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Abstract

Massive strandings of holopelagic Sargassum cause major ecological and economic prob-
lems, but its conversion into bioproducts offers a sustainable alternative. This study
assessed the potential of holopelagic Sargassum (S. fluitans and S. natans) collected in the
Caribbean as ecofriendly insecticides against the whitefly Bemisia tabaci, a major pest of
tomato crops. Extracts were produced using green methods: ultrasound-assisted extraction
(UAE) and ultrasound-assisted enzymatic hydrolysis (UAEH) with enzymes cocktails.
Biochemical analyses revealed high mineral and polysaccharide contents, varying with
the extraction technique. Extracts were tested at 1-6% (w/v) using clip-cage (adults) and
leaf-dip (eggs) methods. All extracts reduced adult survival, with UAE and UAEH-P/C
extracts achieving over 50% mortality at >4% concentration after 48 h (LDs5g: 3.9-4.5%).
Egg mortality was significant only with UAE and UAEH-P extracts at 6% (LDsg: 1.9-2.8%).
These results suggest insecticidal activity through both ingestion and cuticle/embryo dis-
ruption. Although enzymatic extraction did not markedly enhance biochemical yields,
extracts showed, for the first time, promising biocidal and ovicidal properties. This research
highlights holopelagic Sargassum as a renewable source of natural insecticidal compounds,
supporting sustainable management of both invasive algal biomass and agricultural pests.
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1. Introduction

In the central Atlantic Ocean and Caribbean Sea, massive accumulations of holopelagic
Sargassum brown seaweed, specifically Sargassum fluitans and Sargassum natans, have been
observed along with frequent beaching events [1,2]. The year 2025 is emerging as the
peak year for Sargassum strandings in both Guadeloupe and Martinique (France). Within
a three-month period, approximately 4500 metric tons of Sargassum have already been
harvested at sea [3]. The pelagic decomposition of macroalgae in coastal zones raises
serious ecological, economic, and social concerns, primarily due to the emission of toxic
and corrosive gases, such as hydrogen sulfide (H,S) [4]. To prevent these harmful effects,
developing and implementing valorization strategies for macroalgal biomass prior to its
stranding and degradation is essential, thus reducing environmental risks while promoting
sustainable resource utilization.
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Sargassum species are a significant source of algal biomass rich in bioactive compounds
with potential uses in biotechnology, cosmetics, and agriculture [5-7]. In Martinique, the
primary method of use is composting, where Sargassum is used at less than 30% in the
mixture, as permitted for local producers.

The structure of brown seaweed cell walls, composed of anionic polysaccharides,
makes their extraction particularly challenging. These polymers are intracellularly bound
to proteins and are associated with insoluble phenolic compounds through hydrophilic
and hydrophobic interactions [8]. Various conventional extraction techniques are often
used to isolate bioactive compounds. Although these techniques provide good selectivity
and efficiency, organic solvents may leave behind residues that contribute to environmental
pollution. Additionally, intense extraction conditions degrade many bioactive compounds.
As a result, water extraction techniques are preferred in the agricultural sector. Green
extraction techniques such as ultrasound-assisted extraction (UAE) and enzyme -assisted
extraction (EAE) are notably promising, as they enable the recovery of bioactive molecules
without the use of hazardous organic solvents. UAE uses ultrasonic baths or probes
to emit high-frequency sound waves, causing cavitation, the formation and collapse of
microscopic bubbles, which helps to break down cell walls and enhance the release of
bioactive compounds by improving solvent penetration and mass transfer [9]. EAE uses
enzymes to break down the structure of cell walls and membranes, thereby promoting the
extraction of valuable biomolecules. When these two green technologies are combined, a
synergetic effect can be obtained: ultrasound under optimal conditions can enhance enzyme
activity. The biomolecule extraction process is enhanced by favorable conformational and
structural changes that increase diffusion rates to active enzyme sites or improve enzyme
activity [10-12].

Recent studies have demonstrated the effectiveness of seaweed extracts against various
insect pests and their developmental stages. Extracts from the brown Sargassum species
including Sargassum horridum, Sargassum tenerrimum, Sargassum vulgare, and Sargassum
wightii have shown insecticidal and repellent potential. These extracts were obtained
by organic or hydroalcoholic extraction. Notably, they proved effective against major
agricultural pests such as Diaphorina citri, Dysdercus cingulatus, Aphis craccivora, and Plutella
xylostella and Spodoptera littoralis [13-16]. Further, phytochemical analyses revealed the
presence of bioactive compounds, including secondary metabolites such as alkaloids, terpenes,
flavonoids, saponins, phytol, hexadecenoic acid methyl ester, and n-hexadecanoic acid.

In the Caribbean, the polyphagous insect Bemisia tabaci (Gennadius) (Hemiptera: Aley-
rodidae) causes global economic damage to a wide variety of crops [17]. Cucurbitaceae,
Fabaceae, and Solanaceae are among the families that are seriously threatened by whiteflies,
which are known as the vectors of more than a hundred plant viruses [18-20]. Tomato
(Solanum lycopersicum, Solanaceae) plants are particularly affected by B. tabaci through
feeding damage and begomovirus-induced viral diseases, such as Tomato Yellow Leaf Curl
Virus and Potato Yellow Mosaic Virus. Thus, tomato yield losses can reach 100% [21-23].

However, insecticidal activity against B. tabaci has never been evaluated for Sargas-
sum extracts. Therefore, this study aimed to evaluate, for the first time, the insecticidal
and ovicidal potential of extracts obtained from Sargassum (Sargassum natans 1/Sargassum
natans VIII/Sargassum fluitans III) collected in the Caribbean Sea, using green extraction
technologies, and to assess their effectiveness against the whitefly B. tabaci.

2. Materials and Methods
2.1. Algal Biomass Collection and Pretreatments

To facilitate biomass valorization, the Fresh Sargassum biomass (mixture of morpho-
types: Sargassum natans 1/Sargassum natans VIII/Sargassum fluitans 1II) was harvested
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directly from the open sea along the southeast coast of Grande Terre (Guadeloupe, France),
without any prior sorting or separation. The seaweed was air-dried on site, sheltered from
direct light. After cleaning and rinsing, the biomass was ground to a particle size of 500 um
using a laboratory hammer mill (Retsch SM 300 knife mill, 0.75 mm grid). Then the powder
was stored in opaque plastic buckets at room temperature for further experiments.

2.2. Extraction

Table 1 summarizes the different extraction methods applied to Sargassum samples,
along with their corresponding codes used throughout the study.

Table 1. Summary of extraction treatments and corresponding codes.

Extract UAE Enzyme treatment Code
Control
(Maceration) No No Control
UAE Yes No UAE
UAEH-Protease Yes Protease mixture UAEH-P
UAEH-Carbohydrase Yes Carb(?hydrase UAEH-C
mixture

2.2.1. Ultrasound-Assisted Extraction (UAE)

The ultrasound extraction is a green extraction technique that generates a strong
cavitation effect, a phenomenon involving the rapid formation and collapse of microscopic
bubbles in the extraction medium. This mechanical action effectively disrupts the rigid cell
walls of Sargassum, thereby improving solvent penetration and facilitating the release of
intracellular compounds [24]. For this study, the UAE was performed using 300 g of dry
algae in a total reaction volume of 6 L. The extraction system consisted of a thermostatically
controlled tank, a pump for biomass circulation, and a 400 W, 35 kHz ultrasound tubular
reactor (Sonitube®, SYNETUDE). Ultrasonic waves were generated by a transducer (or
emitter), and their amplitude was mechanically adjusted using a booster. These vibrational
waves were transmitted to a sonication cell known as a sonotrode. The reaction mixture
was exposed to ultrasound at the sonotrode and along the entire surface of the tube. The
power amplitude was set at the generator to values ranging from approximately 200 to
400 W. The energy efficiency of the SONITUBE® system was approximately 85%. The
UAE was performed using an algae-to-water ratio of 5:95 (w/v), at a pH of 6.5 and a
constant temperature of 40 °C (maximum operating temperature of the equipment) for
a total duration of 2 h and 30 min. To prevent overheating of the extraction medium,
the ultrasound was applied at maximum power in pulsed mode, consisting of 15 min of
sonication followed by a 5 min pause. After extraction, the mixture was centrifuged at
2000x g for 15 min to separate the supernatant.

2.2.2. Ultrasound-Assisted Enzymatic Hydrolysis (UAEH)

The combined UAEH approach offers a synergistic effect: ultrasound treatment en-
hances the accessibility of enzymes to internal cellular substrates, while enzymatic action
ensures selective and efficient breakdown of target macromolecules without degrading
sensitive compounds [25,26]. UAEH was conducted under the same operating conditions
as UAE, with the additional incorporation of enzymes. Enzymes were introduced in batch
mode at a concentration of 1% (w: dw) relative to the dry matter. Following 2 h and 30 min
of UAEH treatment, the enzymes were inactivated by heating the mixture to 90 °C for
15 min. The resulting water-soluble extracts (WSEs) were then centrifuged at 5000 x g for
10 min to separate the supernatant from the washed solid residue. The WSEs were then
freeze-dried for storage. Two enzyme cocktail batches were used:
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- Protease Batch: a mixture of Flavourzyme (Novozymes, Bagsveerd, Denmark),
Maxipro NPU (DSM, Delft, Netherlands), Neutrase (Novozymes), and Protamex
(Novozymes), also used at optimal conditions of 50 °C and pH 6.5.

- Carbohydrase Batch: a blend of five enzymes, including Glucanex (Novozymes),
Sumizyme (Shin Nihon Chemicals Co., Anjyo Aichi, Japan), Termamyl (Novozymes),
and Ultraflo L (Novozymes), applied under optimal conditions of 50 °C and pH 6.5.

All enzymes were food-grade commercial preparations derived from microbial fermentation.

2.3. Biochemical Composition Analysis

To characterize the raw matter of Sargassum biomass, 10 mg of freeze-dried matter
was mixed with 5 mL HCl at 1 M concentration in a sealed vial. This acid extraction was
performed at 100 °C for 2 h, after which 5 mL of NaOH at 1 M concentration was added.
The final solution was used to measure the neutral sugars, uronic acids, proteins, and total
phenolic content. In order to analyze sulfate groups linked to polysaccharides, the same
extraction conditions were performed in ultrapure water. The composition of Sargassum
biomass is defined as the proportions in percentage of each chemical compound family
found in the total dried weight of the raw material. Neutral sugars were determined
by the phenol sulfuric acid method described by DuBois et al. [27]. Uronic acids were
determined by using the Meta-Hydroxy-Di-Phenyl (MHDP) method (Blumenkrantz &
Asboe-Hansen, 1973) modified by Filisetti-Cozzi & Carpita [28]. The total amount of
proteins was determined using the method developed by Smith et al. [29] and quantified
by the BiCinchoninic Acid (BCA) colorimetric method with a Micro BC Assay (Interchim,
Montlugon, France). The Folin-Ciocalteu method is commonly used for measuring the total
phenolic content (TPC). This assay is based on the reduction—oxidation (redox) reactions,
which are usually considered to be relatively stoichiometric and on the redox potential
of the phenolic hydroxyl group [30]. Sulfated groups content was determined by the
Azure A method that reacts specifically with sulfates linked to the polysaccharides [31].
Finally, the mineral matter content was determined according to the method of Hardouin
et al. [32]. The sample was placed in a crucible and calcined by ignition. The ash content
was determined thermogravimetrically after calcination of 100 mg of seaweed powder
followed by a passage for 2 h in a Carbolite CSF Muffle Furnace (UK) at 585 °C. The final
mass corresponds to the mineral matter in the sample and was expressed in percentage of
dry weight of seaweed (d.w.) or dry weight of extract (d.e.).

2.4. Evaluation of Biological Activity

Whiteflies were collected every two months from a melon field in southern Martinique
(14°26'21" N, 60°52'44" W). Then, they were kept in rearing cages on tomato plants, in
room at 26 & 1 °C, with a relative humidity of 45% and a photoperiod of 12:12. For the
trials, we used different age and sex cohorts.

Four extracts were tested in aqueous solution at doses of 1%, 2%, 4%, and 6% (w/v),
ie., 10 mg.mL™!, 20 mg.mL ™!, 40 mg.mL~}, and 60 mg.mL !, respectively. Tween 20
(SIGMA) was added to all extracts at a rate of 0.05% (v/v) before application to improve
adherence to treated plants. The negative control was treated with Tween 20 as well.

To assess the effect of Sargassum extracts on Bemisia tabaci adults, young tomato plants
(four to six leaves) were treated with different solutions and air-dried for 30 min. Then, 10 to
15 whiteflies were enclosed in clip cages attached directly to tomato leaflets during 24 and
48 h after application. Clip cages were constructed from modified 60 mL crystal polystyrene
vials (height: 95 mm, diameter: 35 mm) with a circle of nylon mesh (pore size < 100 um)
for ventilation. The open end of the vial was gently pressed against the abaxial surface of a
leaf of the tomato plant and secured using soft foam padding and clips to avoid leaf damage
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and ensure a sealed interface. For each plant, there were two clip cages per exposure time
(24 h and 48 h). There were five replications per solution tested. Adult mortality was
recorded after 24 and 48 h of exposure.

To assess the effect of Sargassum extracts on B. tabaci eggs, we used the leaf-dip method.
B. tabaci laid eggs on fresh tomato plants for 24 h using clip cages, then leaflets containing
eggs were dipped for 5 ection into the tested solutions, followed by air-drying for 30 min,
before being placed within sealed petri dishes for each leaflet. There were five replications
per solution tested. Prior to dipping, the number of eggs per leaflet was counted, with
approximately 40 eggs observed per leaflet. Eight days later, newly emerged instars and
unhatched eggs, which were considered dead, were recorded. For both experiments, we
worked in sets. We tested different modalities at the same time in each series, as well as
leaves treated with distilled water used as control indicating natural mortality and leaves
treated distilled water with Tween 20 as negative control. Each series is considered a repeat
and was conducted with the same cohort.

Adult and egg mortality rates were corrected using Abbott’s formula to account for
natural mortality [33]: corrected mortality (%) = (Mt — Mc) x 100/(100 — Mc) where Mt is the
mortality of the treated leaflets and Mc refers to the mortality of the “water control” groups.
If the mortality of the “water control” was greater than 10%, the series was eliminated, and
if it was between 5 and 10%, Abbott’s formula was applied to the treated groups [34]. To
assess the adulticide effect, whitefly mortality rates were analyzed using a generalized linear
mixed model (GLMM) with binomial distribution, series considered as random factors. We
then compared the means of the treatments with that of the negative control, using Dunnett’s
post hoc test. For each extract, we used the delta method to determine the Lethal Dose 50%
(LDsp) and its associated confidence interval from the probit regression [35]. To assess the
ovicidal effect, we have performed the same workflow using series and folioles. All statistical
analyses were conducted using R software version 4.4.1 and RStudio (version 2024.12.0) with
the packages Ime4 (version 1.1-35.5), emmeans (version 1.10.4), and car (version 3.1-2). The
absence of overdispersion was assessed using the package Dharma (version 0.4.7).

3. Results

3.1. Biochemical Composition
3.1.1. Raw Seaweed Biomass

Sargassum biomass is composed essentially of water up to 90%. The dry matter is rich
in minerals (45.22 £ 0.41% d.w.) and in polysaccharidic fraction (about 21.6%) if the neutral
sugars (14.22 £ 0.79% d.w.), uronic acids contents (5.30 £ 0.04% d.w.), and sulfate groups
(2.12 4 0.01% d.w.) are gathered and taking into account interferences between compounds
during the biochemical assays. Protein content was estimated at 11.26 & 0.39% d.w. and
soluble total phenolic content (TPC) at 3.38 &+ 0.11% d.w. (Table 2).

Table 2. Biochemical composition of seaweed extracts compared to controls and initial biomass (%
d.e.) mean + standard deviation sd; n = 3.

Sample Ash 1:3;:;:1 Iii?ggc Sulfates Proteins Phenolics Total

0, 0, 0, (V) 0,

/0:|:Sd O/OZIZSd O/o:IZSd /o:i:Sd /o:l:Sd /0:|:Sd /o:l:Sd
Biomass 4522 +0.41 1422 +0.79 5.30 +0.04 212+0.01 11.26+039 3384+0.11 81.50+1.75
Control 67.72 +£0.00 5.13 £0.15 5.50 £+ 0.07 3.33 £0.18 6.44 + 0.22 1.67 = 0.04 89.79 + 0.66

UAE 65.93 +0.18 5.13 £0.02 5.00 £0.17 3.49 £+ 0.01 6.96 + 0.17 154 4+022 88.05+0.77
UAEH-C 6140 +051 11.54+2.08 473+0.34 1.87 +0.01 512 +£0.17 1.86 =021 86.52 4+ 3.32
UAEH-P 62.33 +£0.32 3.35+0.06 2.46 £+ 0.05 3.60 £ 0.00 6.52 + 0.28 1.19 £ 0.05 80.34 +0.76

d.e.: dry extract.
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3.1.2. Seaweed Extracts

The biochemical composition of seaweed extracts obtained by UAE and UAEH is
presented in Table 2. Each extraction was performed in triplicate.

All extraction techniques improved mineral recovery when compared to the original
biomass: the ash content increased from 45.22% in the untreated biomass to as much
as 65.93% with UAE. Because of their higher mineral levels, which indicate little loss of
inorganic matter during extraction, the control and UAE treatments also obtained the
highest total recoveries (89.79% and 88.05%, respectively). The neutral sugar content
(11.54%) was considerably raised by the UAEH-C treatment while sulfate and protein
levels were moderately reduced. In contrast, UAEH-P showed the lowest concentrations
of neutral sugars (3.35%) and uronic acids (2.46%) while maintaining a relatively high
protein content (6.52%) and the highest sulfate level (3.60%) suggesting selective recovery
of proteins and sulfated compounds. All of the extracted fractions had less phenolic content
than the original biomass, but UAEH-C had a marginally higher phenolic yield (1.86%)
than the other treatments, while UAEH-P had the lowest yield (1.19%).

3.2. Biological Activity of Seaweed Extracts
3.2.1. Biocidal Activity on Adult Whiteflies

After 24 h of exposure, adult mortality varied significantly according to extract and
solution concentration (Chisq = 96.99, p < 0.001). Table 3 summarizes the number of
adults and eggs assessed for each treatment. All treatments were conducted with five
replicates (n = 5), which is specified in the table title. Sargassum extracts at 4% or 6% were
significantly higher than those of the negative control TW (water + Tween 20) (Figure 1A).
However, only UAE at 6% had an adult mortality higher than 50% and its LDs5g = 5.2%
(CI: 4.2-6.3%). After 48 h of exposure, adult mortality varied significantly according to
extract and solution concentration (Chisq = 131.77, p < 0.001). All Sargassum extracts at 4%
and 6% were significantly higher than that of the negative control TW (water + Tween 20)
(Figure 1B). Adult mortality was higher than 50% with UAE and UAEH-P extracts at
4% and 6% as well as with UAEH-C extract at 6%. The LDsj of these three extracts are
not significantly different because their confidence intervals overlap and the LDs, varies
between 3.9% and 4.5% (Table 4). Lethal doses are given in % (w/v) to reflect concentrations
relevant to agronomic practices, while equivalent values in pig. mL~! are also provided,
calculated from the extract’s dry-matter content (gram extract per 100 mL solution).

Table 3. Total number of adult and eggs of B Bemisia tabaci tested over all trials according to the
treatment (adults: five replicates; eggs: five replicates with three leaflets per replicate).

Modality Adults 24 h Adults 48 h Eggs

Water (natural mortality) 82 81 616
Tween 20 (negative control) 79 77 623
Control_D1 78 73 593
Control_D2 76 82 616
Control_D4 87 81 669
Control_D6 81 83 595
UAE_D1 68 67 649
UAE_D2 75 77 616
UAE_D4 77 79 604
UAE_D6 82 80 597
UAEH-C_D1 86 88 584
UAEH-C_D2 83 81 555
UAEH-C_D4 83 77 624
UAEH-C_D6 89 87 571
UAEH-P_D1 73 78 551
UAEH-P_D2 78 60 558
UAEH-P_D4 79 71 612
UAEH-P_D6 72 70 585
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Figure 1. Mortality rate (mean =+ standard deviation) of B. tabaci adults after 24 h (A) and 48 h
(B) of exposure on tomato leaflet treated with different solutions of Sargassum extracts at different
concentrations. Dunnett’s test was used to compare each treatment to the water + Tween 20 control

(TW). *, ** and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively.

Table 4. Lethal dose of ultrasound and enzymatic ultrasound extracts of Sargassum in Bemisia tabaci
(only extracts with mortality of more than 50% are presented). Mean =+ standard error se.

LD50 + se %—

95% Confidence Interval %—(ug mL~1)

Extract 1
(ug.mL ™) Lower Upper

B. tabaci adults (after 48 h exposure)
UAEH-C 4.5 + 0.4—(45) 3.7%—(37) 5.4%—(54)
UAEH-P 4.0 £ 0.3—(40) 3.3%—(33) 4.6%—(46)
UAE 3.9 £0.3—(39) 3.3%—(33) 4.5%—(45)

B. tabaci eggs (7 days after treatment)
UAEH-P 1.9 +£0.3—(19) 0.7%—(7) 3.0%—(30)
UAE 2.8 £ 0.3—(28) 2.3%—(23) 3.3%—(33)
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3.2.2. Ovicidal Activity on the Immature Stages of Whiteflies (Eggs)

Egg mortality varied significantly according to extract and solution concentration
(Chisq = 42.06, p < 0.001). However, only UAE and UAEH-P extracts at 6% had an egg
mortality higher than 50% (Figure 2). The LDsq of these two extracts are not significantly
different because their confidence intervals overlap and the LDs varies between 1.9% and
2.8% (Table 4).

*
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Figure 2. Mortality rate (mean & standard deviation) of B. tabaci eggs seven days after exposure on
tomato leaflet treated with different solutions of Sargassum extracts at different concentration. Dun-
nett’s test was used to compare each treatment to the water + Tween 20 control (TW). * and ** indicate
significance at p < 0.05 and p < 0.01, respectively.

4. Discussion
4.1. Characterization of Sargassum Biomass and Extracts

Biochemical analysis of Sargassum biomass is essential for understanding its potential
applications and environmental impacts. However, meaningful comparisons with the
existing literature are often hindered by numerous variables. Variability results from
multiple factors, including harvesting conditions, sample handling and storage, drying
methods, geographical origin, environmental parameters (e.g., wave exposure, salinity,
light availability), and analytical techniques. This heterogeneity, further compounded
by the mixture of different Sargassum species in the collected biomass, complicates direct
comparisons across studies [36-38].

According to the results, the main component of Sargassum biomass is its mineral
fraction, known as ash content, which represented approximately 45% of the sample d.w.
This result aligns with values reported for pelagic Sargassum collected across various lo-
cations in the Caribbean, where ash content ranged from 30.07 to 58.60% d.w. depending
on the harvest site [39]. Similarly, pelagic Sargassum samples from Jamaica showed ash
content of 33.7-55.7% d.w. in frozen samples and 35.3-45.7% in sun-dried samples [36].
The polysaccharidic fraction obtained in our Sargassum biomass was about 22% d.w. The
literature reported that the total carbohydrate content in floating mats of Sargassum seaweed
reaches up to 57% d.w [40]. Carbohydrates are well known as the primary macromolecules
in brown algae, primarily due to their significant presence and role in the cell wall struc-
ture. The main carbohydrate types identified in brown algae include laminarin, mannitol,
alginate, sulfated fucan polysaccharides, and cellulose [41,42]. As for proteins, the content
measured in this study was approximately 11.26% in raw biomass, which aligns well
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with previously reported values for brown seaweeds ranging from 3 to 17% [43-45], with
findings from other studies on pelagic Sargassum, where protein levels have been reported
between 3 and 18% [40,46]. The phenolic content in Sargassum biomass was found to be
3.38% d.w. This result is higher than that reported for fresh Mexican Caribbean Sargassum,
which contained approximately 0.2% d.w [38]. However, it is comparable to the total
phenolic content reported for Sargassum muticum from France, which was 2.6% d.w. [47],
and falls within the range reported for Sargassum vulgare from Brazil, which exhibited TPC
values between 0.56 and 3.61% d.w. [48]. It is important to note that Saldarriaga-Hernandez
et al. [38] It is important to note that Saldarriaga-Hernandez et al. [38] identified the season
of the year as the most significant factor affecting the compositional content of Sargassum
biomass, with the extraction method also playing a role. For example, Sargassum muticum
can exhibit substantially different phenolic contents ranging from 0.7 to 6% dry weight,
depending on the season and geographic location [46].

The biochemical analysis confirmed a higher concentration of mineral matter in all
extracts compared to the raw material. In fact, high ash content in seaweed is due to its
ability to absorb minerals from its environment [49]. The results showed consistent out-
comes under all tested conditions, and no clear advantage to using enzymatic treatments or
ultrasound to improve the extraction of Sargassum cell wall compounds was observed. Re-
garding neutral sugar content, an increase was detected only in the UAE process combined
with carbohydrases. However, this increase occurred immediately after the enzymatic
preparations were added, suggesting that it stems from the sugar-based excipients in
the preparations rather than from the extraction process itself. As for polyphenols, their
increase under UAEH-C might be explained by increased matrix disruption caused by
carbohydrase activity, which promotes their release. From this perspective, it would be
interesting to explore different parameters. A Box-Behnken design could be used to investi-
gate the influence of three parameters on the extraction yield of water-soluble compounds:
extraction time, temperature, and enzyme/seaweed ratio used with dried seaweed. In
addition, given the large quantities of biomass available and the industrial accessibility
of the enzyme cocktail, an industrial-scale trial could also be undertaken. Although UAE
and EAE have been used separately on Sargassum, studies examining their combined effect
on extraction efficiency or yield remain limited. Casas et al. [50] explored the combined
use of enzyme-assisted and ultrasound-assisted extraction methods to obtain bioactive
fractions from Sargassum muticum. Their study revealed a synergistic effect between the
two techniques, resulting in enhanced extraction efficiency and selectivity for phenolic
compounds, along with higher antioxidant activity, surpassing the performance of UAE
alone. The resulting dried extracts consisted of about 70% oligomeric carbohydrates, 20%
protein, and 5% phenolics and exhibited notable antioxidant and antiproliferative activities.
Other studies have explored the application of this combined approach in different algal
families and demonstrated that ultrasound-assisted enzymatic hydrolysis, UAEH, is a
promising and sustainable strategy for increasing the extraction yields of biomolecules
such as phycobiliproteins, polysaccharides, and some iodinated amino acids [25,26,51].
The two extraction techniques used in this study, UAE and UAEH, were effective for
processing large amounts of biomass. However, other emerging green extraction meth-
ods offer additional benefits in yield, selectivity, and sustainability. Microwave-assisted
extraction (MAE) rapidly heats intracellular water, rupturing cells and releasing bioactive
compounds. MAE has been successfully applied to Sargassum plagiophyllum, achieving
high polysaccharide yields in a short time [52,53] and to Sargassum muticum for efficient
recovery of phenolic acids and phlorotannins [54]. Instant Controlled Pressure Drop (DIC)
uses brief steam treatment followed by rapid decompression to expand cells, enhancing
extraction of sugars, proteins, fucoidans, and phenolics in Sargassum muticum, making



Phycology 2025, 5,79

10 of 14

it a promising pretreatment for combined strategies [37]. Pressurized Liquid Extraction
(PLE), or accelerated solvent extraction, employs high temperature and pressure to improve
solubility and diffusion. PLE has been demonstrated to effectively extract phenolics and
pigments from Sargassum species while reducing solvent use and processing time [55,56].
These methods can complement UAE/UAEH to improve extraction efficiency, selectivity,
and sustainability.

4.2. Biological Activities of Sargassum Extracts

In this study, preliminary results showed that all Sargassum extracts exhibited insectici-
dal activity against B. tabaci adults, whereas only UAE and UAEH-P extracts demonstrated
additional ovicidal activity. Using the clip-cage method, adults were allowed to feed on
treated leaflets, suggesting that the observed adult mortality was primarily due to the
ingestion of the extracts. The insecticide molecules enter the insects’” gut and pass into
the hemolymph, thus disrupting their metabolism and inducing death [57]. According to
Jeckel et al. [58], plant metabolites ingested by herbivorous insects can cause damage by
disrupting numerous targets in their bodies, thereby producing negative effects on nutrition
or inducing toxic reactions. Abubakar et al. [59] reported that some botanical extracts are
effective against B. tabaci in both adult and immature stages. Using a method similar to the
clip cage, Ateyyat et al. [60] demonstrated the adulticidal effect of aqueous extracts from
various plants on B. fabaci. In the leaf-dip method, the extract coats the egg cuticle, and egg
mortality may be explained by several factors. Baldin et al. [61] observed that the ovicidal
effect of the aqueous extracts on B. tabaci caused the death of the neonates during hatching,
their bodies staying partially adhered to the egg. This could be explained by the presence
of toxic extracts on the egg. Sharma et al. [62] reported that some insecticides alter the
cuticle, preventing larvae from emerging, while others penetrate the chorion and inhibit
embryo development. The insecticidal activity of Sargassum extracts is similar to that of
previous studies on other piercing—sucking hemipterans with other Sargassum extracts.
Gonzalez-Castro et al. [13] showed that S. horridum ethanolic extract has a lethal effect on
the psyllid D. citri with an LDsg at 36 ug. mL~! after 24 h of exposure, while the LDs of
UAE was 39 pug. mL~! after 48 h of exposure. Ahamed et al. [63] showed that methanol
and chloroform extracts of S. tenerrimum at 1.6% cause 60% mortality on A. craccivora aphid
72 h after treatment. However, to the best of our knowledge, this is the first demonstration
of ovicidal activity against Bemisia tabaci eggs using Sargassum extracts, with LDsg values
ranging from 1.9% to 2.8%.

No direct correlation was found between the biochemical composition analyzed in
this study and the insecticidal or ovicidal effects of the tested Sargassum extracts. This
finding aligns with this study’s primary aim, which was to assess biological activity rather
than perform detailed biochemical profiling. Nevertheless, previous research has identi-
fied Sargassum-derived metabolites, such as flavonoids, terpenoids, and steroids, as key
contributors to insecticidal and antimicrobial properties [64—66]. It is therefore plausible
that the bioactivity observed here may originate from similar compounds, although such
associations could not be verified within the present experimental scope. Future research
should conduct detailed phytochemical profiling using advanced analytical techniques,
such as GC-MS or LC-MS, to identify and characterize the active secondary metabolites
responsible for the observed effects. Refining extraction and purification conditions, com-
bined with targeted bioassays of isolated fractions, will further elucidate structure-activity
relationships and optimize the bioactive potential of Sargassum extracts.
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5. Conclusions

This study reported, for the first time, the insecticidal and ovicidal potential of eco-
extracted pelagic Sargassum against the whitefly B. tabaci infesting tomato crops. Green ex-
traction methods, including ultrasound-assisted extraction, UAE, and ultrasound-assisted
enzymatic hydrolysis, UAEH, yielded extracts with significant adulticidal (LDsy ~ 4%) and
ovicidal (LDsp =~ 2%) activities at concentrations suitable for field use. These findings high-
light Sargassum biomass as a promising, sustainable, and cost-effective source of natural
biopesticides, offering an eco-friendly alternative to synthetic pesticides. In addition, the
approach contributes to protecting economically important crops from pest-induced losses
and helps minimize the health and environmental hazards associated with the overuse of
synthetic pesticides. Future research should focus on the identification and characteriza-
tion of key bioactive compounds, particularly flavonoids, terpenoids, and steroids, using
advanced analytical techniques and on evaluating field efficacy under Caribbean climatic
conditions. To advance technology transfer, subsequent steps should include large-scale
field trials, ecotoxicological assessments of non-target organisms, and the development
of stable, standardized bioinsecticide formulations. These investigations will provide es-
sential insights into the stability, performance, safety, and integration of Sargassum-based
biopesticides into sustainable crop protection strategies.
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