamaji,
2006; Liang et al., 2007; Al-Wasfy, 2013;
Deshmukh et al., 2017). It is known that Si
strengthens the cell walls of plants, and thus
potentially increases resistance to biotic and abiotic
stress factors such as pests, diseases, and drought,
while at the same time increasing plant quality and
yield.

However, conventional Si sources, especially
silicon dioxide, can pose problems for pepper plants
in terms of uptake. To solve this problem, a
technology called Silicic Acid Agro Technology
(SAAT) has been introduced for the application of Si
in agricultural crops (Laane, 2017). SAAT has shown
promising efficacy in facilitating Si uptake, even in
crops that were previously unable to absorb Si
efficiently, including non-accumulating Si plants
(Epstein, 1994; Laane, 2017). The application of Si
can improve plant growth parameters by increasing
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root growth, root mass, stem length and diameter,
plant height, number of shoots and leaf area (Laane,
2017), which would indirectly increase plant yield
potential. Plant height is an important indicator of
plant growth, biomass production and yield potential
in cereals and wheat (Martin etal., 2017). In addition,
the Si content of wheat grown under salt stress was
determined.

Si can be applied to plants either by foliar spraying
or by watering into the soil. However, Si in the form
of silicic acid can be applied via foliar spraying in
lower concentrations during the vegetative stage and
act as a growth promoter (Lanne, 2017). To date, Si
has not been recognized as an essential plant nutrient,
although it can promote plant growth and agricultural
production (Zellener et al., 2021). However, the
Association of American Plant Food Control
Officials (AAPFCO) recognizes Si and classifies it as
a beneficial substance. Si products are also approved
by the Organic Materials Review Institute (OMRI)
for use in organic farming. Nevertheless, there are
only few studies on the use of Si in the pepper plant.
The aim of this study was therefore to determine the
effect of Si applications on the growth of pepper plant
in the early growth phase. This is the first report on
the application of silicon (in the form of silicic acid)
to pepper plants, P. nigrum L.

MATERIALS AND METHODS
Experimental Plot

The experimental plot is located at pepper plantation
in Setiu, Terengganu, Malaysia (5°32'LN, 102° 57'
15E). The experimental plot was set up in a
randomized complete block design (RCBD). The
duration for this study was two months starting on
August 2018 until October 2018.

Pepper plants, variety Kuching, had been selected
in this study due to the most widely grown cultivar
and it is readily accessible. It also has vigorous
growth and high yield production. Each treatment
was conducted with three replicates. For irrigation
and fertilization, pepper plants were irrigated using a
drip irrigation system. Irrigation was scheduled twice
a day automatically by drip tape. Additionally, this
study followed the Standard Operating Procedures
(SOP) for planting procedures, irrigation, and
fertilization in black pepper plantations. These
procedures were based on the guidelines provided by
the Agriculture Department of Lembah Bidong,
ensuring that all practices were aligned with
established agricultural standards.
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Silicon Nutrient Treatments

Five different silicon (Si) concentration were applied
to cutting-grown pepper plants: T1 (0.5% Si v/v), T2
(1.5% Si viv), T3 (2.0% Si viv), T4 (1.5% potassium
silicate) as positive control and T5 (control without
silicon) as negative control. The dilution of Si
nutrients was calculated using the standard dilution
formula, M1V1= M,V-; where M 1= initial percentage
of solution, V1= volume needed for dilution, M2=
final percentage of solution, V2= final volume
needed for the experiment. A total of fifty pepper
plants were given Si in the form of monosilicic acid
(72% of SIKA, Taiwan) once a week as root
treatments. The Si was prepared on the day of
application and all seedlings had been given 40 ml of
the Si solution.

Plant Growth Assessments

Throughout the study, the plant growth of the
seedlings was measured twice a month. Plant growth
was assessed by stem diameter, plant height and leaf
chlorophyll  concentration. Plant height was
measured using tape measure (cm), while stem
diameter was measured using a digital vernier caliper
and chlorophyll content was measured using a
Konica Minolta chlorophyll meter. Chlorophyll
content data were measured three times per plant and
10 leaves per treatment.

Statistical Analysis

All data were analyzed using analysis of variance
(ANOVA) in SPSS Statistics 20. Comparison with
the mean values of the control and the treatment was
performed using Tukey’s HSD test at a significance
level of p< 0.05 (95% confidence level). A Pearson
correlation coefficient was performed to evaluate the
relationship between treatment and pepper plant
height, stem diameter and chlorophyll concentration
(SPAD).

RESULTS AND DISCUSSION

The effect of Si application on pepper plants showed
a promising result for stem cutting seedling growth
and development.

Plant Height Response to Silicon Treatments

The results showed a significant difference (p<0.05)
in increment of plant height between the Si
treatments over a four-week period (Figure 1). The
plant height increment showed that T1 (0.5% Si v/v)
consistently had the highest plant height across all
weeks and thus showed the most significant growth
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development. From week 1 until week 4; 13.2 cm,
29.4 cm, 38.9 cm and 51.7 cm, respectively. Plants
without Si (T5) showed the slowest growth from
week 1 to week 4 (4.4 cm, 8.9 cm, 11.7 cm and 12.7
cm, respectively) (Figure 1). In week 1, treatments
T2 (1.5% Siv/v), T3 (2.0% Si v/v), and T4 (1.5% Psi
v/v) had similar plant heights, ranging from 5 to 10
cm, with no significant differences between them.

All Si-treated pepper plants were growing faster
than control plants and the range from the highest to
the lowest (on week-4); T1 (51.7 cm) > T2 (39.5 cm)
> T3 (30.9 cm) > T4 (27.9 cm) > T5 (12.7 cm)
(Figure 1). The pepper seedlings treated with Si
showed a positive result and had enhanced plant
growth. Control treatment show no significant
correlation between Si and plant height over the four
weeks. The correlation coefficients range in Week 3
(r[8]=[-0.58], p=[.077] and in Week 4 r [8] =[0.19],
p=[0.60], indicating weak and negative relationships
for most weeks (Table 1). In T1 (0.5% Si), weak
negative correlations were observed throughout all
weeks, with r values ranging from -0.539 to 0.130.
(Table 1). The application of 1.5% Si shows a
transition from negative correlations in Weeks 1 and
2 (r = -0.495 and -0.552, respectively) to a
statistically significant positive correlation in Week
3 r[8] =[0.67], p = [0.05] (Table 1). This suggests
that by Week 3, the pepper plants responded
positively to Si application.

Higher Si concentrations may bring fewer positive
effects on plant height for several reasons, despite its
overall benefits to plant growth. One possible
explanation is that excessive Si application can alter
the balance of other essential nutrients and water
uptake, potentially limiting growth. At high
concentrations, Si can interfere with normal
physiological processes, including the regulation of
plant hormones like gibberellins, which play a key
role in promoting stem elongation and overall plant
height (Sah et al., 2022). Therefore, while Si
promotes growth at optimal levels, overapplication
can shift the plant’s resources more towards stress
resistance and structural reinforcement rather than
height growth (Shivaraj et al., 2022)

Similar findings from previous studies by Jufri et
al. (2016) and Suhaizan et al. (2017) that have been
confirmed that Si-treated chili plants exhibit greater
leaf length and showed significant improvements in
vegetative growth compared to control plants. In
addition, similar growth-promoting effects of Si have
been observed in other crops such as rice, tomatoes,
cucumbers, coffee and strawberry (Ma & Yamaji,
2006; Silva et al., 2010; Ouellette et al., 2017).
Suhaizan et al. (2023) reported that the
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Figure 1. Pepper plant height increment (cm) from week-1 until week-4 grown from stem cutting seedlings. Silicon was
applied once a week by root application. The treatments: T1 (0.5% Si v/v), T2 (1.5% Si v/v), T3 (2.0% Si v/v), T4 (1.5%
potassium silicate) as positive control and T5 (control without silicon) as negative control

Table 1. Pearson correlation coefficients between treatments and pepper plant height

W2 W3 W4
Controls -0.321 -0.316 -0.584 0.190
0.5% Si -0.390 -0.452 -0.539 0.130
Plant Height 1.5% Si -0.495 -0.552 0.665* 0.190
2.0% Si -0.662* -0.234 0.808**  -0.62
1.5% PSi -0.702* 0.858** -0.668* 0.156

*Correlation is significant at the 0.05 level (2-tailed)

impact of Si nutrient application on the growth of
chili plants grown using a fertigation system. The
study tested different Si concentrations (0 ppm, 108
ppm, 180 ppm, and 360 ppm) and evaluated their
effects on various growth parameters, including stem
diameter and plant height. The findings showed that
Si significantly enhanced the growth performance of
chili plants. The highest concentration (360 ppm)
resulted in the greatest increase in stem diameter,
plant biomass, and Si accumulation in stems and
fruits. From this study, it suggests that Si application
improves structural growth and helps chili plants
better withstand abiotic stress, enhancing overall
plant development. Other study by Gong et al. (2003)
reported that wheat plants grown in pots with Si
application showed greater plant height and leaf area
compared to control plants without Si. While peppers
were previously considered low silicon accumulators
(Epstein, 1994), the application of Si in the form of
silicic acid has now been shown to enable pepper
plants to uptake Si, providing significant benefits. In
this study, Si-treated pepper seedlings grown faster
and healthier compared to control plants during the
early stages of development.

**Correlation is significant at the 0.01 level (2-tailed)

Si plays a crucial role in regulating plant growth
and development, affecting various aspects such as
nutrient uptake, root formation, and growth (Ma &
Yamaji, 2006; Liang et al., 2007; Al-Wasfy, 2013;
Wani et al., 2016; Deshmukh et al., 2017; Khan et al.,
2017; Pasternak et al., 2019). However, studies back
then were mostly focusing on Si effects on plants
cultivated in solution culture (with controlled
microclimate or lab condition) while there were
limited studies on plants cultivated in soil medium
and large scale-field (with natural microclimate).

Stem Diameter Response to Silicon Treatments

There were no significant differences (p>0.05) in
stem diameter for all treatments. The T2 treatments
showed the widest in increment of stem diameter on
the first week (0.5 mm) compared to other Si
treatment and control. But by week 3 and week 4, the
T1 (0.5% Si v/v) treatment showed a significant
increase in stem diameter compared to the control
and other treatments. T1 was 2.8 mm whereas control
was only 1.5 mm (Figure 2). Other Si treatments had
intermediate stem diameters, while the 1.5% Psi v/v
treatment consistently showed the lowest stem
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diameter by week 3 and week 4 (Figure 2).
Unexpectedly, the lowest Si concentration (T1) had
increased (stem diameter) faster than other
treatments [0.4 mm (week 1), 1.2 mm (week 2), 2.1
mm (week 3) and 2.8 mm (week 4)] (Figure 2). The
increment rank of stem diameter on week-4; T1
[2.8mm]> T2 [2.1 mm]> T3 [1.9 mm]> T4 (1.7 mm)
> T5 (1.5 mm) (Figure 2). Results from Table 2 show
that T2 shows a gradual increase in correlation
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strength from Week 1 to Week 4, transitioning from
a negligible correlation in Week 1 r [8] =[-0.05], p =
[0.08]) to a significant positive correlation in Week 3
r [8] = [0.477], p = [0.49] (Table 2). This indicates
that 1.5% Si had a delayed but beneficial effect on
stem diameter, which became more pronounced as
the study progressed. The increase in stem diameter
by Week 3 might suggest that 1.5% Si concentration
optimally supports structural growth at this stage.

Stem Diameter (mm)

aab

& Control
W 0.5% Siv/v
M 1.5% Siv/v

(2.0% Si v/v
#1.5% Psiv/v

Week 3

Week 4

Figure 2. Pepper plant stem diameter increment (mm) from week-1 until week-4 grown from stem cutting seedlings. Silicon
was applied once a week by root applications. The treatments: T1 (0.5% Si v/v), T2 (1.5% Si v/v), T3 (2.0% Si v/v), T4
(1.5% potassium silicate) as positive control and T5 (control without silicon) as negative control

Table 2. Pearson correlation coefficients between treatments and pepper plant stem diameter

w1 W2 W3 W4
Controls -0.419 -0.584 -0.628 0.723*
0.5% Si -0.141 0.050* 0.060** 0.013**
Stem-diameter 1.5% Si -0.048 0.054* 0.477* 0.492
2.0% Si 0.109 0.098 0.144 0.416
1.5% PSi -0.244 -0.205 -0.164 -0.454

*Correlation is significant at the 0.05 level (2-tailed)

These results indicate that the T1 concentration is
most effective in increasing stem diameter over the
course of four weeks. The control and the other Si
treatments had moderate effects, while the potassium
silicate treatment was the least effective in promoting
stem diameter growth.

In rice plants, Si has been shown to increase
resistance to fungal attack by strengthening the stem
base and promoting cell elongation (Wakabayashi et
al., 2002; Liang et al., 2013). In addition, Si depots
such as silica gel, contribute to the strengthening of
cereal stems and leaves by increasing the number of
silicate cells and Si content in the stem, even at
elevated nitrogen levels (Fallah, 2012). The observed

**Correlation is significant at the 0.01 level (2-tailed)

improvement in stem strength following Si
supplementation is consistent with previous studies
demonstrating the positive effects of Si on plant
biomechanics and structure. Consequently, the
presence of Si can increase stem strength and reduce
stem lodging, especially during periods of increased
peppercorn production.

Chlorophyll Concentration (SPAD) Response to
Silicon Treatments

There were no significant differences (p>0.05) in
chlorophyll concentration were observed between all
Si treatments (Figure 3). At week 1, all treatments,
including the control, had similar chlorophyll
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concentrations, approximately 60 SPAD units.
Nevertheless, pepper plants treated with Si generally
had higher chlorophyll content (SPAD) compared to
the control plants (Figure 3). Chlorophyll content
was higher in T1 (65.7 SPAD) at week 3 (Figure 3),
whereas pepper plant treated with T2 has the highest
chlorophyll concentration on week 2 (54.9 SPAD)
(Figure 3). The T5 had the lowest chlorophyll content
(38.1 SPAD) on week 3 (Figure 3). Results indicated
that there was no relationship between control
treatment and chlorophyll concentration (SPAD in
week 1r[7] =[-0.39], p=[.18] and week 3r [7] = [-
0.63], p = [.037] (Table 3). For T1, correlation
coefficients fluctuate over the study period, showing
a positive correlation in Week 1 r [7] = 0.445, p =
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[.024] and weak negative correlations in subsequent
weeks (Weeks 2, 3, and 4) (Table 3). None of the
correlations are statistically significant (p > 0.05),
suggesting that T3 had little effect on chlorophyll
concentration throughout the study. This finding
aligns with other studies indicating that high Si
concentrations may not significantly impact
chlorophyll levels unless applied under specific
conditions or during stress conditions. The T4 shows
a strong positive correlation in Week 3 r [7] = [0.91],
p= [.029], where a strong positive correlation is
observed though it is not statistically significant
(Table 3). This high positive correlation suggests a
strong association between the T4 and chlorophyll
concentration.
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Figure 3. Chlorophyll concentration (SPAD) of pepper plant from week-1 until week-4 grown from stem cutting seedlings.
Silicon was applied once a week by root applications. The treatments: T1 (0.5% Si v/v), T2 (1.5% Si v/v), T3 (2.0% Si v/v),
T4 (1.5% potassium silicate) as positive control and T5 (control without silicon) as negative control

Table 3. Pearson correlation coefficients between treatments and pepper plant chlorophyll concentration

W1 W2 W3 W4

Controls -0.394 0.007 -0.627 0.735*
0.5% Si 0.445 -0.432 -0.387 0.064

Chlorophyll 1.5% Si -0.200 -0.709* 0.442 -0.070
2.0% Si -0.232 0.290 -0.071 0.121
1.5% PSi -0.468 0.502 0.919 0.573

*Correlation is significant at the 0.05 level (2-tailed)
These results indicate that the 0.5% Si v/v It has been found that nutrient Si has a significant

concentration is most effective in maintaining a high
chlorophyll concentration a four weeks period. The
control group consistently showed a decrease in
chlorophyll concentration, indicating the potential
benefits of Si and Psi treatments in maintaining
chlorophyll concentration.

influence on the chlorophyll content and
consequently on the photosynthetic activity of plants.
Si has a significant influence on chlorophyll content.
It also appears to improve various other plant growth
parameters. Chlorophyll content is subject to the
influence of various environmental factors such as
light intensity, temperature and water content. In a
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previous study, it was reported that salt-treated barley,
enriched with Si, showed enhanced growth due to
improved chlorophyll content and increased
photosynthetic activity in the leaf cell organelles (Al-
aghabary et al., 2005). Productive changes in plants
include improved in leaf epidermal development,
increased leaf chlorophyll content (Yao et al., 2011;
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Teixeira et al., 2020) and increased photosynthetic
rate (Asmar et al., 2013; Lavinsky et al., 2016).
During a two-month observation period, it was
observed that T1 [0.5% Si (v/v)] grew healthier and
faster compared to T4 (positive control) and T5
(negative control) in the nursery (Figure 4).

T1

T5

Figure 4. Comparison of pepper plants treated with 0.5% Si (v/v) [T1], positive control (1.5% Potassium Silicate v/v) [T4]

and negative control (without Si) [T5]
CONCLUSION

Si in the form of silicic acid has the potential to
improve growth and increase the chlorophyll
concentration of pepper plants cultivar Kuching. This
is the first report on the application of Si to pepper
plants in Malaysia and the results show that pepper
plant could uptake Si and grow healthier. These
results suggest that the 0.5% Si v/v concentration is
the most effective in influencing plant growth over
the course of four weeks. The control and other Si
treatments had moderate effects, while the potassium
silicate (1.5% Psi v/v) treatment was the least
effective in plant growth. From this result, we
suggest that Si could be applied gradually starting
from the lowest concentration [0.5% Si (v/Vv)] to the
highest concentration [1.5% Si (v/v)] by root
application for pepper plant from stem cutting
seedling. During early-stage application, it will
strengthen the young plant before being transplanted
to field. By strengthening the stem basis and
promoting cell elongation, it reduces the risk of
lodging, particularly during periods of increased
peppercorn abundance. However, foliar spraying
should be considered in the future since silicic acid
absorption is quicker on leaves than via root.

Further research should investigate Si with other
agronomic practices, such as fertilization, fertigation
(fertilization by drip irrigation), irrigation
management, and pest control, to develop integrated
management strategies for optimizing pepper
production while minimizing environmental impacts.
We encourage further research on Si to investigate
the mechanisms behind these observations and to
determine the long-term effects of these treatments
on overall plant health and productivity. By
addressing this topic, could provide valuable insights
into the sustainability and durability of silicon-based
management practices in pepper plants production.
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