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Marine macrophytes are promising coastal bioresources, yet their biochemical composition and metabolite profiles
along Vietnam’s Mekong Delta coast remain poorly characterized. This study compared the proximate composition,
phenolic-related compounds, photosynthetic pigments, and ultraperformance liquid chromatography coupled with
electrospray ionization quadrupole time-of-flight mass spectrometry operated in MSF acquisition mode (UPLC-ESI—
QTOF-MSF)-based metabolite profiles of Sargassum sp., Padina sp., Turbinaria ornata, and Enhalus acoroides.
Taxonomic assignments were supported by partial chloroplast 23S rRNA gene sequencing, and the samples were
analyzed for moisture, crude protein, n-hexane-extractable lipid, total ash, total polyphenol, total flavonoid, total
chlorophyll, and total carotenoid contents. Ethanolic extracts were further examined by exploratory UPLC-ESI—
QTOF-MSF screening. Sargassum sp. showed the highest crude protein content (23.22% DW), although it was
not significantly different from Padina sp. (22.19% DW). Padina sp. exhibited the highest total polyphenol (18.48
mg GAE/g DW), total flavonoid (11.21 mg CE/g DW), and total chlorophyll contents (3.31 mg/g DW). Under
the applied screening conditions, the pooled Padina sp. extract yielded the highest number of tentatively assigned
molecular features, mainly related to fatty acids, terpenoids, organic acids, sugar alcohols, and phenolics. These
findings provide preliminary biochemical baseline data for local marine macrophytes and support further replicated,

targeted analyses to confirm the molecular features and evaluate their potential applications.

1. INTRODUCTION

Marine macrophytes, including macroalgae and seagrasses, are
important coastal bioresources with ecological, nutritional, and
functional significance [1,2]. Seaweeds have been widely explored as
sources of food ingredients, feed additives, hydrocolloids, fertilizers,
pigments, and bioactive compounds, while seagrasses contribute
substantially to coastal productivity, habitat formation, sediment
stabilization, and carbon storage [1-3]. These marine plant resources
contain diverse biochemical constituents such as proteins, minerals,
polysaccharides, lipids, phenolic compounds, chlorophylls, and
carotenoids, which support their potential use in food, aquaculture,
nutraceutical, cosmetic, and other value-added applications [2,4].

Brown seaweeds are particularly attractive because of their distinctive
biochemical composition and metabolite diversity [4,5]. Sargassum,
Padina, and Turbinaria species have been investigated for their
phenolic constituents and associated bioactive properties [6-8].
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Although brown seaweeds generally have low total lipid contents,
their lipid fractions may contain biologically relevant fatty acids,
including mono- and polyunsaturated fatty acids [5,6]. In addition,
brown seaweeds are known to produce phenolic compounds,
especially phlorotannins, which contribute to antioxidant protection
and ecological responses to environmental stress [5,6]. Therefore,
comparative biochemical screening of brown seaweeds can provide
useful information for selecting promising local species for further
functional and industrial studies.

Total polyphenols, flavonoid-like compounds, chlorophylls, and
carotenoids are commonly used as preliminary indicators of the
bioactive potential of marine plant materials [4,8]. Spectrophotometric
assays provide useful estimates of these compound groups, but they
cannot fully describe the diversity of individual metabolites present in
complex marine biomass [8]. Ultraperformance liquid chromatography
coupled with electrospray ionization quadrupole time-of-flight mass
spectrometry operated in MSF acquisition mode (UPLC-ESI-QTOF-
MSF) can complement conventional assays by enabling metabolite
profiling based on retention time, accurate mass-to-charge ratio,
adduct pattern, isotope pattern, elemental formula prediction, mass
error, and low-/high-energy spectral information [9,10]. However,
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in screening studies, UPLC-ESI-QTOF-MSE-based annotations
should be interpreted as putative unless they are confirmed using
authentic reference standards, in accordance with commonly accepted
metabolomics identification-confidence recommendations [10,11].

Vietnam has a long coastline and diverse coastal ecosystems that
support diverse marine flora, including macroalgae, cyanobacteria, and
seagrasses [12,13]. The Mekong Delta coastal region, including Phu
Quoc Island in Kien Giang Province, comprises estuarine, mangrove-
associated, and nearshore island habitats that support important seagrass
beds and associated seaweed communities [14-16]. Nevertheless,
available studies from this region have focused mainly on floristic
diversity, habitat distribution, ecological status, and conservation
concerns, whereas information on the nutritional composition, pigment
content, phenolic-related compounds, and UPLC-ESI-QTOF-MSE-
based metabolite profiles of local marine macrophytes remains limited
[12,15,16]. This knowledge gap limits the evaluation and sustainable
utilization of these local marine bioresources.

Therefore, this study comparatively evaluated four marine macrophyte
taxa collected from the Mekong Delta coast of Vietnam, namely
Sargassum sp., Padina sp., Turbinaria ornata, and Enhalus acoroides.
Partial chloroplast 23S rRNA sequencing was used to support their
taxonomic assignments, together with analyses of selected proximate
components, phenolic-related compounds, photosynthetic pigments,
and exploratory UPLC-ESI-QTOF-MSE-based metabolite profiles.
By integrating these analytical components within the same set of
locally collected samples, the study provides comparative baseline
biochemical data and addresses the limited availability of combined
biochemical and exploratory high-resolution metabolite-profiling
information for marine macrophytes from coastal Vietnam.

2. MATERIALS AND METHODS

2.1. Study Materials and Sample Collection

Four marine macrophytes, including three brown seaweeds (Sargassum
sp., Padina sp., and Turbinaria ornata) and one seagrass (E.
acoroides), were investigated. The overall study was conducted from
December 2025 to May 2026, while all samples were collected during
a single sampling campaign in February 2026 from shallow coastal
areas of Kien Giang Province, southwestern Vietnam. Sargassum
sp. was collected from a rocky—sandy substrate at ~10.3718° N,
103.8397° E and a water depth of 0.5-1.0 m. Padina sp. was collected
from small rocks and other hard substrates at approximately 10.3716°
N, 103.8400° E and a depth of 0.3-0.8 m. Turbinaria ornata was
collected from a shallow rocky substrate at ~10.3713° N, 103.8402°
E and a depth of 0.5-1.5 m. Enhalus acoroides was collected from
a nearby seagrass bed with sandy—muddy sediment at ~10.3708° N,
103.8408° E and a depth of 0.5-1.5 m. Water depth was estimated at
the time of collection.

For each species, three healthy and mature thalli or shoots were
collected by hand within the corresponding microhabitat. Individual
biological samples were collected ~5—10 m apart and treated as within-
site biological replicates. Each replicate was labeled, transported,
processed, and analyzed separately. Immediately after collection,
visible sediments, sand, epiphytes, and attached organisms were
removed by gently rinsing the samples with ambient seawater. The
cleaned samples were placed separately in sterile labeled polyethylene
bags, protected from direct light, kept in an insulated container with
ice packs, and transported to the laboratory.

In the laboratory, each biological replicate was processed separately.
Samples were thoroughly rinsed with clean water followed by

distilled water to remove residual surface salts and impurities. A
portion of each fresh replicate was used immediately for moisture
determination. The remaining material was cut into small pieces and
dried in a forced-air oven at 40°C for ~48 hours, or until constant
weight was achieved. Constant weight was defined as a difference of
<0.01 g between two consecutive measurements performed at 2-hour
intervals. Drying was conducted under light-protected conditions to
minimize degradation of pigments, phenolic-related compounds, and
unsaturated lipids.

The dried material from each biological replicate was ground
separately into a fine powder, transferred to airtight amber containers,
and stored at —20°C until analysis. All chemical analyses other than
moisture determination were performed using separately processed
dried biological replicates and were expressed on a dry-weight basis.

2.2. Molecular Identification of Samples

Molecular identification was performed to support the taxonomic
assignment of the collected marine macrophyte specimens.
Genomic DNA was extracted from ~100 mg of fresh tissue using
the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s instructions, with minor adaptation for marine
macrophyte tissues. Briefly, fresh tissue was rinsed with sterile
distilled water, blotted dry, cut into small pieces, and ground to a fine
powder in liquid nitrogen. The homogenized tissue was lysed in Buffer
AP1 containing RNase A and incubated at 65°C for 10 minutes. Cell
debris and polysaccharide-rich precipitates were removed using the
QIAshredder spin column, and DNA was purified using the DNeasy
silica-membrane spin column. The purified DNA was eluted in 100
ul of Buffer AE and stored at —20°C until PCR analysis. DNA quality
and concentration were assessed using agarose gel electrophoresis and
spectrophotometric measurement.

A partial region of the chloroplast 23S rRNA gene was
amplified wusing the plastid 23S primer pair p23SrV_fl
(5'-GGACAGAAAGACCCTATGAA-3') and p23SrV _rl
(5'-TCAGCCTGTTATCCCTAGAG-3'), as described by Sherwood
and Presting [17]. The partial chloroplast 23S rRNA marker was
selected because the p23SrV primer pair enables broad amplification
across diverse eukaryotic algae and cyanobacteria [17]. In the
present study, the marker was used for preliminary taxonomic
screening rather than definitive species-level identification. PCR
amplification was performed in a 25 pl reaction mixture containing
12.5 pl of 2x PCR Master Mix, 1.0 pl of forward primer at 10 uM,
1.0 ul of reverse primer at 10 uM, 1.0 ul of template DNA, and 9.5
ul of nuclease-free water. The PCR cycling conditions consisted of
an initial denaturation at 95°C for 3 minutes, followed by 35 cycles
of denaturation at 95°C for 30 seconds, annealing at 52°C for 30
seconds, and extension at 72°C for 45 seconds, with a final extension
at 72°C for 7 minutes.

PCR products were checked by agarose gel electrophoresis, purified,
and subjected to Sanger sequencing. The obtained sequence
chromatograms were quality checked, trimmed to remove low-quality
regions, and used to generate consensus sequences before BLASTN
analysis. The consensus sequences were compared with reference
sequences available in the National Center for Biotechnology
Information (NCBI) database using the BLASTN algorithm.
Taxonomic assignment was based on sequence similarity, query
coverage, E-value, and the closest BLASTN matches. Conservative
assignments were applied when closely related taxa showed high
sequence similarity within the analyzed 23S region. The corresponding
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chromatograms and trimmed consensus sequences are provided in
Supplementary Figure S1 and Supplementary Text S1, respectively.

2.3. Determination of Selected Proximate Components

The selected proximate composition of the four marine macrophytes
was determined according to standard AOAC procedures, with minor
adaptation for dried marine plant materials [ 18]. All determinations were
performed in biological triplicate. Moisture content was determined by
drying a known amount of fresh sample in a hot-air oven at 105°C until
constant weight. Moisture content was calculated as the percentage
of weight loss relative to the initial fresh weight and expressed as a
percentage of fresh weight. Crude protein content was determined by
the Kjeldahl method. Dried and ground sample powder was digested
with concentrated sulfuric acid in the presence of a catalyst to convert
organic nitrogen into ammonium nitrogen. The digested sample was
then alkalized, distilled, and titrated to determine total nitrogen content.
Crude protein content was calculated by multiplying total nitrogen
by a conversion factor of 6.25 and expressed as a percentage of dry
weight. n-Hexane-extractable lipid content was determined by Soxhlet
extraction using n-hexane as the extraction solvent. Dried sample powder
was extracted for 6 hours. After extraction, the solvent was evaporated,
and the recovered residue was dried to constant weight and weighed.
The n-hexane-extractable lipid content was calculated as the percentage
of the recovered residue relative to the initial dry sample weight. This
fraction primarily represents nonpolar lipids extractable under the
applied conditions and may not fully recover polar lipid classes, such as
glycolipids and phospholipids. Total ash content was determined by dry
ashing. Dried sample powder was weighed into preweighed crucibles
and incinerated in a muffle furnace at 550°C until complete combustion
of organic matter and constant weight was obtained. The remaining
inorganic residue was weighed, and total ash content was expressed as
a percentage of dry weight.

2.4. Preparation of Ethanolic Extracts

Ethanolic extracts were prepared separately from each biological
replicate. For total polyphenol, total flavonoid, and UPLC-ESI-
QTOF-MSE analyses, 1 g of dried powder was extracted with 10
ml of 70% ethanol. Separate pigment extracts were prepared using
1 g of dried powder and 10 ml of 95% ethanol. All extractions were
conducted under light-protected conditions.

Extraction was performed once for 2 hours at 25°C under continuous
agitation at 150 rpm. The containers were protected from direct light
throughout extraction to reduce the degradation of phenolic-related
compounds and photosynthetic pigments. After extraction, each
suspension was centrifuged at 8,000 x g for 10 minutes at 4°C. The
resulting supernatant was collected and adjusted to a final volume of
10 ml with the corresponding extraction solvent to compensate for
solvent retained by the sample residue.

The recovered extracts were passed through 0.45 pm membrane
filters and divided into separate amber vials. Aliquots intended for
spectrophotometric analyses were stored at 4°C and analyzed within 24
hours. Aliquots of the 70% ethanol extracts intended for UPLC-ESI-
QTOF-MSF analysis were further filtered through 0.22 pm membrane
filters and stored at —20°C until instrumental analysis. Repeated
freeze—thaw cycles were avoided. Spectrophotometric analyses
were performed using the extracts prepared separately from the three
biological replicates. For UPLC-ESI-QTOF-MSE profiling, equal-
volume aliquots of the three separately prepared biological-replicate
extracts from each taxon were pooled immediately before instrumental
analysis to obtain one representative pooled extract per taxon.

2.5. Determination of Total Polyphenol Content

Total polyphenol content was determined using the Folin—Ciocalteu
colorimetric method with gallic acid as the calibration standard,
following commonly used procedures for seaweed and plant extract
screening with minor modification [19,20]. Briefly, 0.5 ml of sample
extract was mixed with 5.0 ml of 10% Folin—Ciocalteu reagent and
allowed to react at room temperature for 5 minutes. Then, 4.0 mlof 1 M
sodium carbonate solution was added, and the mixture was adjusted to
a final volume of 10 ml with distilled water. The reaction mixture was
incubated in the dark at room temperature for 90 minutes. Absorbance
was measured at 750 nm using a UV-Vis spectrophotometer. Total
polyphenol content was calculated from a gallic acid calibration curve
and expressed as milligrams of gallic acid equivalents per gram dry
weight (mg GAE/g DW).

2.6. Determination of Total Flavonoid Content

Total flavonoid content was determined using the sodium nitrite—
aluminum chloride colorimetric method with catechin as the calibration
standard, following Dewanto et al. [21] with minor modifications.
Briefly, 1.5 ml of sample extract was mixed with 75 pl of 5% sodium
nitrite solution. After 6 minutes, 150 pl of 10% aluminum chloride
solution was added, and the mixture was incubated in the dark for
5 minutes. Subsequently, 500 pl of 1 M sodium hydroxide solution
was added, and the final volume was adjusted to 2.5 ml with distilled
water. The absorbance was measured at 510 nm using a UV-Vis
spectrophotometer. Total flavonoid content was calculated from a
catechin calibration curve and expressed as mg catechin equivalents
per g dry weight (mg CE/g DW).

2.7. Determination of Chlorophyll and Carotenoid Contents

Total chlorophyll and total carotenoid contents were determined
spectrophotometrically from the separate 95% ethanol extracts
according to Lichtenthaler and Buschmann [22], with minor
modification. The absorbance of the extract was measured at 470, 649,
and 664 nm using a UV—Vis spectrophotometer, with 95% ethanol
used as the blank. Chlorophyll a and chlorophyll b contents were
calculated as follows:

Chlorophyll a = 13.36 (A664)-5.19 (A649)
Chlorophyll b = 27.43 (A649)-8.12 (A664)

Total chlorophyll was calculated as the sum of chlorophyll a and
chlorophyll b. Total carotenoid content was calculated using the
following equation:

Total carotenoids = [1,000 (A470)-2.13 (Chlorophyll a)
—97.63 (Chlorophyll b)]/209

where A470, A649, and A664 represent absorbance values at 470, 649,
and 664 nm, respectively. The final pigment contents were converted
and expressed as mg/g dry weight.

2.8. UPLC-ESI-QTOF-MSE-Based Metabolite Profiling

The pooled ethanolic extracts prepared as described in Section
2.4 were analyzed using an ACQUITY UPLC I-Class system
coupled to a Xevo G2-XS QTof mass spectrometer equipped with
an electrospray ionization source and operated in MSF mode with
negative electrospray ionization. The analysis followed a low- and
high-energy MSF acquisition workflow, with reference to previously
reported UPLC-QTOF-MSE and UNIFI-based metabolite profiling
approaches [23,24], with modifications. Because the three biological-
replicate extracts were pooled to obtain one representative extract per
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species, the LC-MS analysis did not provide biological replication at
the species level. Therefore, peak response values were treated only as
descriptive instrument signals for exploratory profiling and were not
used for statistical comparison, quantitative abundance estimation,
or inference of differences among species. Chromatographic
separation was performed on a reversed-phase Acquity UPLC HSS
T3 C18 column (2.1 x 100 mm, 1.8 um). The column temperature
was maintained at 40°C, and the autosampler was kept at 10°C. The
mobile phase consisted of solvent A, water containing 0.1% formic
acid, and solvent B, acetonitrile containing 0.1% formic acid. The
flow rate was 0.30 ml/minutes, and the injection volume was 2 pl.
The gradient elution program was as follows: 0—1 minutes, 5%
B; 1-20 minutes, 5%-100% B; 20-22 minutes, 100% B; 22-22.5
minutes, 100%—5% B; and 22.5-25 minutes, 5% B for column re-
equilibration.

Mass spectrometric analysis was conducted in negative electrospray
ionization mode (ESI-). Data were acquired over an m/z range of
100-1,200 using low- and high-energy acquisition functions. Base
peak chromatograms were generated from the low-energy TOF-
MS acquisition data and used for preliminary visualization of the
pooled-extract profiles. The low-energy function was used to obtain
accurate precursor-ion information, whereas the high-energy function
provided fragment-ion information to support metabolite annotation.
The capillary voltage was set at 2.5 kV, cone voltage at 40 V, source
temperature at 140°C, and desolvation temperature at 450°C. Nitrogen
was used as both the desolvation and cone gas, with a desolvation
gas flow of 800 1/hours and a cone gas flow of 50 I/hours. The low-
energy collision energy was 6 eV, and the high-energy function used
a collision energy ramp of 1045 eV. The scan time was 0.2 seconds.
Leucine-enkephalin was used as the lock-mass reference compound in
negative ion mode at m/z 554.2620.

Chromatographic and mass spectrometric data were acquired and
processed using the UNIFI Scientific Information System with a
scientific library configured for natural-product screening. Candidate
annotations were generated by matching the processed features against
the UNIFI scientific library based on accurate mass and predicted
elemental composition. Elemental-formula generation was restricted
to C, H, N, O, P, and S. Chromatographic features were detected and
processed based on retention time, observed m/z, accurate neutral
mass, isotope pattern, adduct ion, and peak response. The main ion
forms observed in the dataset included deprotonated ions [M—H]— and
formate adducts [M+HCOO]-. For each detected feature, retention
time, observed m/z, accurate neutral mass, predicted elemental formula,
adduct ion, mass error, and peak response were recorded. Software-
generated candidate annotations were manually reviewed based on mass
error, isotope pattern, adduct assignment, retention behavior, predicted
elemental formula, and available low- and high-energy MSF spectral
information. Features were retained for tentative reporting when the
mass error was within +5 ppm and when the available evidence did not
conflict with the proposed elemental formula and candidate annotation.

Molecular features were tentatively assigned based on accurate mass,
predicted elemental formula, isotope pattern, adduct form, retention

behavior, and available low- and high-energy MSE information.
High-energy ions were used only as supporting evidence and were
not regarded as compound-specific diagnostic fragments. According
to the MSI framework [10], the reported annotations were classified
as Level 3 putatively characterized compound classes rather than
Level 2 compound annotations because authentic standards, validated
diagnostic fragments, spectral-library match scores, numerical
confidence scores, and retention-index data were unavailable.
Accordingly, the reported features were conservatively described
mainly at the molecular-formula or tentative chemical-class level.
Peak response values were used only as descriptive instrument signals
for preliminary profiling and were not subjected to quantitative
or statistical comparison among taxa. Supplementary Table S1
summarizes the reported molecular features, while the corresponding
base peak chromatograms and available low- and high-energy spectra
are provided in Supplementary Figure S2 and Supplementary Data S1,
respectively.

2.9. Statistical Analysis

All quantitative chemical analyses were performed using three
independent biological replicates for each species, and the results
were expressed as mean £ SD (n = 3). Given the small sample size,
confidence intervals were not reported. Statistical analysis was
conducted using Statgraphics Centurion 18. Homogeneity of variance
was assessed before one-way ANOVA. When the overall ANOVA was
significant, Tukey’s HSD test was applied for pairwise comparisons
at a = 0.05. LC-MS data were not subjected to statistical analysis.
Principal component analysis (PCA) was performed on species-
level mean values after mean-centering and unit-variance scaling of
the eight variables. Because PCA was based on only four species-
level observations, it was used solely as an exploratory descriptive
visualization and should not be interpreted as evidence of stable or
robust clustering.

3. RESULTS AND DISCUSSION

3.1. Molecular Identification of Collected Samples

Partial chloroplast 23S rRNA gene sequencing generated sequences
of 351-371 bp for representative specimens of the four marine
macrophytes. BLASTN comparison against the NCBI database
showed high similarity to reference sequences. Detailed BLASTN
parameters are presented in Table 1. MM1 shared 100% similarity
with Sargassum mcclurei isolate HO3011 and was conservatively
assigned as Sargassum sp. MM2 showed 99.43% similarity to Padina
sp. voucher Padina sp C3 and was assigned as Padina sp. The
sequences of MM3 and MM4 showed 100% similarity to 7. ornata and
E. acoroides, respectively, supporting their species-level assignments.

The molecular analysis strengthened the reliability of sample
assignment before biochemical characterization. Plastid markers are
widely used to support algal identification and DNA-based species
delimitation [17,25], which is particularly valuable when morphology
is influenced by phenotypic plasticity, overlapping diagnostic

Table 1. Molecular identification of marine macrophyte samples based on partial 23S gene sequencing and BLASTN analysis.

Code Length (bp) Closest BLASTN match

MM1 369 S. meclurei isolate HO3011 MZ888980.1
MM2 351 Padina sp. voucher Padina_sp C3 ~ PX067347.1
MM3 368 T. ornata isolate 00199 EF426595.1
MM4 371 E. acoroides chloroplast genome NC_048519.1

Reference accession

Query coverage E-value Identity  Assignment
100% 0.0 100% Sargassum sp.
100% 9x 107178 99.43%  Padina sp.

100% 0.0 100% Turbinaria ornata
100% 0.0 100% Enhalus acoroides
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characters, environmental conditions, or developmental stage [25-27].
Genus-level names were retained for Sargassum sp. and Padina sp.
because closely related taxa may show limited sequence divergence
within the short partial 23S rRNA region. Molecular identification was
based on one representative specimen per taxon; therefore, the sequence
data support the assignment of the analyzed representatives but do
not assess within-taxon genetic variation. In addition, the relatively
conserved partial 23S rRNA region may provide limited resolution
among closely related species. Definitive species confirmation
would therefore require additional morphological evidence, longer
sequences, or multilocus phylogenetic analysis [25,26].

3.2. Selected Proximate Composition of the Four Marine
Macrophytes

The selected proximate composition differed among the four marine
macrophytes (Table 2). Moisture content ranged from 86.22% to
92.12% FW, with a significant overall difference among species
(one-way ANOVA, p < 0.0001). Tukey’s HSD test indicated that all
pairwise differences were significant, with values decreasing in the
order Sargassum sp. > Padina sp. > T. ornata > E. acoroides. These
values reflect the water-rich nature of fresh marine plant biomass and
its susceptibility to postharvest deterioration. Moisture management
is therefore important during storage, drying, and processing because
microbial growth, respiratory activity, sensory deterioration, and
biochemical changes may occur after harvest [28].

Crude protein content ranged from 14.45% to 23.22% DW. Sargassum
sp. had the numerically highest value (23.22% DW), but it did not
differ significantly from Padina sp. (22.19% DW). Both contained
significantly more crude protein than 7. ornata (18.94% DW) and E.
acoroides (14.45% DW). The values for Sargassum sp. and Padina
sp. were comparable to or higher than many reported values for
brown seaweeds, although protein content varies with species, habitat,
season, maturity, and analytical method [4,19]. The higher protein
contents of Sargassum sp. and Padina sp. may reflect species-specific
differences in nitrogen assimilation, growth status, and investment
in enzymes and proteins associated with photosynthetic metabolism
[4,19]. However, these physiological mechanisms were not directly
evaluated in the present study. These two seaweeds merit further
assessment as protein-containing biomass for nutritional or aquafeed
applications. Since the conventional nitrogen-to-protein factor of
6.25 can overestimate true seaweed protein, amino acid composition,
digestibility, and nonprotein nitrogen should also be evaluated [29,30].

The n-hexane-extractable lipid fraction was low in all samples,
ranging from 0.69% to 1.64% DW, consistent with the generally
low lipid contents reported for seaweeds [19,31]. Turbinaria ornata
showed the highest n-hexane-extractable lipid content (1.64% DW),
whereas Padina sp. had the lowest value (0.69% DW). Compared
with oleaginous yeasts, including Rhodotorula and Sporobolomyces
strains, the investigated macrophytes contained relatively low lipid

levels [32,33]. Their potential value may therefore depend more on
the composition and functional properties of specific lipid classes
than on total lipid yield [31,34]. These lipid classes are important
components of photosynthetic membranes and may contribute to
membrane stability and acclimation to environmental stress [31,34].
Therefore, the higher n-hexane-extractable lipid content of 7. ornata
may indicate a different lipid-allocation strategy, although lipid
classes were not specifically quantified. Targeted GC—FID or GC-MS
analysis after fatty acid methyl ester derivatization is needed to clarify
the composition and nutritional value of these fractions [35,36]. It
should also be noted that the present analysis included only selected
proximate components, because carbohydrate and dietary fiber were
not determined. Moreover, the use of n-hexane may have led to
incomplete recovery of polar lipid classes, particularly glycolipids and
phospholipids.

Total ash content ranged from 20.57% to 22.84% DW. Padina sp.
showed the numerically highest value, but the overall difference
among species was not significant (one-way ANOVA, p = 0.3846).
The high ash levels indicate substantial mineral fractions and agree
with the ability of marine macrophytes to accumulate inorganic
components from seawater and coastal sediments [19,37]. Their
practical value depends on mineral composition: essential elements
may add nutritional value, while excessive sodium, iodine, arsenic,
cadmium, lead, mercury, or other potentially toxic elements may
create safety concerns [38,39]. Mineral profiling and heavy-metal
assessment are therefore required before food, feed, or functional use.

3.3. Total Polyphenol, Flavonoid, Chlorophyll, and Carotenoid
Contents

Phenolic-related compounds and photosynthetic pigments differed
significantly among the four marine macrophytes (Table 3). Total
polyphenol content decreased in the order Padina sp. (18.48 mg
GAE/g DW) > Sargassum sp. (14.55 mg GAE/g DW) > T. ornata
(13.04 mg GAE/g DW) > E. acoroides (2.56 mg GAE/g DW), with
a significant overall difference among species (one-way ANOVA, p <
0.0001), and Tukey’s HSD test indicated that all pairwise differences
were significant. Total flavonoid content followed the same pattern,
ranging from 11.21 mg CE/g DW in Padina sp.to 1.05 mg CE/g DW in
E. acoroides. Thus, the three brown seaweeds, especially Padina sp.,
contained substantially higher levels of phenolic-related compounds
than the seagrass.

The comparatively high values in Padina sp. agree with reports of
phenolic compounds, phlorotannins, and flavonoid-related constituents
in this genus [8]. Brown seaweeds are also recognized as sources of
phlorotannins, pigments, and polysaccharides [4,40]. The present
colorimetric results serve as screening indicators rather than evidence
for individual compounds or antioxidant activity. Therefore, the higher
polyphenol, flavonoid, chlorophyll, and carotenoid contents observed
in some species should be interpreted only as biochemical indicators

Table 2. Selected proximate components of the four marine macrophytes with molecularly supported taxonomic assignments.

Species Moisture (% FW) Crude protein (% DW)
Sargassum sp. 92.12 + 0.50° 23.22+£1.52*
Padina sp. 90.29 +0.48° 22.19+0.28
Turbinaria ornata 88.77 £0.15° 18.94 £ 0.59°
Enhalus acoroides 86.22 + 0.40¢ 14.45 +0.45¢

n-Hexane-extractable lipid (% DW) Total ash (% DW)
1.20£0.01° 20.77 £ 1.17°
0.69 £ 0.04° 22.84 +2.38°
1.64£0.11° 20.67 + 1.66°
1.31+0.12° 20.57 £ 1.59°

Values are expressed as mean + SD of three independent biological replicates (n = 3). FW, fresh weight; DW, dry weight. Statistical comparisons were performed within each column.
Different superscript letters indicate significant differences among species according to one-way ANOVA followed by Tukey’s HSD test, which means sharing the same superscript letter
are not significantly different. Overall one-way ANOVA p-values were: moisture, p < 0.0001; crude protein, p < 0.0001; n-hexane-extractable lipid, p < 0.0001; and total ash, p = 0.3846.
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and not as evidence of confirmed antioxidant, antimicrobial, cytotoxic,
nutraceutical, or other biological activities. The Folin-Ciocalteu assay
is not specific to phenolic compounds, and reducing sugars, ascorbate,
amino acids, and other reducing substances may contribute to the
measured response [41]. Phlorotannins, which are characteristic of
brown algae, may also contribute to the higher values observed in
the three brown seaweeds [4,8,40]. Therefore, the results should be
interpreted as Folin-reactive phenolic-related contents rather than exact
concentrations of confirmed polyphenols. Similarly, the aluminum-
chloride assay provides flavonoid-like colorimetric responses but does
not confirm individual flavonoids [8,21].

Pigment contents showed a different species pattern. Padina sp.
had the highest total chlorophyll content (3.31 mg/g DW), followed
by T. ornata (2.38 mg/g DW); both exceeded Sargassum sp. (1.07
mg/g DW) and E. acoroides (0.90 mg/g DW), which did not differ
significantly. Total carotenoid content was highest in 7. ornata (0.74
mg/g DW), followed by Sargassum sp. (0.65 mg/g DW), Padina
sp. (0.31 mg/g DW), and E. acoroides (0.21 mg/g DW), with a
significant overall difference among species (one-way ANOVA, p
< 0.0001). Tukey’s HSD test indicated that all pairwise differences
were significant.

Species composition, physiological status, light exposure, habitat, and
extraction efficiency may all contribute to these pigment differences
[42-44]. The higher chlorophyll content of Padina sp. may reflect
greater investment in light-harvesting capacity, whereas the higher
carotenoid content of 7" ornata may be associated with photoprotection
and the dissipation of excess light energy [42-44]. Carotenoids can

also help protect photosynthetic tissues against photooxidative stress
[44], although photosynthetic performance and oxidative-stress
markers were not measured in this study. The carotenoid level of
T ornata is of interest because brown seaweeds commonly contain
xanthophylls, particularly fucoxanthin [5,42]. Although 7. ornata
showed the highest total carotenoid content among the studied
macrophytes, this within-study result should not be interpreted as
evidence of industrial competitiveness. Carotenogenic yeasts such
as Rhodotorula, Sporidiobolus, and Cystofilobasidium have been
investigated as microbial sources of carotenoid pigments under
optimized cultivation conditions [45,46]. Moreover, fucoxanthin was
not specifically identified in this study and requires targeted HPLC-
DAD or LC-MS confirmation [43]. The spectrophotometric assay
measured total carotenoids and could not distinguish fucoxanthin,
B-carotene, violaxanthin, or other pigments.

Similar species-dependent variation in phenolic compounds and
pigments has also been reported for brown seaweeds from other
Southeast Asian locations, particularly Malaysia [47,48]. These
regional findings support the view that biochemical composition
varies substantially among Sargassum, Padina, and Turbinaria
species. However, direct numerical comparisons should be interpreted
cautiously because species identity, habitat, season, extraction solvent,
and analytical procedures differ among studies [47,48].

3.4. UPLC-ESI-QTOF-MSE-Based Metabolite Profiles

Exploratory UPLC-ESI-QTOF-MSE screening yielded different sets
of tentatively assigned molecular features among the pooled extracts

Table 3. Total polyphenol, flavonoid, chlorophyll, and carotenoid contents of the four marine macrophytes with molecularly supported taxonomic assignments.

St Total polyphenol Total flavonoid Total chlorophyll Total carotenoid
(mg GAE/g DW) (mg CE/g DW) (mg/g DW) (mg/g DW)

Sargassum sp. 14.55+0.10° 6.52 +0.06° 1.07+0.01¢ 0.65+0.01°

Padina sp. 18.48 £0.21* 11.21 +£0.08* 3.31+0.22¢ 0.31 +£0.06¢

T. ornata 13.04 +0.06¢ 5.94+0.32¢ 2.38£0.07° 0.74 +£0.01°

E. acoroides 2.56 +0.06¢ 1.05+0.01¢ 0.90 £ 0.01¢ 0.21 +0.00¢

Values are expressed as mean + SD of three independent biological replicates (n = 3). GAE, gallic acid equivalents; CE, catechin equivalents. Statistical comparisons were performed
within each column. Different superscript letters indicate significant differences among species according to one-way ANOVA followed by Tukey’s HSD test. Means sharing the same
superscript letter are not significantly different. Overall one-way ANOVA p-values were: total polyphenol, p < 0.0001; total flavonoid, p < 0.0001; total chlorophyll, p < 0.0001; and total

carotenoid, p < 0.0001.

Table 4. Summary of tentatively assigned molecular features detected in four marine macrophyte extracts by UPLC-ESI-QTOF-MSE.

Species Number of tentatively
P assigned molecular features

Sargassum sp. 7

compounds
Padina sp. 15

compounds
Turbinaria ornata 7

related compounds
Enhalus acoroides 5

Main tentative chemical-class assignments

Fatty acids, sugar alcohols, terpenoid-related

Fatty acids, organic acids, sugar alcohols,
nucleoside-related compounds, terpenoid-related

Fatty acids, organic acids, lactones, terpenoid-

Fatty acids, phenolic acid, lactones

Representative tentative molecular features or
chemical-class assignments

C18:1 fatty-acid-related feature; C20:4 fatty-acid-
related feature; labdane-related feature; mannitol-
related feature; spathulenol-related feature

C18:1-, C18:4-, and C16:1-fatty-acid-related
features; mannitol-related feature; inosine-related
feature; C15H280 terpenoid-related feature;
3,5,7-trihydroxychromone-related feature

C18:1-, C18:3-, and C20:4-fatty-acid-related
features; labdane-related feature; methyl-
heptenone-related feature; citric-acid-related
feature; octalactone-related feature

C18:1 and C20:4 fatty-acid-related features;
octalactone-related feature; ricinoleic-acid-related
feature; hydroxybenzoic-acid-related feature

The complete UPLC-ESI-QTOF-MSF annotation table, including retention time, observed m/z, adduct ion, predicted elemental formula, mass error, peak response, and annotation

evidence, is provided in Supplementary Table S1.
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C18:1 fatty-acid-related feature

C20:4 fatty-acid-related feature

C20H3002 labdane-related feature

C18:3 fatty-acid-related feature

C8H1402 lactone-related feature

C6H1406 sugar-alcohol-related feature

C20H3203 oxygenated diterpenoid-related feature
C18H3403 hydroxy-fatty-acid-related feature
C7H603 hydroxybenzoic-acid-related feature
C15H240 sesquiterpenoid-related feature

C23H3405 steroid-related feature

C15H280 terpenoid-related feature
C9H605 polyhydroxylated chromone-related feature

C32H5004 triterpenoid-related feature

Tentatively assigned molecular features

C15H2802 oxygenated sesquiterpenoid-related feature
C10H12N405 nucleoside-related feature

C17H3002 fatty-acid ester-related feature

C16:1 fatty-acid-related feature

C18:4 fatty-acid-related feature

C8H140 unsaturated aliphatic ketone-related feature
C6H807 organic-acid-related feature

<9
Sorq“‘s“m

Observed under the
applied conditions

Detection status

Not observed under
the applied conditions

<9 g orn?
o
w\'bmur‘ Enho\“s ¢

Figure 1. Detection summary of selected tentatively assigned molecular features in pooled extracts from four marine
macrophytes under the applied UPLC-ESI-QTOF-MSF screening conditions. Reported assignments are conservative MSI
Level 3 annotations based mainly on accurate mass, predicted molecular formula, adduct pattern, retention behavior, isotope
pattern, and available low-/high-energy spectral information. “Observed” indicates that a corresponding feature was detected
under the applied screening conditions; it does not imply confirmed compound identity or quantitative comparison across taxa.

(Table 4 and Fig. 1). Based on retention time, accurate mass, adduct
and isotope patterns, predicted elemental formula, mass error, and
low- and high-energy spectral information, 15 molecular features
were tentatively assigned in the pooled Padina sp. extract, compared
with seven in T ornata, seven in Sargassum sp., and five in E.
acoroides. Mass spectrometry-based profiling is useful for preliminary
characterization of small molecules in algal resources [9,49], but
the number of annotations is not a complete measure of metabolite
diversity. Extraction solvent, chromatographic separation, ionization
conditions, signal intensity, and database coverage all influence
feature detection.

Fatty-acid-related features formed the most frequently assigned group.
C18:1 and C20:4 fatty-acid-related features were observed in all four
pooled extracts, indicating shared lipid-related signals under the
analytical conditions used. The pooled Padina sp. extract additionally
contained C16:1, C18:3, and C18:4 fatty-acid-related features,
together with ricinoleic-acid-related and methyl hexadecadienoate-
related features. The profile of 7. ornata also included organic-acid-
related, lactone-related, and terpenoid-related features. Sargassum sp.
contained mannitol-related, spathulenol-related, and other terpenoid-
related features, whereas E. acoroides showed a simpler profile
comprising fatty-acid-related, octalactone-related, and hydroxybenzoic-
acid-related features.

The detection summary further illustrated shared and sample-specific
patterns (Fig. 1), similar to the chemical differentiation reported in
comparative LC-MS studies of marine macroalgae [49]. Several tentative
assignments were observed only in the pooled Padina sp. extract,
including a C H, O terpenoid-related feature, trihydroxychromone-
related, acetylaleuritolic-acid-related, cryptomeridiol-related, inosine-
related, fatty-acid-methyl-ester-related, C16:1 fatty-acid-related, and
C18:4 fatty-acid-related features. Features observed only in the pooled
T ornata extract included methyl-heptenone-related and citric-acid-
related features, whereas spathulenol-related and periplogenin-related
features were observed only in the pooled Sargassum sp. extract. These
condition-dependent patterns do not establish definitive compound
presence or absence across species.

The pooled Padina sp. extract yielded the largest number of tentative
annotations under the applied screening conditions. This count should
not be interpreted as a direct measure of overall metabolite diversity or as
evidence of correspondence with its higher total polyphenol, flavonoid,
and chlorophyll values, because the relevant compound classes
were not quantitatively confirmed. Some phenolic-related tentative
features in Padina sp. were qualitatively consistent with its higher
colorimetric values, but no quantitative relationship can be established
because the LC-MS analysis lacked biological replication, authentic
standards, and targeted quantification. Previous studies have reported
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Figure 2. Exploratory PCA biplot based on species-level mean values of eight mean-centered and unit-variance-scaled biochemical
variables. Because only four observations were included, the plot is descriptive and should not be interpreted as demonstrating
statistically robust clustering or generalizable species differentiation. The species-level mean values used for the exploratory PCA are
provided in Supplementary Table S2.

terpenoid-, polyphenol-, and polysaccharide-related compounds in
the genus Padina [4,40], but such reports do not confirm the specific
assignments observed here. All molecular-feature assignments in the
present study remain tentative because authentic standards were not
used for confirmation. Because the LC-MS dataset lacked biological
replication at the taxon level, peak responses were treated only as
descriptive instrument signals and were not interpreted quantitatively
or statistically. The detection patterns remain preliminary because the
analysis also lacked extraction blanks, pooled QC samples, internal
standards, replicate injections, and formal blank-subtraction and signal-
to-noise criteria. Consequently, low-intensity signals and apparent
sample-specific detections should be interpreted cautiously and require
confirmation using replicated targeted analyses. No functional activity
can be inferred without targeted quantification and biological assays.

3.5. Exploratory Visualization of Biochemical Profiles

Exploratory PCA was used to visualize the relative positions of the four
sampled species based on eight standardized biochemical variables
(Fig. 2). Given the ratio of eight variables to only four species-level
observations, the ordination is statistically unstable and should not be
interpreted as evidence of robust clustering or generalizable species
differentiation. PC1 and PC2 explained 63.1% and 26.8% of the
variance, respectively, accounting together for 89.9%. Padina sp.
was positioned on the positive side of PC1 and associated mainly
with total polyphenol, total flavonoid, total chlorophyll, and total
ash. Enhalus acoroides occupied the negative side of PC1, consistent
with its generally lower values for most variables. Sargassum sp. and

T. ornata appeared in the upper region of the biplot and were more
closely associated with moisture and crude protein, and with n-hexane-
extractable lipid and total carotenoid contents, respectively.

Sargassum sp. was characterized primarily by crude protein, Padina
sp. by phenolic-related compounds and chlorophyll, and 7 ornata by
its n-hexane-extractable lipid and total carotenoid contents. Enhalus
acoroides had lower values for most measured nutritional and
bioactive-related variables. Under the conditions of this study, the
three brown seaweeds showed biochemical characteristics that may
justify further investigation as potential functional ingredients, natural
pigment sources, or aquafeed additives; however, such applications
require compound confirmation, safety assessment, and biological
validation [4,50,51].

PCA is useful for summarizing multidimensional biochemical patterns
[49,52]. Small datasets can reduce the stability and generalizability of
multivariate patterns [52,53]. Larger datasets incorporating biological
replicates, seasons, and sampling locations are needed to test the
observed differentiation. The findings provide baseline comparative
data but remain limited by the restricted sampling period and geographic
area; seasonal and spatial variations in seaweed composition were not
assessed [50,54]. Metabolite assignments were based on screening-
level UPLC-ESI-QTOF-MSF evidence and require confirmation
with authentic standards under accepted identification-confidence
frameworks [10,11]. Antioxidant activity was not measured, so it cannot
be inferred directly from total polyphenol or flavonoid values [8]. These
limitations should be addressed through replicated targeted analyses.
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4. CONCLUSION

This study compared the selected proximate composition, phenolic-
related compounds, photosynthetic pigments, and UPLC-ESI-
QTOF-MSE-based metabolite profiles of four marine macrophytes
collected from the Mekong Delta coast of Vietnam. The results
revealed distinct biochemical patterns among the investigated
samples. Sargassum sp. showed the numerically highest crude
protein content, although this value was not significantly different
from that of Padina sp., whereas Padina sp. was characterized by
higher phenolic-related and chlorophyll contents. Turbinaria ornata
exhibited the highest n-hexane-extractable lipid and total carotenoid
contents among the investigated taxa, while E. acoroides generally
showed lower phenolic-related compound and pigment contents than
the brown seaweeds. Exploratory UPLC-ESI-QTOF-MSE screening
generated preliminary tentative assignments, mainly comprising fatty-
acid-related, terpenoid-related, organic-acid-related, sugar-alcohol-
related, and phenolic-related features. Overall, these findings provide
screening-level baseline data for the biochemical characterization of
local marine macrophytes from coastal Vietnam. Further studies should
include targeted quantification of fucoxanthin and phlorotannins
using authentic standards, fatty-acid profiling, seasonal and spatial
replication, and measurements of photosynthetic performance and
oxidative-stress parameters.
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