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Immersion-based application
of Origanum vulgare extract
Improves growth and
pigmentation in Kappaphycus
alvarezii under field conditions

Angela Jan Cajate, Aljohn E. Calunod, Jay D. Tering,
Kevin Rey A. Guiritan, Kris Angeli Sanchez-DelosReyes
and Jaynos R. Cortes*

College of Fisheries and Aquatic Sciences, North Eastern Mindanao State University, Lianga, Surigao
del Sur, Philippines

Environmental stress-associated tissue deterioration remains an important chal-
lenge in the cultivation of Kappaphycus alvarezii. This study evaluated the effects of
immersion-based application of Origanum vulgare extract on the growth perfor-
mance and pigmentation of K. alvarezii cultivated under field conditions. In vitro
antibacterial assays showed inhibitory activity of the extract against Staphylococcus
aureus (21 mm inhibition zone) and Escherichia coli (19 mm inhibition zone). An in
vivo experiment was conducted using four immersion treatments: control, 5 min,
15 min, and 25 min exposure durations. Growth performance differed significantly
among treatments, with the 15-min immersion treatment producing the highest
final weight (259.67 + 13.05 g). Pigmentation scores were also significantly higher in
the 15- and 25-min treatments compared with the control. Regression analysis
suggested that intermediate immersion durations between approximately 15 and
18 min may provide favorable growth responses, although this estimate should be
considered preliminary because only four treatment durations were evaluated.
Overall, immersion-based application of O. vulgare extract improved growth per-
formance and maintained better thallus pigmentation under field conditions. These
findings support the potential use of plant-derived bioactive treatments as functional
approaches for improving thallus condition in K. alvarezii aquaculture systems.
However, the present study did not directly quantify disease incidence, pathogen
abundance, or tissue mortality; therefore, interpretations regarding ice-ice disease
mitigation should be considered preliminary.
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1 Introduction

Seaweed aquaculture is a major component of global maricul-
ture, with the Philippines consistently ranking among the leading
producers of carrageenan-bearing red algae. Kappaphycus alvarezii
is particularly valued for its high carrageenan yield and wide
industrial applications in food, pharmaceutical, and cosmetic sec-
tors (Bureau of Fisheries and Aquatic Resources [BFAR], 2022;
Dumilag et al., 2022; Solorzano-Chavez et al., 2019). However, the
long-term productivity and stability of K. alvarezii farming systems
are increasingly constrained by disease outbreaks, particularly ice-
ice disease, which remains one of the most significant bottlenecks in
tropical seaweed cultivation (BFAR, 2022).

Ice-ice disease is characterized by localized tissue whitening,
thallus fragmentation, and progressive biomass loss. Its occurrence
is strongly associated with environmental stress, including elevated
temperature, salinity fluctuations, and nutrient imbalance, which
collectively weaken host physiology and promote opportunistic infec-
tions (Valderrama et al., 2015; Hurtado et al., 2019; Largo et al., 2020).
Pathogenic bacteria such as Vibrio spp. and Pseudoalteromonas
carrageenovora, along with marine fungi, are known to colonize
stressed thalli and degrade carrageenan polymers, accelerating tissue
deterioration (Largo et al., 1995, 1998, 1999; Riyaz et al., 2020). The
increasing frequency of climate-driven stress events has intensified
disease outbreaks, contributing to fluctuations and declines in seaweed
production in recent years (BFAR, 2022).

Current management strategies for ice-ice disease rely primarily on
farm-level interventions, such as site selection, stock rotation, and
environmental monitoring, with limited use of targeted treatments.
The development of sustainable and scalable disease control approaches
remains a critical priority. In this context, plant-derived bioactive
compounds have gained attention as eco-friendly alternatives due to
their antimicrobial and antioxidant properties. Previous studies have
demonstrated that extracts from mangrove species, such as Avicennia
marina and Sonneratia alba, can inhibit ice-ice-associated bacteria
through bioactive compounds including alkaloids, flavonoids, and
tannins (Rahman et al,, 2020; Syafitri et al., 2017). Similarly, macroalgal
extracts (e.g., Sargassum spp.) have been explored as biostimulants to
enhance growth and resilience (Tahiluddin et al., 2022). However, their
application in operational seaweed farming systems, particularly
through practical delivery methods, remains limited.

Origanum vulgare (oregano) is a well-documented medicinal
plant with potent antimicrobial activity attributed primarily to
phenolic compounds such as thymol and carvacrol. These com-
pounds disrupt microbial membranes, interfere with metabolic
pathways, and inhibit the growth of a broad spectrum of Gram-
positive and Gram-negative bacteria (Nazzaro et al., 2013;
Marchese et al., 2016). In aquaculture, oregano-derived additives
have been shown to enhance immune responses, reduce oxidative
stress, and improve disease resistance in fish and crustaceans
(Reverter et al., 2021; Zheng et al., 2021). Despite this established
efficacy, the potential application of O. vulgare in macroalgal
systems has not been investigated, particularly in the context of
disease prevention.

Immersion treatment represents a practical and scalable strategy for
delivering bioactive compounds in seaweed aquaculture, allowing direct
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exposure of thalli to plant-derived bioactive treatments while maintain-
ing operational feasibility for both smallholder and commercial farming
systems (Lee et al., 2022). Despite its potential applicability, empirical
investigations on immersion-based phytochemical treatments for mit-
igating ice-ice disease in K. alvarezii remain notably scarce.

Although numerous plant-derived extracts have demonstrated
antimicrobial activity against marine-associated bacterial patho-
gens, studies assessing their application as immersion treatments
under actual seaweed farming conditions are still limited. In
particular, the use of O. vulgare extract as an immersion-based
phytochemical treatment for carrageenan-producing seaweeds has
not yet been evaluated under open-sea cultivation systems.
Moreover, existing research has predominantly emphasized in
vitro antibacterial assays, with comparatively little attention given
to the physiological and production-related responses of K. alvarezii
following phytochemical treatment. Specifically, limited informa-
tion is available regarding the effects of immersion-based phyto-
chemical applications on thallus condition, pigmentation, and
biomass performance under field cultivation environments where
multiple ecological stressors interact.

The present study focuses primarily on growth performance and
thallus pigmentation responses following oregano extract immersion
under field conditions. Although visual signs of tissue deterioration
were monitored qualitatively, direct measurements of disease inci-
dence, pathogen abundance, or mortality were not performed.

Accordingly, this study aimed to evaluate the effects of immer-
sion-based application of O. vulgare extract on the growth perfor-
mance and pigmentation of K. alvarezii cultivated under field
conditions. Specifically, the study assessed: (1) the antibacterial
activity of the extract against bacterial isolates recovered from
diseased thalli, and (2) the influence of immersion duration on
growth and pigmentation responses. While the study does not
directly quantify disease incidence or pathogen suppression, it
examines whether oregano extract immersion is associated with
improved thallus condition and biomass performance under oper-
ational cultivation conditions.

2 Materials and methods
2.1 Study site and experimental duration

The experiment was conducted in Wakat, Barobo, Surigao del
Sur, Philippines (Figure 1), over a 45-day cultivation period from
November 2025 to January 2026. Seaweed seedlings were cultured
in an open-sea floating long-line system under natural environ-
mental conditions. The culture system was exposed to ambient
photoperiod (~12 h light:12 h dark) and prevailing physicochemical
conditions typical of coastal farming environments.

2.2 Preparation of Origanum vulgare
extract

Fresh aerial parts of Origanum vulgare were collected from
Wakat (Barobo) and Liatimco (Lianga), Surigao del Sur. Plant
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FIGURE 1

Geographic location of the study area in Surigao del Sur, Philippines, showing the experimental site for K. alvarezii cultivation. The map highlights the
coastal environment where immersion treatments and growth assessments were conducted.

materials were thoroughly washed, shade-dried for 10 days until
constant weight was achieved, and ground into fine powder.

Extraction was carried out using a percolation method with 80%
ethanol for 72 h. The extract was filtered through Whatman No. 1
filter paper and centrifuged at 5000 rpm for 5 min. The solvent was
subsequently removed via rotary evaporation, and the resulting
crude extract was stored at 2 °C until further use (Pérez-Delgado
et al,, 2021; Pourmoghim et al., 2015). Prior to immersion treat-
ment, the crude extract was diluted in sterile seawater to obtain a
working concentration of 10 mg mL"' (1% w/v). The same con-
centration was used for all immersion treatments.

2.3 Phytochemical screening

Preliminary phytochemical analysis of the crude extract was
conducted using standard qualitative assays to detect major second-
ary metabolites. The presence of alkaloids, flavonoids, saponins,
steroids, and condensed tannins was confirmed, while cardiac glyco-
sides were absent (Table 1). Specific tests included the froth test for
saponins, ferric chloride test for tannins, Liebermann-Burchard test
for steroids and Bate-Smith and Metcalf method for flavonoids.
These compounds are widely recognized for their antimicrobial
and bioactive properties. The phytochemical screening conducted
in the present study was qualitative only, and no quantitative
determination of thymol, carvacrol, total phenolic content, or other
major oregano-derived bioactive compounds was performed.

2.4 In vitro antibacterial assay
2.4.1 Bacterial isolation and identification

Symptomatic thalli of K. alvarezii exhibiting signs of ice-ice disease
were collected and processed under aseptic conditions. Samples were
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initially rinsed with sterile 0.9% saline solution, surface-sterilized with
70% ethanol for 30 s, and subsequently rinsed with sterile distilled
water to minimize surface contaminants. Tissue samples were then
macerated, serially diluted, and inoculated onto Marine Agar plates.

The inoculated plates were incubated at 37 °C for 24 h to facilitate
the recovery of culturable opportunistic bacteria detectable under
standard laboratory conditions. Following incubation, bacterial col-
onies were enumerated and submitted to an accredited external
laboratory at the Department of Science and Technology for identi-
fication using standard culture-based biochemical procedures. The
bacterial isolates recovered from diseased thalli included Escherichia
coli (40 CFU g'l) and Staphylococcus aureus (330 CFU g'l).

These isolates were regarded as opportunistic bacteria associated
with physiologically stressed thalli rather than confirmed primary
etiological agents of ice-ice disease. Accordingly, they were utilized as
indicator organisms for evaluating the antibacterial activity of Origanum
vulgare extract against bacteria associated with diseased seaweed tissues.

Although incubation at 37 °C enabled efficient recovery of
culturable bacteria, the selected temperature may have favored
non-marine or human-associated microorganisms while potentially
underrepresenting marine-specific bacterial communities naturally
associated with diseased seaweed thalli. This limitation should
therefore be considered when interpreting the bacterial profile
recovered in the present study.

2.4.2 Disk diffusion assay

The antibacterial activity of O. vulgare extract was evaluated
using the disk diffusion method. Sterile agar plates were inoculated
with bacterial isolates, and paper disks impregnated with the extract
were placed on the agar surface. Plates were incubated at 30 °C for
16-18 h, and zones of inhibition were measured in millimeters.
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TABLE 1 Phytochemical analysis of O. vulgare.

Parameter Result

Alkaloids
Confirmatory Test
(+) primary alkaloid ++
(++) secondary alkaloid
(+++) tertiary alkaloid

Test for Quaternary Bases & Amine Oxide +
Steroids
Keller-Killiani Test: For 2-deoxysugars -
Liebermann-Burchard Test: +

For Unsaturated Steroids

Flavonoids
Bate-Smith & Metcalf Method: +
For Leucoanthocyanins

Saponins
Froth Test

Tannins
Ferric Chloride Test
*Brownish-green color +
indicates the presence of condensed tannins
*Blue-black color

indicates the presence of hydrolysable tannins

Brownish-green

Bold and underlined text indicates the confirmatory phytochemical test used for the
qualitative detection of each secondary metabolite.

The symbol (*) denotes explanatory notes for the Ferric Chloride Test, where a brownish-
green color indicates the presence of condensed tannins and a blue-black color indicates the
presence of hydrolysable tannins.

Antibacterial activity was classified as follows: <10 mm (inactive),
10-13 mm (partially active), 14-19 mm (active), and >19 mm (very
active). All assays were performed in triplicate.

2.5 In vivo immersion experiment
2.5.1 Experimental design

Healthy K. alvarezii thalli were collected from a disease-free farm
and prepared into uniform 50 g segments. The experiment followed a
completely randomized design (CRD) with four treatments: (1)
control (no immersion), (2) 5-min immersion, (3) 15-min immersion,
and (4) 25-min immersion in O. vulgare extract. Each treatment
consisted of three replicate floating long lines, with 10 thalli per
replicate. Following treatment, seaweeds were cultured under open-sea
conditions for 45 days. Each floating long line served as one
experimental replicate, with 10 thalli attached per replicate line.
Statistical analyses were performed using replicate long lines as
independent experimental units to avoid pseudoreplication.

2.5.2 Growth performance and pigmentation
assessment

Monitoring was conducted weekly throughout the experimental
period. Growth performance was assessed using final weight (g),
biomass gain (g), average daily weight gain (ADWG, g day '), and
specific growth rate (SGR, % day™).

SGR was calculated as:

InW, - InW,
SGR (% day™") :w % 100
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where W, is final weight (g), W, is initial weight (g), and ¢ is
culture duration (days).

Pigmentation was evaluated using a semi-quantitative scoring
system ranging from 1 to 4:

* 1 = faded green with extensive whitening

* 2 = moderate green with limited whitening
* 3 = moderate green pigmentation

* 4 = intense green pigmentation

Scores were recorded weekly for each replicate.

Visual observations of tissue whitening, fragmentation, and
structural degradation were conducted qualitatively throughout
the experiment, but disease incidence and severity were not quan-
titatively measured. Pigmentation was assessed using semi-quanti-
tative visual scoring by a single observer, without direct pigment
quantification or inter-rater reliability testing.

2.5.3 Water quality monitoring

Environmental parameters were monitored weekly to ensure
stable culture conditions. Water temperature (°C), salinity (ppt),
turbidity (cm), and pH were measured using a digital thermometer,
refractometer, Secchi disk, and digital pH meter, respectively
(Phillips, 1990). All values were reported as mean * stan-
dard deviation.

2.6 Statistical analysis

All statistical analyses were performed using JASP (Version
0.19.3) and R software (Version 4.5.0). Data were initially assessed
for normality using the Shapiro-Wilk test and for homogeneity of
variance using Levene’s test prior to parametric analysis. Growth
performance variables (final weight, biomass gain, average daily
weight gain, and specific growth rate) were analyzed using one-way
analysis of variance (ANOVA), followed by Tukey’s honestly
significant difference (HSD) test for pairwise comparisons. The
magnitude of treatment effects was quantified using eta
squared (n?).

To characterize the relationship between immersion duration
and growth performance, model-based approaches were employed.
A quadratic regression model was fitted to describe the curvilinear
dose-response pattern:

y="5B +ﬁ1x+ﬁ29€2

where y represents the response variable and x denotes immer-
sion duration. A preliminary estimate of immersion duration
associated with maximum growth response was derived:

xg =~ P
opt — 2ﬁ2

In addition, a broken-line (piecewise linear) regression model
was applied to estimate the practical threshold (breakpoint, 7)
beyond which further increases in immersion duration did not
result in additional growth improvement. This complementary
modeling approach enabled differentiation between theoretical
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optimum and operational threshold. Pigmentation data, being
ordinal in nature, were analyzed using non-parametric statistical
methods. Differences among treatments were evaluated using the
Kruskal-Wallis test, followed by Dunn’s post hoc test with
Bonferroni correction. Effect size was calculated using epsilon
squared (7). Temporal variation in pigmentation within treatments
was assessed using the Friedman test, with Kendall’s coefficient of
concordance (W) used to estimate effect size. Weekly differences
among treatments were further analyzed using Kruskal-Wallis
tests. All statistical tests were conducted at a significance level of
p <.05. Parametric data are presented as mean + standard deviation
(SD), while non-parametric data are expressed as median and
interquartile range (IQR).

Longitudinal growth data were analyzed to evaluate temporal
changes in biomass across treatments over the 8-week monitoring
period. Weekly weight measurements from individual replicates
were treated as repeated observations.

Descriptive statistics were computed for each treatment at each
time point, including mean, standard deviation (SD), and standard
error (SE). The 95% confidence intervals (CI) for mean weight were
calculated as:

Clysy, = x + 1.96 x SE

where x is the sample mean and SE = S—Z.

Growth trajectories were visualized using line plots of mean
weight over time, with shaded regions representing 95% confidence
intervals. This approach allowed simultaneous evaluation of central
tendency and variability in growth response.

To assess differences in growth dynamics among treatments,
longitudinal data were analyzed using generalized estimating equa-
tions (GEE) with a Gaussian distribution and exchangeable corre-
lation structure to account for repeated measurements within
replicates. Treatment, time (week), and treatment x time interac-
tion were included as fixed effects.

Cumulative productivity was quantified using the area under
the growth curve (AUC), calculated for each replicate using the
trapezoidal rule:

n—1

AUC=Y

i=1

w X (tiyy — 1)

where W; and W}, represent consecutive weight measurements
at times t; and t;,;, respectively.

Differences in AUC among treatments were evaluated using
one-way analysis of variance (ANOVA), followed by Tukey’s
honestly significant difference (HSD) test for pairwise comparisons.

Additionally, linear regression was applied to estimate growth
rates (slope, g week') for each treatment using mean weekly
weights. These slopes were used to compare relative growth velocity
among treatments.

To evaluate the potential influence of environmental variables
on growth performance, correlation analysis was conducted be-
tween water quality parameters and growth metrics across the
experimental period.

Weekly mean values of growth (final weight per treatment) and
water quality parameters (temperature, salinity, pH, and turbidity)
were computed by averaging A.M. and P.M. measurements.
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Pearson’s correlation coefficient (r) was then used to quantify the
strength and direction of linear relationships among variables.

The correlation matrix was constructed using paired weekly
observations and visualized through a heatmap to facilitate inter-
pretation of multivariate relationships. Correlation coefficients were
interpreted based on their magnitude (weak: |r| < 0.30; moderate:
0.30-0.70; strong: >0.70).

This analysis aimed to determine whether environmental fluc-
tuations contributed to variation in growth performance and to
verify whether observed treatment effects were independent of
water quality conditions.

All statistical analyses were performed at a significance level
of p <.05.

3 Results

3.1 Bacterial identification in ice-ice—
Affected Kappaphycus alvarezii

Microbial analysis of diseased K. alvarezii thalli revealed the
presence of two opportunistic bacterial indicators associated with
diseased thalli, Escherichia coli and Staphylococcus aureus (Table 2).
The quantified microbial loads showed a clear disparity between the
two species. E. coli was detected at a relatively low density (40 CFU
g), whereas S. aureus exhibited a substantially higher load (330
CFU g, indicating greater prevalence in ice-ice-affected samples.

The dominance of S. aureus suggests a stronger association with
diseased thalli, although both bacterial species likely contribute to
opportunistic colonization under stress conditions. These findings
indicate the presence of opportunistic bacterial colonization in
diseased thalli. Although E. coli and S. aureus are not recognized
as primary ice-ice disease pathogens, their occurrence in diseased
tissues may reflect opportunistic colonization associated with tissue
degradation and environmental stress. Therefore, these isolates
were used as indicator organisms for evaluating the antibacterial
activity of the extract.

3.2 In vitro antibacterial activity of
Origanum vulgare extract

The antibacterial activity of Origanum vulgare extract was
evaluated using the disk diffusion method (Table 3). The extract
exhibited strong and consistent inhibitory activity against
Staphylococcus aureus, with a mean inhibition zone of 21 mm,
classified as very active (>19 mm).

Against Escherichia coli, inhibition zones were consistently
19 mm across replicates, corresponding to an active classification

TABLE 2 Microbial load of bacteria isolated from ice-ice—affected K.
alvarezii.

Parameter Result
K. alvarezii (ice-ice-affected) E. coli count 40 CFU g'1
Staphylococcus aureus 330 CFU g'1

count
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(14-19 mm). This indicates lower susceptibility relative to S. aureus,
consistent with differences in cell wall structure between Gram-
positive and Gram-negative bacteria. Overall, these results demon-
strate antibacterial activity of O. vulgare extract against the two
tested bacterial isolates, with greater efficacy against the Gram-
positive isolate.

3.3 Growth performance

Immersion duration of Origanum vulgare extract significantly
influenced the growth performance of K. alvarezii. One-way
ANOVA revealed a strong treatment effect on final weight, F (3,
8) = 171.27, p <.001, with a statistically detectable treatment effect
(M = 0.985), although the unusually high effect-size estimate should
be interpreted cautiously because of the limited sample size and
strong separation among treatment means.

Final weight increased markedly with immersion duration
(Table 4), with the highest values observed in the 15-min treatment
(259.67 + 13.05 g), followed by the 25-min (231.67 + 12.74 g) and 5-
min (168.67 + 18.56 g) treatments. In contrast, the control group
exhibited negative growth (33.00 + 6.08 g), indicating severe
biomass loss under untreated conditions. Post hoc comparisons
showed that the 15-min treatment did not differ significantly from
the 25-min treatment (p = .123), but both were significantly higher
than the 5-min treatment and control (p <.01). The 5-min treat-
ment also significantly outperformed the control (p <.001).

3.4 Growth indices and biomass
accumulation

Biomass accumulation and derived growth indices (final bio-
mass, total weight gain, ADWG, and SGR) followed trends consis-
tent with final weight (Table 4). The 15-min treatment consistently
produced the highest values, followed by the 25-min and 5-min
treatments, while the control exhibited minimal biomass and
negative growth indices. These results confirm that immersion
treatment enhances overall growth efficiency and prevents biomass
decline under stress conditions.

Weekly monitoring showed clear treatment-dependent diver-
gence in growth trajectories over time (Figure 2). All groups began
with the same mean initial weight at Week 0, but differences became
more pronounced from Week 2 onward and were especially evident
after Week 4. The 15-min treatment exhibited the strongest and
most sustained biomass accumulation, reaching the highest mean
weight by the end of the monitoring period. The 25-min treatment
followed a similar trajectory but remained consistently below the
15-min treatment during the later weeks. The 5-min treatment
showed moderate growth improvement, whereas the control dis-
played unstable growth and eventual decline.

10.3389/fmars.2026.1888220

The confidence intervals indicate increasing variability at later
stages, particularly in the 15-min treatment, reflecting heterogeneity
among replicates. Despite this variability, the overall pattern re-
mained consistent with the cumulative productivity analysis, in
which the 15-min and 25-min treatments outperformed the 5-min
treatment and control. These results indicate that immersion
duration influenced not only final biomass but also the stability
and trajectory of growth over time.

3.5 Relationship between water quality and
growth

Correlation analysis revealed strong positive associations
among growth variables across treatments (r = 0.94-0.99), indicat-
ing consistent patterns in biomass accumulation under different
immersion durations (Figure 3). In contrast, water quality param-
eters exhibited moderate but inconsistent correlations with growth
performance (|r| < 0.70), with no clear pattern suggesting a
dominant environmental influence.

Temperature showed moderate negative correlations with
growth variables (r = -0.65 to —0.70), while salinity and turbidity
exhibited weak to moderate negative associations. In contrast, pH
displayed moderate positive correlations with growth; however,
these relationships were not consistent across treatments. Overall,
the lack of strong and consistent correlations between water quality
parameters and growth suggests that environmental variability was
not strongly associated with the observed differences in biomass
accumulation during the study period.

3.6 Dose—response relationship

Quadratic regression analysis revealed a significant curvilinear
relationship between immersion duration and final weight
(R?=0.974, p <.001; Figure 4A). Growth increased with immersion
duration up to an intermediate level and declined slightly at higher
exposure, producing a clear inverted U-shaped response. The model
provided a preliminary estimate of immersion duration associated
with maximum growth response within the intermediate immer-
sion-duration range evaluated in the present study.

To further refine this relationship, a broken-line regression
model was applied (Figure 4B). The analysis suggested a possible
saturation response at intermediate immersion durations, beyond
which additional immersion did not yield further increases in final
weight, indicating a saturation threshold.

The combined modeling approaches provide complementary
interpretations of the dose-response pattern. While the quadratic
model defines the theoretical optimum, the broken-line model
identifies the practical threshold for maximizing growth.
Together, these results indicate that intermediate immersion

TABLE 3 Antibacterial activity of Origanum vulgare extract based on zone of inhibition (mm).

Bacterial isolate Trial 1 Trial 2 Trial 3 Mean (mm) Activity classification
Staphylococcus aureus 22 22 20 21 Very active
Escherichia coli 19 19 19 19 Active
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TABLE 4 Growth performance of K. alvarezii under different immersion durations of O. vulgare extract.

Parameter

Control

Treatments

Final Weight (g) 33.00 + 6.08°

168.67 + 18.56°

259.67 + 13.05" 231.67 + 12.74™

Final Biomass (g) 165.00 + 30.41¢

843.33 + 92.78°

1298.33 + 65.26" 1158.33 + 63.71%°

Total Weight Gain (g) —-85.00 + 30.41°

ADWG (g day™") —0.38 + 0.14°

593.33 + 92.78"

2.64 +0.41°

1048.33 + 65.26" 908.33 + 63.71°

4.66 + 0.29° 4.04 +0.28%°

SGR (%) —37.78 + 13.52°

263.70 + 41.24°

465.93 + 29.00° 403.70 + 28.31%°

Values are presented as mean + standard deviation (n = 3). Different superscript letters within a row indicate significant differences among treatments based on Tukey’s honestly significant

difference (HSD) test at p <.05.

durations optimize growth performance, whereas prolonged expo-
sure offers no additional benefit and may slightly reduce efficiency.

3.7 Pigmentation dynamics

Pigmentation scores differed significantly among treatments
(Kruskal-Wallis H = 57.00, p <.001), with a very large effect size
(€* = 0.95). The control group exhibited the lowest pigmentation
(median = 1; IQR: 1-2), reflecting pronounced depigmentation and
poor thallus condition.

The 5-min treatment showed moderate pigmentation (median
= 2; IQR: 2-3), indicating partial recovery. In contrast, the 15- and
25-min treatments achieved significantly higher pigmentation
scores (median = 3; IQR: 3-4), corresponding to improved thallus
coloration and structural integrity, consistent with the visual
observations (Figure 5). No significant difference was observed
between these treatments, indicating comparable effectiveness at
longer immersion durations (Table 5).

3.8 Temporal pattern of pigmentation
response

While overall pigmentation differences are summarized in
Table 6, temporal analysis revealed distinct treatment-specific
trajectories (Figure 5). Pigmentation changed significantly over
time within all treatments (Table 6; all p <.001; Kendall’s
W = 1.00), indicating highly uniform directional trends in pigmen-
tation responses across replicate observations. However, the un-
usually high Kendall's W values may partly reflect the limited
ordinal scoring scale and relatively small number of replicate
observations used in the present study. The control group exhibited
a rapid and sustained decline in pigmentation after Week 0,
stabilizing at low scores (1-2), indicative of progressive tissue
deterioration. The 5-min treatment partially mitigated this decline
but remained at intermediate levels (2-3).

In contrast, the 15- and 25-min treatments demonstrated
sustained improvement, maintaining moderate pigmentation

Longitudinal growth trajectories of K. alvarezii
1

FIGURE 2
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Longitudinal growth trajectories of Kappaphycus alvarezii under different immersion durations of Origanum vulgare extract. Points represent mean
weight, and shaded regions indicate 95% confidence intervals (mean + 1.96 SE). Growth trajectories diverged after Week 4, with the 15-min
treatment showing the highest biomass accumulation. The 25-min treatment showed strong but slightly lower growth, the 5-min treatment showed
moderate improvement, and the control exhibited unstable growth and decline. In-figure annotations summarize the pattern of cumulative
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experimental period. Values represent Pearson correlation coefficients. S
treatments, while water quality parameters showed moderate but incons

Correlation heatmap showing relationships between growth performance (final weight across treatments) and water quality parameters during the

trong positive correlations were observed among growth variables across
istent associations.

during early weeks and reaching intense green pigmentation (score
= 4) from Week 5 onward (Figure 6). Between-treatment compar-
isons confirmed significant differences from Week 1 through Week
7 (Table 7; all p <.001), while no differences were observed at Week
0. These findings indicate that oregano immersion rapidly altered
pigmentation trajectories, preventing depigmentation and promot-
ing recovery.

Collectively, immersion duration influenced not only the mag-
nitude of pigmentation response but also the temporal progression
of thallus health, with longer durations producing more stable and
sustained improvements.

Quadratic model with 95% Cl
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4 Discussion

Immersion treatment with O. vulgare extract improved growth
performance and pigmentation of K. alvarezii cultivated under field
conditions. Treated thalli exhibited greater biomass accumulation,
improved coloration, and more stable growth trajectories compared
with untreated controls. These findings suggest that oregano-
derived bioactive compounds may contribute to improved thallus
condition under cultivation conditions.

Microbial analysis detected Escherichia coli and Staphylococcus
aureus in diseased thalli, with S. aureus occurring at substantially

Broken-line model
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Dose-response relationship between immersion duration of O. vulgare extract and final weight of K. alvarezii. (A) Quadratic regression model

ediate immersion durations and declining slightly at prolonged exposure.

The shaded region represents the 95% confidence interval, indicating model uncertainty. (B) Broken-line regression model suggesting a possible
saturation response at intermediate immersion durations. Points represent treatment means (n = 3). Because only four treatment levels were
evaluated, the modeled response patterns should be interpreted as exploratory rather than definitive estimates of optimal immersion duration.
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FIGURE 5

Representative visual condition of Kappaphycus alvarezii thalli under different immersion durations of Origanum vulgare extract. The control (C)
exhibits pronounced depigmentation and signs of tissue deterioration associated with ice-ice disease. The 5-min treatment shows partial
improvement in coloration, while the 15- and 25-min treatments display enhanced pigmentation, structural integrity, and overall thallus health.

higher densities. Although these bacteria are not commonly iden-
tified as primary causative agents of ice-ice disease, their occurrence
may reflect secondary colonization associated with stressed or
deteriorating tissues (Arasamuthu and Edward, 2018). The presence
of these isolates therefore likely represents opportunistic bacterial
association with tissue degradation under environmental stress
conditions rather than direct evidence of disease causation.

The antibacterial assay demonstrated that oregano extract
inhibited both bacterial isolates, with stronger activity against S.
aureus than E. coli. This pattern is consistent with previous reports
describing the antimicrobial properties of oregano-derived com-
pounds such as carvacrol, thymol, flavonoids, and phenolics (Fidan
etal, 2019; da Silva et al,, 2021; Marchese et al., 2016; Nazzaro et al.,
2013; Nurzynska-Wierdak and Walasek-Janusz, 2025). The lower
susceptibility of E. coli may be associated with the protective outer
membrane characteristic of Gram-negative bacteria. Comparable
antibacterial activity of oregano and other plant-derived extracts
has also been reported in previous studies involving aquatic
pathogens and opportunistic bacteria (Pérez-Delgado et al., 2021;
Amri et al,, 2023; Rahman et al., 2020; Sulistijowati and Karim,

TABLE 5 Summary of pigmentation scores of K. alvarezii.

Treatments
Parameter
Control 5 min 15 min 25 min
n 40 40 40 40
Median pigmentation score 1* 2° 3¢ 3¢
IQR 1-2 2-3 3-4 3-4

Frontiers in Marine Science

2020). However, the ecological relevance of the tested isolates to ice-
ice disease remains uncertain, and the antibacterial results should
therefore be interpreted cautiously.

Immersion duration significantly influenced growth perfor-
mance, with the 15-min treatment producing the highest final
weight, biomass accumulation, average daily weight gain, and
specific growth rate. In contrast, untreated thalli exhibited biomass
loss and poor overall condition. These findings indicate that
moderate immersion durations may be sufficient to maximize the
beneficial effects of oregano extract, while longer exposure provides
little additional improvement. Similar threshold responses have
been observed in aquaculture applications involving phytogenic
compounds and bioactive plant extracts (Fadilah et al., 2016;
Reverter et al., 2021; Zheng et al., 2021). Comparable physiological
effects of plant-derived bioactive compounds have also been reported
in animal production systems. Chen et al. (2023) demonstrated that
Litsea cubeba essential oil improved growth performance, antioxidant
capacity, immune function, and microbial balance in livestock,
suggesting that phytogenic compounds may exert multiple com-
plementary physiological effects beyond direct antimicrobial
activity. Similar multifunctional mechanisms may partly explain
the improved biomass accumulation and pigmentation stability
observed in oregano-treated K. alvarezii.

The dose-response analyses further supported this interpreta-
tion. Quadratic regression provided a preliminary estimate of
immersion duration associated with maximum growth response
at approximately 17.41 min, whereas broken-line regression indi-
cated a practical threshold between 15 and 18 min beyond which
growth gains plateaued. Together, these results suggest that inter-
mediate immersion durations may optimize growth performance,
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TABLE 6 Within-treatment temporal variation in semi-quantitative pigmentation scores of K. alvarezii across the 8-week observation period.

Treatment x? (Friedman) df P-value Kendall's W Interpretation

Control 35 7 <.001 1 Significant decline in pigmentation

5 min 35 7 <.001 1 Moderate but consistent improvement
15 min 35 7 <.001 1 Strong and sustained improvement

25 min 35 7 <.001 1 Strong and sustained improvement

Values were analyzed using the Friedman test. Kendall’'s W represents effect size.

whereas prolonged exposure may reduce efficiency due to dimin-
ishing biological returns. Nevertheless, these optimization estimates
should be considered preliminary because only four immersion
durations were evaluated. Because only four immersion durations
were evaluated, the regression-derived optimization estimates
should be interpreted cautiously and regarded as exploratory
rather than definitive.

Longitudinal growth monitoring showed that treatment effects
became more pronounced after Week 4. The 15-min treatment
maintained the highest and most consistent biomass accumulation
throughout the cultivation period, whereas the control group
exhibited unstable growth and progressive decline. The 25-min
treatment followed a similar but slightly lower trajectory, while the
5-min treatment produced only moderate improvement. These
findings indicate that oregano immersion influenced not only
final biomass accumulation but also the stability of growth perfor-
mance over time.

The pronounced biomass decline observed in the untreated
control may have been associated with cumulative environmental
stress, tissue deterioration, or opportunistic microbial colonization
during the cultivation period. Similar biomass reductions under
stressful environmental conditions have been reported in previous

Temporal Pigmentation Response of Kappaphycus alvarezii

—e— Control
—0— 5min
—8— 15 min
—8— 25 min

w
!

Pigmentation Score
N

0 1 2 3 4 5 6 7
Week

FIGURE 6

Temporal changes in semi-quantitative pigmentation scores of K.
alvarezii under different immersion durations of O. vulgare extract
over 8 weeks. Values represent mean pigmentation scores (n = 5).
The control group shows rapid depigmentation, while the 5-min
treatment maintains moderate pigmentation. In contrast, the 15-
and 25-min treatments exhibit sustained improvement, reaching
intense green pigmentation (score = 4) from Week 5 onward.
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Kappaphycus cultivation studies (Largo et al., 1995; Hurtado et al.,
2019; Largo et al., 2020).

Pigmentation analysis demonstrated that oregano immersion
improved the visual condition of the thalli. Treated seaweeds,
particularly those exposed for 15 and 25 min, maintained higher
pigmentation scores and better structural integrity than untreated
controls. Because pigmentation may reflect overall thallus condi-
tion, the observed improvements may indicate reduced visible stress
and better tissue maintenance. However, direct physiological mea-
surements such as chlorophyll concentration or photosynthetic
efficiency were not conducted. Previous studies have shown
that stressed macroalgae commonly exhibit pigment degradation
and bleaching, whereas healthy thalli maintain stronger pigment
synthesis and photosynthetic activity (Wu et al., 2015; Chen
et al., 2023).

Temporal pigmentation patterns further showed that oregano
treatment altered the progression of thallus deterioration. The
control group exhibited rapid depigmentation beginning after
Week 0, whereas the 15- and 25-min treatments maintained
progressively improved pigmentation throughout the monitoring
period. Significant weekly differences among treatments suggest
that immersion duration influenced both the magnitude and
stability of pigmentation response.

Correlation analysis indicated strong positive relationships
among growth variables across treatments, whereas water quality
parameters showed moderate but inconsistent associations with
biomass accumulation. Although temperature and pH displayed
moderate correlations with growth, these relationships were insuf-
ficient to explain the observed treatment effects. These findings
suggest that immersion treatment may have contributed more

TABLE 7 Weekly comparison of semi-quantitative pigmentation scores of
Kappaphycus alvarezii among treatments using the Kruskal—-Wallis test.

Week Kruskal-Wallis H P-value Significance
Week 0 — — Not tested (no variation)
Week 1 19 0.000273

Week 2 19 0.000273

Week 3 19 0.000273

Week 4 19 0.000273

Week 5 19 0.000273

Week 6 19 0.000273

Week 7 19 0.000273

ok

indicates highly significant differences (p <.001).
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strongly to growth differences than the measured environmental
variables during the study period.

Environmental conditions remained within suitable ranges for
K. alvarezii cultivation throughout the experiment, which likely
minimized additional physiological stress. Previous studies have
emphasized the importance of maintaining optimal temperature
and salinity conditions for efficient metabolic activity and growth in
carrageenan-producing seaweeds (Saguid et al., 2022; Rupert et al.,
2022; Mulyono et al., 2025). Stable turbidity conditions may also
have supported adequate light penetration and overall cultivation
performance (Caceres-Farias et al., 2025).

Overall, the findings suggest that the immersion-based appli-
cation of O. vulgare extract may offer a practical and environmen-
tally sustainable approach to improving growth and thallus
condition in K. alvarezii. However, further studies incorporating
pathogen-specific assays, microbial community analyses, quantita-
tive pigment determination, and direct measurements of disease
incidence are needed to clarify the mechanistic role of oregano
extract in seaweed health management. The use of short immersion
durations may nevertheless offer a feasible strategy for seaweed
farming systems facing increasing environmental stress associated
with climate variability (Masson-Delmotte et al., 2018; Tahiluddin
et al., 2023).

Several limitations should be considered when interpreting the
present findings. The study did not directly quantify disease
incidence, pathogen abundance, microbial community composi-
tion, or tissue mortality. In addition, only four immersion durations
were evaluated, and no seawater-only immersion control was
included. Consequently, the observed responses cannot be attrib-
uted exclusively to oregano extract exposure because immersion
handling, osmotic effects, or temporary manipulation stress may
also have contributed to treatment-related variation. Therefore, the
findings should be interpreted as responses associated with immer-
sion-based oregano treatment rather than definitive evidence of
extract-specific physiological effects.

Pigmentation assessment relied on semi-quantitative visual
scoring rather than direct physiological measurements such as
chlorophyll quantification or photosynthetic analysis, making in-
terpretations regarding stress tolerance, physiological resilience,
and tissue condition preliminary. Furthermore, the phytochemical
screening conducted in the present study was qualitative in nature
and did not identify or quantify the specific oregano-derived
compounds responsible for the observed biological responses.

Future studies should incorporate additional immersion-con-
trol treatments, expanded treatment gradients, larger replicate
numbers, quantitative physiological measurements, chromato-
graphic phytochemical profiling, and bioactivity-guided com-
pound analyses to establish clearer mechanistic relationships
between phytochemical composition and biological activity.
Structure-function characterization approaches similar to those
employed by Gong et al. (2023) may provide useful frameworks
for linking phytochemical composition with functional bioactiv-
ity, while the robust experimental and analytical strategies dem-
onstrated by Pan et al. (2023) may improve the rigor of future
stress-response investigations involving K. alvarezii phytochemi-
cal treatments.
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5 Conclusion

Immersion treatment with O. vulgare extract improved growth
performance, pigmentation, and overall thallus condition of K.
alvarezii cultivated under field conditions. Treated seaweeds exhib-
ited greater biomass accumulation and more stable pigmentation
responses than untreated controls. The extract also demonstrated
antibacterial activity against the two tested bacterial isolates recov-
ered from diseased thalli. Regression analyses suggested that inter-
mediate immersion durations between approximately 15 and
18 min may provide favorable growth responses, although this
estimate should be considered preliminary because only four
treatment levels were evaluated. While the findings support the
potential application of plant-derived bioactive compounds in
seaweed aquaculture, the present study does not provide direct
evidence of ice-ice disease prevention or pathogen suppression.
Future studies incorporating pathogen-specific analyses, quantita-
tive disease assessment, and physiological measurements are needed
to clarify the mechanistic role of O. vulgare extract in seaweed
health management.
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