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ABSTRACT

Sargassum seaweed is increasingly abundant in the Caribbean, creating ecological disruption but also providing biomass for
agricultural inputs. This study compares the microbial diversity and safety of a Sargassum-based liquid biofertilizer (SBLB-INTEC)
with those of a conventional product (LB-BANELINO) using 16S rRNA amplicon sequencing, rather than culture-dependent
methods. Both formulations contained key nutrients (K, Ca, and Mg) and low levels of heavy metals. They harbored dense but
relatively simple bacterial communities dominated by Firmicutes, particularly Bacilli, with Proteobacteria and other phyla at lower
abundances. Staphylococcus (Staphylococcaceae) was highly abundant in both products, while SBLB-INTEC showed a somewhat
more balanced community, including Delftia and other Comamonadaceae. Shannon diversity tended to be higher in SBLB-INTEC,
but differences in alpha- and beta-diversity between formulations were not statistically significant. Because 16S data cannot
distinguish viable from nonviable cells or resolve strain-level pathogenicity, these results do not prove the absence of pathogens;
instead, they provide a genus-level baseline to guide targeted culture, qPCR, and functional assays. Overall, the combination of
a favorable chemical profile and microbial groups commonly associated with nutrient cycling and plant-associated functions
suggests that SBLB-INTEC could become a valuable component of integrated nutrient management in tropical agriculture, offering
hope for a more sustainable future pending confirmatory plant-response and biosafety studies. We recommend integrating these
microbial data into a national biofertilizer monitoring framework, combining metagenomic surveys with targeted qPCR and
resistance gene screening.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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Highlights

o First 16S rRNA amplicon profiling of the microbial
community of a Sargassum-based liquid biofertilizer
produced in the Dominican Republic.

« The biofertilizers contained dense but relatively simple
bacterial communities dominated by Firmicutes/Bacilli.

« 16S rRNA sequencing provided a genus-level map of
potentially beneficial and opportunistic microbial groups.

« Microbial diversity supports the safety and sustainable
use of agriculture.

1 | Introduction

In recent years, the Caribbean has experienced unprecedented
accumulations of Sargassum seaweed, disrupting coastal econ-
omies and ecosystems [1-3]. Beyond its negative impacts, such as
beach fouling, habitat loss, and economic burdens, Sargassum
can be a valuable biomass for circular economic solutions, in-
cluding the production of liquid biofertilizers [4, 5]. Prior in-
vestigations demonstrate that Sargassum is rich in nitrogen,
potassium, and micronutrients, which are beneficial for plant
growth [6, 7]. However, the same macroalgae can accumulate
heavy metals in the marine environment, raising concerns about
food safety and the environment [2, 8].

Recent research on Sargassum-derived biofertilizers has pri-
marily focused on heavy metal and nutrient concentrations and
agronomic efficacy [9]. In our previous study, we assessed their
microbiological quality using conventional selective culture
techniques, which, while valuable, may not detect the full di-
versity of microorganisms, particularly noncultivable or low-
abundance taxa [10]. However, limited attention has been
paid to their microbiological composition and its implications for
safety and effectiveness. Understanding the microbial commu-
nities in biofertilizers is crucial because beneficial microbes can
improve soil health and plant growth, while potential pathogens
could endanger agricultural systems. This study aims to fill this
gap by examining the microbial diversity and potential bio-
security risks associated with Sargassum-based liquid bio-
fertilizers (SBLB-INTEC).

To overcome the limitations of culture-dependent methods,
metagenomic sequencing has emerged as a robust tool to
characterize microbial diversity with greater sensitivity and
resolution [11]. Genomic analysis of biofertilizer samples is
becoming essential for accurately describing the microbial
communities present in these bioproducts [12]. The widespread
use of DNA sequencing over the past few decades has played
a pivotal role in accurately understanding microbial ecology and
detecting specific functional groups within microbial pop-
ulations [13]. DNA barcoding utilizes standardized species-
specific genomic regions (DNA barcodes) to generate vast
DNA libraries, aiding in identifying unknown specimens [14].
This methodology is crucial, particularly for bacteria with un-
usual phenotypic profiles, slow-growing or uncultivable bacteria,
and culture-negative infections [15].

Regarding biofertilizers, metagenomic techniques like 16S rRNA
sequencing allow for the identification of microbial communities

involved in nutrient cycling and promoting plant growth, while
also confirming the absence of potentially harmful microor-
ganisms. Therefore, this method can offer deeper understanding
of both functional capabilities and biosecurity concerns.

The objective of this study was to characterize the bacterial
communities in a SBLB-INTEC produced in the Dominican
Republic and in a conventional biofertilizer used as a reference,
using 16S rRNA amplicon sequencing as an initial culture-
independent survey of microbial diversity. By combining these
data with previously reported chemical and agronomic in-
formation [9, 10, 16], we aim to provide an initial, evidence-based
assessment of the potential agronomic value and biosecurity
considerations associated with the use of SBLB-INTEC in Ca-
ribbean agriculture. A preprint of this work has been made
available elsewhere [16].

2 | Materials and Methods

2.1 | Biofertilizer Production

The experimental phase took place from May to December 2024.
During this time, two liquid biofertilizers were produced at the
BANELINO Association’s facilities in Montecristi, Dominican
Republic. The Association consists of small-scale banana farmers
committed to sustainable, organic farming.

SBLB-INTEC was created using Sargassum collected in Punta
Cana, Dominican Republic, combined with molasses, baker’s
yeast (Saccharomyces cerevisiae), yogurt, milk, and water from
the Yaque del Norte River. The mixture went through anaerobic
fermentation for about 30 days in a 1000 L static reactor.

LB-BANELINO (control) was prepared with Sargassum, using
molasses and a “mother culture” containing forest mulch, rice
bran, and grass, fermented under similar anaerobic conditions.

Physicochemical characterization and elemental content of both
biofertilizers were determined using standard protocols pre-
viously used in research [10]. Table 1 shows the concentrations of
alkali/alkaline-earth metals, selected heavy metals, basic bio-
molecules, and physicochemical parameters for both
biofertilizers.

2.2 | Microbiological Composition Analysis
2.2.1 | DNA Extraction

Biofertilizer samples were prefiltered using a vacuum-assisted
system with a 1.6 um cellulose membrane to remove coarse
particles, followed by a 0.2 um membrane to retain microbes.
Membranes were stored in Tris-EDTA (TE) buffer at —20°C until
processing. Metagenomic DNA was extracted using the DNeasy
PowerWater Kit (Qiagen, Germany) according to the manufac-
turer’s instructions, after thawing at room temperature.

2.2.2 | 16S rRNA Amplicon Sequencing

DNA concentration and purity were first evaluated using
a NanoDrop ND-1000 spectrophotometer (NanoDrop Technol-
ogies), and DNA integrity was verified by agarose gel electro-
phoresis. The hypervariable V3-V4 region of the bacterial 16S
rRNA gene was amplified using the universal primer pair 341F
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TABLE 1 | Physicochemical, basic biomolecules, and elemental profile of the SBLB-INTEC and LB-BANELINO biofertilizers.

Parameter Unit SBLB-INTEC LB-BANELINO Reference range
Alkali and alkaline earth metals
Potassium (K) mg/kg 5996.00 2786.00 3120.00"
Calcium (Ca) mg/kg 2042.00 730.00 —
Magnesium (Mg) mg/kg 762.00 295.00 628.00"
Sodium (Na) mg/kg 599.00 204.00 948.00"
Heavy metals
Lead (Pb) mg/kg <1.50 <1.50 100-1000""
Cadmium (Cd) mg/kg <0.20 <0.20 0.08-0.20%, 1-37"*
Arsenic (As) mg/kg <0.50 <0.50 15-50**
Copper (Cu) mg/kg 4.00 8.00 0.10-0.90", 60-200""
Iron (Fe) mg/kg 25.40 104.00 1.60-55"
Zinc (Zn) mg/kg <3.00 12.80 0.15-7.5%, 70-600""
Biomolecules and physicochemical parameters
Total carbohydrates g/100 g 0.73 <0.20 —
Total proteins g/100 g 0.2 0.27 —
Total lipids g/100 g 1 1 —
pH — 4.9 3.7 —
Electrical conductivity uS/cm 3654 1404 —
Salinity ppt 15.9 6.6 —
*Reference values found in other liquid biofertilizer [17-23].
**Values permissible limits in agricultural soils [24-37].
(5'-CCTAYGGGRBGCASCAG-3") and 806R (5-GGAC- sampling site, was used for downstream bioinformatic and sta-

TACNNGGGTATCTAAT-3’), following Novogene’s standard
16S amplicon metagenomic workflow for Illumina NovaSeq
platforms (paired-end 2 x 250 bp).

PCR products were purified and used for library construction
according to the provider’s protocols. Library quantity was
measured with a Qubit 2.0 fluorometer (Thermo Fisher Scien-
tific, Waltham, MA, USA), and fragment size distribution and
integrity were assessed with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). High-quality libraries were
sequenced on an Illumina NovaSeq 6000 system (2 X 250 bp),
generating V3-V4 16S rRNA amplicon datasets for downstream
community and diversity analyses. The raw 16S rRNA amplicon
sequencing data generated in this study have been deposited in
the NCBI Sequence Read Archive (SRA) under BioProject ac-
cession number PRINA1237349, entitled “Project for the meta-
genomic analysis of Dominican biofertilizers.” The BioProject
includes six BioSamples and six corresponding SRA records.
Associated sample metadata and sequencing quality summaries
are provided as Supporting Table S4A.

2.2.3 | Bioinformatic Processing and ASV
Inference

Sequencing was performed in triplicate for each group: SBLB-
INTEC and LB-BANELINO. Sequencing was performed on six
samples corresponding to two biofertilizer formulations: LB-
BANELINO (BB1, BB2, and BB3) and SBLB-INTEC (BSI1, BSI2,
and BSI3). A complete metadata file, including sample identi-
fiers, biofertilizer type, replicate number, production batch, and

tistical analyses and is provided as Supporting Table S4A.

Quality filtering and read preprocessing were performed fol-
lowing the standard Novogene amplicon pipeline [38, 39].
Adapter, barcode, and primer sequences were removed, paired-
end reads were merged, and low-quality reads (Phred score < 20)
were discarded. After quality filtering and chimera removal, an
average of approximately 97% of reads per sample were retained
for downstream analyses.

Amplicon sequences were processed on the Galaxy Europe
platform using the QIIME 2 amplicon distribution (Version
2025.10), which offers a fully reproducible environment for
microbiome analysis [40]. Paired-end FASTQ files for each
biofertilizer sample were imported, and initial quality control
was conducted with FastQC to examine per-base quality scores,
GC content, and sequence length distributions [41]. Individual
FastQC reports were aggregated with MultiQC to obtain a global
summary of read quality and potential artifacts across all libraries
[42] (Table S6A). These summaries guided the choice of trim-
ming and truncation parameters for denoising.

Sample information (biofertilizer type, sampling site, and rep-
licate) was stored in tab-separated metadata files in accordance
with QIIME 2 conventions. A PairedEndFastqManifest-
Phred33V2 manifest file was created to link each sample ID to the
absolute paths of its forward and reverse reads. Paired-end reads
were imported into QIIME 2 via the Galaxy “qiime2 tools import-
fastq” interface, using the manifest file and the Pair-
edEndFastqManifestPhred33V2 ~ format.  The  resulting
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demultiplexed artifact was summarized with qiime demux
summarize to obtain per-base quality plots and per-sample se-
quence counts.

Error correction, chimera removal, and inference of amplicon
sequence variants (ASVs) were performed with the DADA2
plugin (giime dada2 denoise-paired), a model-based approach
that resolves exact sequence variants from Illumina amplicon
data [43]. Forward and reverse reads were processed with the
following key parameters: trunc_len_f = 250, trunc_len_r = 250,
trim_left f=0, trim_left r=0, max ee f=2, max ee r=2,
trunc_q = 2, min_overlap = 12, max_merge_mismatch =0, chi-
mera removal by chimera method =consensus, and
n_reads_learn = 1,000,000. DADA?2 generated a feature table of
ASV counts, a set of representative ASV sequences, and detailed
denoising statistics for each sample. These outputs were exam-
ined with giime feature-table summarize and giime feature-table
tabulate-segs to verify sequence length distributions, per-sample
sequencing depth, and the number of ASVs retained after quality
control.

Taxonomic assignment was performed using the QIIME
2 feature-classifier plugin and a naive Bayes classifier trained on
the SILVA 138 reference database, which was trimmed to the
V3-V4 region targeted in this study. The classifier (qiime feature-
classifier classify-sklearn) was applied to the representative ASV
sequences, yielding a taxonomy table with annotations ranging
from phylum to species, where possible. Relative abundance
barplots at the phylum, class, order, family, and genus levels were
generated with giime taxa barplot, using the ASV table, taxon-
omy assignments, and the final metadata file to inspect com-
munity composition and evaluate the consistency of replicates
within each biofertilizer formulation.

For downstream statistical analyses in Python (Google Colab),
the ASV abundance table was exported from Galaxy in BIOM
format (feature-table.biom) using giime tools export, and the
taxonomy table was exported as a tab-separated file (tax-
onomy.tsv). The resulting ASV count matrix, relative abundance
table, and taxonomy table are provided as Supporting Tables S1,
S2, and S3, respectively.

2.2.4 | Phylogenetic Reconstruction, Diversity
Metrics, and Statistics

To compute phylogeny-based diversity metrics, a rooted ASV
phylogenetic tree was constructed following the standard QIIME
2 phylogeny workflow. Representative ASV sequences were
aligned using MAFFT, a multiple-sequence alignment algorithm
optimized for large datasets (giime alignment mafft) [44]. The
alignment was masked to remove highly variable positions using
Qiime’s alignment mask. A maximum-likelihood phylogenetic
tree was then inferred with FastTree (qiime phylogeny fasttree),
which efficiently estimates approximately maximum-likelihood
trees for large alignments [45], and was midpoint-rooted with
giime phylogeny midpoint-root.

Phylogenetic and nonphylogenetic diversity metrics were cal-
culated using the QIIME 2 diversity core-metrics-phylogenetic
pipeline, combining the rooted tree, the final feature table, and
the updated metadata. Samples were rarefied to a sequencing
depth close to the minimum postfiltering read count (~1.6 x 10°
sequences per sample), ensuring comparable information

content across libraries. The pipeline generated a rarefied ASV
table, vectors for Faith’s phylogenetic diversity (PD), observed
ASVs, Shannon diversity, and Pielou’s evenness, as well as
distance matrices for unweighted and weighted UniFrac, Jac-
card, and Bray-Curtis, together with their corresponding PCoA
ordinations and Emperor visualizations. Per-sample alpha di-
versity values and between-formulation statistics are summa-
rized in Supporting Tables S9 and S10. In contrast, the
Bray-Curtis distance matrix, ordination coordinates, and PER-
MANOVA results are provided in Supporting Tables S11, S12,
and S13, respectively.

For figure generation and additional hypothesis-driven statistics,
the Bray-Curtis PCoA results were exported using giime tools
export and imported into Python. Shannon diversity indices were
compared between biofertilizer types using Mann-Whitney U
tests, and a PERMANOVA was performed on the Bray-Curtis
distance matrix using 999 permutations [46] to test for differ-
ences in community composition between formulations. High-
resolution barplots for the top 10 taxa at different taxonomic
levels, alpha-diversity boxplots, and PCoA ordination plots were
generated from the exported ASV, taxonomy, metadata, and
ordination tables. Sequencing read counts at each processing
step, including raw reads, reads retained after quality trimming
and merging, reads remaining after chimera removal, and final
reads used for taxonomic assignment, are summarized in Sup-
porting Table S5A.

3 | Results and Discussion

3.1 | Microbial Composition of Biofertilizers

Sequencing of the 16S rRNA gene (V3-V4 region) and processing
with QIIME 2/DADAZ2 generated a high-resolution table of
ASVs. After quality control, filtering, and chimera removal,
1.6 X 10°-1.8 X 10° reads per sample were obtained, with an
average of approximately 1.7 X 10° reads per sample (Supporting
Table S1). Alpha diversity indices (Chaol, Shannon, and
Simpson) for each sample are reported in Supporting Table S9,
and summary statistics for comparisons between formulations
are shown in Supporting Table S10; no additional rarefaction was
applied.

ASVs were taxonomically assigned using a Naive Bayes classifier
trained with SILVA 138 trimmed to the V3-V4 region. The
comprehensive presentation of the relative abundance data at the
phylum, class, order, family, and genus levels for each replicate
in Supporting Tables S4, S5, S6, and S7, as well as in Supporting
Table S8 for the main genera.

Rarefaction analyses based on observed ASVs and Shannon di-
versity are shown in Supporting Figure SIA. In all samples,
rarefaction curves reached a clear plateau at sequencing depths
well below the maximum number of reads obtained, indicating
that the sequencing effort was sufficient to capture most of the
bacterial richness and community diversity present in each
biofertilizer formulation.

Alpha diversity analyses based on observed ASVs and Faith’s PD
indicated comparable levels of within-sample diversity across
biofertilizer formulations. Observed ASVs reflected similar
richness patterns among samples, while Faith’s PD values sug-
gested that the evolutionary breadth of bacterial communities
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was broadly consistent between LB-BANELINO and SBLB-
INTEC.

3.11 | Community Structure at the Phylum and
Class Levels

In both biofertilizers, the bacterial community was strongly
dominated by Firmicutes, followed by Proteobacteria and, to
a lesser extent, Bacteroidota and Actinobacteriota (Figure 1;
Supporting Table S4, relative abundance of phyla by sample).

In LB-BANELINO, Firmicutes accounted for an average of 95% of
the reads, while Proteobacteria accounted for around 4%. In
SBLB-INTEC, Firmicutes remained the dominant phylum, but
with a lower relative proportion (61%), accompanied by a marked
increase in Proteobacteria (36%). The other phyla were below 1%
in both formulations.

At the class level, the community was dominated by Bacilli, con-
sistent with the predominance of Firmicutes Figure 2; Supporting
Table S5, relative abundance of bacterial classes by sample). In LB-
BANELINO, Bacilli accounted for approximately 94% of the relative
abundance. In comparison, in SBLB-INTEC, it decreased to 58%,
offset by an increase in Gammaproteobacteria (33%) and, to a lesser
extent, Clostridia, Alphaproteobacteria, and Bacteroidia.

This pattern is consistent with the widely documented role of
Firmicutes, particularly Bacilli, in the degradation of organic
matter, the mineralization of nutrients, and the synthesis of
bioactive molecules such as siderophores and antimicrobial
compounds. These compounds can contribute to the suppression
of soil pathogens and stress tolerance in plants, as demonstrated
by [47, 48]. The significant presence of Bacilli in both products
suggests a potential to support soil fertility and resilience in
agricultural systems such as small- and medium-scale banana
plantations in the Dominican Republic, where the use of local
biofertilizers can reduce dependence on synthetic inputs.

Proteobacteria and the Gamma- and Alphaproteobacteria classes
include numerous taxa associated with nitrogen fixation, de-
nitrification, and phosphorus solubilization [49, 51]. The greater
relative contribution of Gammaproteobacteria in SBLB-INTEC
compared to LB-BANELINO suggests a potentially more diverse
community in terms of nutrient transformation functions.
However, this interpretation should be considered a taxonomic
inference rather than direct evidence of functional genes.

3.1.2 | Composition at the Order, Family, and
Genus Level

Disaggregation by order and family shows that, in both formu-
lations, the community is strongly enriched in taxa related to
Staphylococcales/Staphylococcaceae, while Burkholderiales/
Comamonadaceae are found almost exclusively in SBLB-INTEC
(Figures 3 and 4; Supporting Tables S6 and S7, relative abun-
dance at the order and family levels, respectively).

Relative abundance (%) of the most abundant bacterial orders in
each replicate of SBLB-INTEC and LB-BANELINO. The figure
emphasizes the enrichment of Staphylococcales and the presence
of Burkholderiales and other orders that differentiate the two
formulations.

Stacked bar plots summarizing the relative abundance (%) of the
most abundant bacterial families in each replicate. The figure

Microbial compostion by condition (phylum)

Condition
LB-BANELINO SBLB-INTEC 100

................................................ 0.90

................................................ 0.80

................................................ 070 g
5

................................................ 0.60 g
B

................................................ 0.50 2
[

................................................ 0.40 &
=

................................................ 030 &

................................................ 0.20

................................................ 0.10

................................................ 0.00

B Actinobacteriota B Fusobacteriota

B Bacteroidota Planctomycetota

B Chloroflexi Proteobacteria

W Cyanobacteria B Verrucomicrobiota

B Desulfobacterota B Others

B Firmicutes

FIGURE 1 | Relative abundance of bacterial phyla in SBLB-INTEC
and LB-BANELINO biofertilizers. Stacked bar plots showing the relative
abundance (%) of the main bacterial phyla in each replicate of SBLB-
INTEC (SBLB_rep1-3) and LB-BANELINO (BANELINO_rep1-3), based
on 16S rRNA (V3-V4) amplicon sequencing.

highlights the dominance of Staphylococcaceae and the presence
of Comamonadaceae and other families that contribute to dif-
ferences between formulations.

At the genus level (Figure 5; Supporting Table S8), Staphylo-
coccus dominates both formulations. In LB-BANELINO, this
genus accounts for, on average, more than 94% of the readings
(range 94%-97%), whereas in SBLB-INTEC, its relative abun-
dance is lower but still very high (57%, range 55%-84%). In SBLB-
INTEC, a second dominant genus, Delftia, also appears, con-
tributing around 30% of the bacterial community (range 11%-
40%). Other genera, such as Stenotrophomonas, Clostridium sensu
stricto 12, Lentilactobacillus, Pseudomonas, and Prevotella, are
found in smaller proportions (< 5%).

These results are consistent with studies of commercial bio-
fertilizers, where a few genera dominate the community, often
belonging to the phyla Firmicutes and Proteobacteria [12]. Many
members of the genera Delftia, Stenotrophomonas, and Pseudo-
monas have been described as plant growth-promoting rhizo-
bacteria, with the ability to solubilize phosphorus, produce
siderophores, and modulate the availability of trace metals
[49, 52]. However, these genera also include opportunistic
strains, so it is crucial that we interpret the data with caution,
underscoring the importance of your role in the research process.

The strong dominance of Staphylococcus in both biofertilizers is
particularly relevant. On the one hand, various species of this
genus have been isolated as plant endophytes or epiphytes, ca-
pable of producing secondary metabolites and contributing to
nutrient recycling [47]. On the other hand, the genus includes
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Microbial composition by condition (class)
Conditions
LB-Banelino SBLB-INTEC
o ° w1
‘ ‘ 0.90

0.80

0.70

0.60

0.50

0.40

Relative Abundance

0.30

0.20

0.10

0.00

B Fusobacteriia

B Gammaproteobacteria

W Negativicutes
Thermoleophilia

B Others

B Actinobacteria

B Alphaproteobacteria

MW Bacilli

B Bacteroidia

B Clostridia
Cyanobacteriia

FIGURE 2 | Relative abundance of bacterial classes in SBLB-INTEC
and LB-BANELINO biofertilizers. Stacked barplots of the relative
abundance (%) of bacterial classes in each replicate of SBLB-INTEC and
LB-BANELINO.

opportunistic species of clinical and veterinary importance
(S. aureus, S. pseudintermedius, among others). Analyses based
on the V3-V4 region of 16S rRNA do not allow for robust dis-
crimination between commensal, environmental, and patho-
genic species within Staphylococcus. Therefore, although our
data confirm that Staphylococcus is the dominant genus, it is
crucial to recognize the limitations of 16S rRNA analysis for
pathogenicity assessment and the need for further research and
development in this area.

To explore the taxa of health interest in more detail, a subset of
data were generated that includes reads assigned to Staphylo-
coccus and Escherichia—Shigella (Supporting Tables S14-S17,
which list raw counts, relative abundances, long-format data, and
presence/absence for genera that include potentially pathogenic
species). In this subset, Staphylococcus constitutes more than
99.9% of the readings, while Escherichia-Shigella is detected only
marginally. However, these tables should be interpreted solely as
a description of genera that include potentially pathogenic
species, not as confirmation of the presence of specific pathogens
or their ability to cause disease.

3.1.3 | Agronomic Implications and Regional
Context

From a biosecurity and functional perspective, the 16S rRNA
amplicon data provide a high-level description of the microbial
communities present in SBLB-INTEC and LB-BANELINO. It is

Microbial composition by condition (order)

Conditions
LB-BANELINO

SBLB-INTEC
1.00

0.90

0.80

0.70

0.60

0.50

0.40

Relative Abundance

0.30

0.20

0.10

0.00

B Bacteroidales B Pseudomonadales
B Burkholderiales I Rhodobacterales

W Clostridiales | Staphylococcales

W Erysipelotrichales @ Xanthomonadales
W Lachnospirales B Others

W Lactobacillales

FIGURE 3 | Relative abundance of bacterial orders in SBLB-INTEC
and LB-BANELINO.

important to note that 16S rRNA sequencing has inherent
methodological limitations: It cannot distinguish between viable
and nonviable cells, cannot infer gene function or metabolic
activity [50], and rarely resolves taxa at the species or strain level.
Consequently, 16S rRNA profiles do not provide direct evidence
of functional performance or microbiological safety.

The interpretations presented in this section are therefore de-
rived from genus-level taxonomic profiles and previously re-
ported associations in the literature and should be regarded as
ecological and agronomic context rather than demonstrated
functional capabilities inferred directly from the sequencing
data. Under these constraints, the detection of genera that may
include opportunistic pathogens should be interpreted as an
indication for targeted follow-up analyses, rather than as direct
evidence of health risk.

The principal contribution of the present dataset lies in its
characterization of relatively dense yet structurally simple bac-
terial communities, dominated by Firmicutes, particularly Bacilli
and lactic acid bacteria, with secondary contributions from
Proteobacteria and other phyla. This community structure is
consistent with the fermentative nature of both biofertilizer
formulations and aligns with previous reports describing
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Microbial composition by condition (family)

Conditions
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FIGURE4 | Relative abundance of bacterial families in SBLB-INTEC
and LB-BANELINO.

ecological roles of Bacillus and related Firmicutes in nutrient
mobilization and plant-associated systems [47, 48], as well as the
emerging role of lactic acid bacteria in soil-plant interactions
[53, 54].

SBLB-INTEC showed slightly higher Shannon diversity indices,
largely driven by contributions from Proteobacteria such as
Delftia and other Comamonadaceae, suggesting a more even
bacterial community in the Sargassum-based formulation.
Nevertheless, the absence of statistically significant differences in
alpha diversity and the lack of clear separation in Bray-Curtis
PCoA ordinations and PERMANOVA analyses indicate that both
biofertilizers share a broadly similar overall community structure
(Figure 6; Supporting Tables S9-S13).

Phylogeny-based beta-diversity metrics were calculated using
a rooted ASV phylogenetic tree constructed with MAFFT
alignment and FastTree inference. This tree was used to compute
Faith’s PD and UniFrac distance matrices, which incorporate
evolutionary relationships among taxa rather than relying solely
on taxon abundances. Inspection of UniFrac-based ordinations
indicated that samples tended to cluster according to biofertilizer
formulation, while replicates within each formulation showed
consistent phylogenetic patterns, indicating internal coherence.

Inspection of phylogeny-based beta-diversity patterns indicated
that samples tended to cluster according to biofertilizer formu-
lation, suggesting that differences between LB-BANELINO and
SBLB-INTEC are associated not only with taxonomic composi-
tion but also with the distribution of phylogenetically related

Microbial composition by conditions (genus)

Conditions
LB-BANELINO

SBLB-INTEC
1.00

0.90

0.80

0.70

0.60

0.50

Relative Abudance

0.40
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0.10

0.00

W Asteroleplasma W Staphylococcus

0 Bacteroides W Stenotrophomonas

Bosea W uncultured
B Clostridium_sensu_stricto_12 M Others
B Lentilactobacillus W Delftia

Pseudomonas

FIGURE 5 | Relative abundance of bacterial genera in SBLB-INTEC
and LB-BANELINO biofertilizers. Relative abundance (%) of the dom-
inant bacterial genera in each replicate of SBLB-INTEC and LB-
BANELINO. The plot shows the strong dominance of Staphylococcus
across both products, with additional contributions from Delftia and
other genera in SBLB-INTEC.

lineages. Replicates within each formulation showed consistent
clustering, indicating internal phylogenetic coherence.

In the Dominican context, where export-oriented banana sys-
tems and other staple crops depend heavily on imported mineral
fertilizers, a locally produced liquid biofertilizer that valorizes
massive Sargassum landings and agro-industrial by-products has
clear strategic interest. Large Sargassum influxes along Carib-
bean coasts are an emerging environmental challenge, and their
conversion into agricultural inputs is increasingly explored as
part of circular bioeconomy approaches [3, 8]. The use of
Sargassum-based biofertilizers could help recycle nutrients, re-
duce reliance on synthetic fertilizers, and mitigate coastal pol-
lution. These biofertilizers could also enhance soil health and
crop productivity, thereby promoting sustainable and locally
grounded agriculture in the Caribbean.
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FIGURE 6 | Alpha diversity and Bray-Curtis f-diversity of bacterial communities in SBLB-INTEC and LB-BANELINO. (a) Boxplots of Shannon
diversity indices and observed ASVs for SBLB-INTEC (n = 3) and LB-BANELINO (n = 3), calculated from the rarefied ASV table generated with the
QIIME 2 core-metrics-phylogenetic pipeline. Individual data points for each replicate (SBLB_rep1-3, BANELINO_repl-3) are shown overlaid on the
boxplots. Per-sample alpha diversity values are provided in Supporting Table S9, and summary statistics for between-formulation comparisons
(Mann-Whitney U tests) are reported in Supporting Table S10. (b) Principal coordinates analysis (PCoA) based on Bray-Curtis distances among
samples, showing the ordination of the six bacterial communities colored by biofertilizer type. The underlying Bray-Curtis distance matrix and PCoA
coordinates are provided in Supporting Tables S11 and S12, respectively. PERMANOVA results for differences in community composition between
formulations are summarized in Supporting Table S13 and indicate no statistically significant separation between SBLB-INTEC and LB-BANELINO.

At the same time, the regional context urges a cautious, stepwise and efficient application of liquid biofertilizers derived from
implementation. Recent work on Dominican river microbiomes Sargassum as part of the Caribbean’s transition to more locally
has documented the circulation of bacteria with reduced sus- based and sustainable agriculture.

ceptibility to beta-lactam antibiotics in surface waters impacted

by urban and industrial effluents [55]. Although our study did

not evaluate antimicrobial resistance, this evidence highlights 4 | Conclusions

the importance of incorporating resistance monitoring into fu-

. S - This study provides the first detailed characterization, based on 16S
ture assessments of residual-origin biofertilizers.

rRNA ASVs, of the bacterial communities present in two liquid
Priority next steps for the Dominican Republic include deploying biofertilizers produced in the Dominican Republic. Both formu-
longitudinal studies of soil and rhizosphere microbiomes under lations are dominated by Firmicutes (class Bacilli) and the genus
repeated applications; conducting targeted surveys of pathogenic Staphylococcus. The dominance of these species could indicate
indicators and antibiotic-resistance genes using qPCR and/or their role in the efficacy or safety of biofertilizers. Additionally,
shotgun metagenomics; and conducting greenhouse and field there is an additional contribution from Gammaproteobacteria,
trials to compare SBLB-INTEC and LB-BANELINO against especially Delftia, which is more pronounced in the SBLB-INTEC.
sterile controls and conventional fertilization methods, with an Alpha and beta diversity metrics showed no statistically significant
emphasis on quantifying their effects on germination, biomass, differences between formulations, although a trend toward greater
and yield. This information will be crucial for assessing the safe  diversity was observed in SBLB-INTEC.
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The data obtained do not allow us to conclude that pathogens are
absent or guarantee the microbiological safety of the products.
This is due to the inherent limitations of 16S rRNA sequencing,
which lacks negative controls or confirmatory tests. These lim-
itations mean that the study’s findings are not definitive and
should be used as a starting point for further, more targeted tests
and field studies. Instead, the data provide a map of the genera
present that can guide the design of targeted tests, such as qPCR,
selective cultures, metagenomics, and field studies to evaluate
both agronomic efficacy and health safety.

In the context of Dominican and Caribbean agriculture, these
results underscore the promising potential of Sargassum-based
biofertilizers. They could play a significant role in sustainable
nutrient management and coastal biomass valorization strate-
gies. However, they also highlight the need for robust micro-
biological quality control frameworks that integrate genomic
tools and functional assays before recommending their
widespread use.

Author Contributions

Conceptualization, Yaset Rodriguez-Rodriguez, Edian F. Franco, Miguel
Angel Guevara, Rommel T. Ramos, and Ulises Javier Jauregui-Haza;
methodology, Ashley Marie Mejia Disla, Maximo Elias Reynoso Ortega,
Gustavo Gandini, and Pamela Tejada-Tejada; software, Rommel T. Ramos,
Edian F. Franco, and Carlos Willian Dias Dantas; validation, Ashley Marie
Mejia Disla, Maximo Elias Reynoso Ortega, Gustavo Gandini, Carlos Willian
Dias Dantas, and Pamela Tejada-Tejada; formal analysis, Ashley Marie Mejia
Disla, Yaset Rodriguez-Rodriguez, Ulises Javier Jauregui-Haza, Edian
F. Franco, Carlos Willian Dias Dantas and Pamela Tejada-Tejada; in-
vestigation, Yaset Rodriguez-Rodriguez, Ashley Marie Mejia Disla, Carlos
Willian Dias Dantas and Pamela Tejada-Tejada; resources, Yaset Rodriguez-
Rodriguez, Edian F. Franco, Miguel Angel Guevara, Rommel T. Ramos, and
Ulises Javier Jauregui-Haza; data curation, Rommel T. Ramos, Edian
F. Franco, and Carlos Willian Dias Dantas; writing—original draft preparation,
Yaset Rodriguez-Rodriguez, Ashley Marie Mejia Disla, Maximo Elias Reynoso
Ortega, Gustavo Gandini, and Pamela Tejada-Tejada; writing-review and
editing, Yaset Rodriguez-Rodriguez, Edian F. Franco, Miguel Angel Guevara,
Rommel T. Ramos, and Ulises Javier Jauregui-Haza; visualization, Carlos
Willian Dias Dantas; supervision, Yaset Rodriguez-Rodriguez, Edian
F. Franco, Miguel Angel Guevara, Rommel T. Ramos, and Ulises Javier
Jauregui-Haza; project administration, Yaset Rodriguez-Rodriguez, Edian
F. Franco, Miguel Angel Guevara, Rommel T. Ramos, and Ulises Javier
Jauregui-Haza; funding acquisition, Yaset Rodriguez-Rodriguez, Edian
F. Franco, Miguel Angel Guevara, Rommel T. Ramos, and Ulises Javier
Jauregui-Haza.

Acknowledgments

This research project was successfully conducted thanks to the support
provided by the Research Vice-Rectory and the Deanship of Basic and
Environmental Sciences at Instituto Tecnolégico de Santo Domingo
(INTEC). YRR thanks INTEC for the financial support of his PhD studies.
The author thanks logistical support and access to experimental facilities
provided by the Asociaciéon Bananos Ecoldgicos de la Linea Noroeste
(BANELINO).

Funding

This research was funded by Ministerio de Educacién Superior, Cienciay
Tecnologia (MESCYT) through Fondo Nacional de Innovacién y
Desarrollo Cientifico y Tecnologico (FONDOCYT), grant number 2020-
2021-2C6-029: Abordaje de OneHealth para la mejora de la calidad e
inocuidad de los vegetales y hortalizas producidos y comercializados en
Republica Dominicana a través de las ciencias 6micas y bioinformatica.

Disclosure

All authors have read and agreed to the published version of the
manuscript.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Raw sequencing data are available under NCBI BioProject ID
PRINA1237349.

References

1. R. E. Liranzo-Gémez, D. Garcia-Cortés, and U. Jauregui-Haza, “Ad-
aptation and Sustainable Management of Massive Influx of Sargassum in
the Caribbean,” Procedia Environmental Science, Engineering and
Management 8, no. 2 (2021): 543-553.

2. P. Tejada-Tejada, Y. Rodriguez-Rodriguez, L. E. R. de Francisco,
O. Paino-Perdomo, and C. J. Boluda, “Lead, Chromium, Nickel, Copper
and Zinc Levels in Sargassum Species Reached the Coasts of Dominican
Republic During 2019: A Preliminary Evaluation for the Use of Algal
Biomass as Fertilizer and Animal Feeding,” Tecnologia y Ciencias del
Agua 12, no. 3 (2021): 124-163, https://doi.org/10.24850/j-tyca-2021-03.

3. M. Wang, C. Hu, B. B. Barnes, G. Mitchum, B. Lapointe, and
J. P. Montoya, “The Great Atlantic Sargassum Belt,” Science 365, no. 6448
(2019): 83-87, https://doi.org/10.1126/science.aaw7912.

4. G. Contreras, M. A. Guevara, and Y. Rodriguez Rodriguez, “Desarrollo
de un Biofertilizante Basado en Sargassum sp. Para la Produccién de la
Cianobacteria Arthrospira Platensis,” in Taller: Las Afluencias Masivas de
Sargazo en el Caribe: Hechos, Impactos y Retos, ed. S. D. INTEC) IT de
(Santo Domingo, 2022), https://doi.org/10.13140/RG.2.2.19186.68809.

5. E. Madejon, M. Panettieri, P. Madejon, and A. Pérez-de-Mora,
“Composting as Sustainable Managing Option for Seaweed Blooms on
Recreational Beaches,” Waste and Biomass Valorization [Internet]| 13,
no. 2 (2022): 863-875, https://doi.org/10.1007/s12649-021-01548-1.

6. R. Burrowes, C. Wabnitz, and J. Eyzaguirre, (2018), https://www.essa
.com/the-great-sargassum-disaster-of-2018/The Great Sargassum Disaste
r of 2018—ESSA.

7. A. Desrochers, S.-A. Cox, H. A. Oxenford, and B. I. van Tussenbroek,
“Pelagic Sargassum—A Guide to Current and Potential Uses in the
Caribbean. Nations Faaootu,” Pelagic Sargassum—A Guide to Current
and Potential Uses in the Caribbean (Roma: FAO, 2022), 124, https://
doi.org/10.4060/cc3147en.

8. R. E. Liranzo-Gémez, A. M. Goémez, B. Goémez,
Y. Gonzilez-Hernandez, and U. J. Jauregui-Haza, “Characterization of
Sargassum Accumulated on Dominican Beaches in 2021: Analysis of
Heavy, Alkaline and Alkaline-Earth Metals, Proteins and Fats,” Mar
Pollut Bull [Internet] 193 (2023): 115120, https://doi.org/10.1016/
j-marpolbul.2023.115120.

9. A. Adderley, S. Wallace, D. Stubbs, et al., “Sargassum sp. as a Bio-
fertilizer: Is it Really a Key Towards Sustainable Agriculture for the
Bahamas?” Bulletin of the National Research Centre 47, no. 1 (2023): 112,
https://doi.org/10.1186/s42269-023-01087-w.

10. Y. Rodriguez-Rodriguez, L. I. Soldevilla-Hernéndez, M. A. Guevara,
G. Gandini, and U. J. Jiuregui-Haza, “Assessment of a Sargassum-Based
Liquid Biofertilizer for Enhanced Banana Cultivation in Small-Scale
Family Farms,” Case Studies in Chemical and Environmental Engi-
neering 12 (June  2025): 101252,  https://doi.org/10.1016/
j-cscee.2025.101252.

11. R. Bonnelly, V. V. Calderon, I. Ortiz, et al., “Comparison of Two
Bacterial Characterization Techniques for the Genomic Analysis of River
Microbiomes,” Appl Microbiol [Internet] 3, no. 3 (2023): 1037-1045,
https://doi.org/10.3390/applmicrobiol3030071.

International Journal of Microbiology, 2026

9 of 11


http://doi.org/10.24850/j-tyca-2021-03
http://doi.org/10.1126/science.aaw7912
http://doi.org/10.13140/RG.2.2.19186.68809
http://doi.org/10.1007/s12649-021-01548-1
https://www.essa.com/the-great-sargassum-disaster-of-2018/
https://www.essa.com/the-great-sargassum-disaster-of-2018/
http://doi.org/10.4060/cc3147en
http://doi.org/10.4060/cc3147en
http://doi.org/10.1016/j.marpolbul.2023.115120
http://doi.org/10.1016/j.marpolbul.2023.115120
http://doi.org/10.1186/s42269-023-01087-w
http://doi.org/10.1016/j.cscee.2025.101252
http://doi.org/10.1016/j.cscee.2025.101252
http://doi.org/10.3390/applmicrobiol3030071

12. A. R. Raimi, O. T. Ezeokoli, and R. A. Adeleke, “High-Throughput
Sequence Analysis of Bacterial Communities in Commercial Biofertiliser
Products Marketed in South Africa: an Independent Snapshot Quality
Assessment,” 3 Biotech 9, no. 3 (2019): 1-13, https://doi.org/10.1007/
$13205-019-1643-6.

13. R. Senthilraj, G. S. Prasad, and K. Janakiraman, “Sequence-Based
Identification of Microbial Contaminants in Non-Parenteral Products,”
Brazilian Journal of Pharmaceutical Sciences 52, no. 2 (2016): 329-336,
https://doi.org/lo.1590/51984-82502016000200011.

14. W. J. Kress and D. L. Erickson, “DNA Barcodes: Genes, Genomics,
and Bioinformatics,” Proceedings of the National Academy of Sciences 105,
no. 8 (2008): 2761-2762, https://doi.org/10.1073/pnas.0800476105.

15. P.C.Y.Woo, S. K. P. Lau, J. L. L. Teng, H. Tse, and K.-Y. Yuen, “Then
and Now: Use of 16S rDNA Gene Sequencing for Bacterial Identification
and Discovery of Novel Bacteria in Clinical Microbiology Laboratories,”
Clin Microbiol Infect [Internet] 14, no. 10 (October 2008): 908-934, https://
doi.org/10.1111/j.1469-0691.2008.02070.x.

16. Y. Rodriguez-Rodriguez, A. M. Mejia-Disla, M. E. Reynoso-Ortega,
et al., “Microbiological and Biosecurity Assessment of Sargassum-Based
Liquid Biofertilizers,” Preprints (April 2025): https://doi.org/10.20944/
preprints202504.2450.v1.

17. M. Bahmani Jafarlou, B. Pilehvar, M. Modaresi, and M. Mohammadi,
“Seaweed Liquid Extract as an Alternative Biostimulant for the Ame-
lioration of Salt-Stress Effects in Calotropis procera (Aiton) W.T,” J Plant
Growth Regul [Internet] 42, no. 1 (2023): 449-464, https://doi.org/
10.1007/s00344-021-10566-1.

18. M. Cano-Hernandez, A. Bennet-Eaton, E. Silva-Guerrero,
S. Robles-Gonzdlez, U. Sainos-Aguirre, and H. Castorena-Garcia, “Car-
acterizacion de Bioles de la Fermentacion Anaerdbica de Excretas
Bovinas y Porcinas,” Agrociencia 50, no. 4 (2016): 471-479.

19. E. N. Dewi, L. Rianingsih, and A. D. Anggo, “The Addition of Dif-
ferent Starters on Characteristics Sargassum sp. Liquid Fertilizer,” IOP
Conference Series: Earth and Environmental Science 246, no. 1 (2019): 0-8,
https://doi.org/10.1088/1755-1315/246/1/012045.

20. D. A. Di Filippo-Herrera, M. Muiioz-Ochoa,
R. M. Hernandez-Herrera, and G. Hernandez-Carmona, “Biostimulant
Activity of Individual and Blended Seaweed Extracts on the Germination
and Growth of the Mung Bean,” Journal of Applied Phycology 31, no. 3
(2019): 2025-2037, https://doi.org/10.1007/s10811-018-1680-2.

21. R. Kusumawati, P. H. E. Nurhayati, and J. Basmal, “Effect of Tri-
choderma Addition on Sargassum Organic Fertilizer,” IOP Conference
Series: Earth and Environmental Science 715, no. 1 (2021): 0-5, https://
doi.org/10.1088/1755-1315/715/1/012059.

22.J. M. Opeiia, Jr. F. A. Pacris, and B. N. P. Pascual, “Cellulase-
Enhanced Fermented Edible Seaweed Extracts as Liquid Organic Fer-
tilizers for Lettuce (Lactuca sativa L. Var. Crispa),” International Journal
of Agricultural Technology 18, no. 5 (2022): 2123-2134.

23. Z.Siddiqui, D. Hagare, M. Liu, et al., “A Food Waste-Derived Organic
Liquid Fertiliser for Sustainable Hydroponic Cultivation of Lettuce,
Cucumber and Cherry Tomato,” Foods 12, no. 719 (2023): 1-12, https://
doi.org/10.3390/foods12040719.

24. A. A. Aganga, S. Machacha, B. Sebolai, T. Thema, and B. B. Marotsi,
“Minerals in Soils and Forages Irrigated With Secondary Treated Sewage
Water in Sebele, Botswana,” Journal of Applied Sciences 5, no. 1 (2005):
155-161, https://doi.org/10.3923/jas.2005.155.161.

25. N. El-Bassam and C. Tietjen, “Conference Paper, Austria, Vienna,
Soil Organic Matter Studies. Proceedings of a Symposium Organized by
IAEA, FAO and Agrochimica,” in Municipal sludge as organic fertilizer
with special reference to the heavy metal constituents (1977).

26. E. G. Huertos and A. R. Baena, “Contaminacién de Suelos Por
Metales Pesados,” Sociedad Espariola de Mineralogia 10 (2008): 48-60.

27. A. Kabata-Pendias, Trace Elements in Soils and Plants (CRC Press, 2000).

28. G. Kfle, G. Asgedom, T. Goje, F. Abbebe, L. Habtom, and H. Hanes,
“The Level of Heavy Metal Contamination in Selected Vegetables and
Animal Feed Grasses Grown in Wastewater Irrigated Area, Around
Asmara, Eritrea,” J Chemistry[Internet] 2020, no. 1 (January 2020):
1359710-1359715, https://doi.org/10.1155/2020/1359710.

29. A. Kloke, “Contents of Arsenic, Cadmium, Chromium, Fluorine,
Lead, Mercury and Nickel in Plants Grown on Contaminated Soil,” in
UN-ECE Symposium, Geneva (1979).

30. S. N. Linzon, “Phytotoxicology Excessive Levels for Contaminants in
Soil and Vegetation,” Rep Minist Environ Ontario, Canada (1978).

31. L. R. McDowell, (2003), Minerals in Animal and Human Nutrition.

32. F. Belmonte Serrato, A. Romero Diaz, F. Alonso Sarria,
J. Moreno Broténs, and S. Rojo Lépez, “Afeccion de Suelos Agricolas Por
Metales Pesados en Areas Limitrofes a Explotaciones Mineras del Sureste
de Espafa,” Papeles de Geografia no. 51-52 (2010): 45-54, https://
www.redalyc.org/articulo.oa?id=40720151005.

33. SMARN, (2007), Norma Oficial Mexicana NOM-147-SEMARNAT/
SSA1-2004, Que Establece Criterios Para Determinar Las Concen-
traciones de Remediacion De Suelos Contaminados Por Arsénico, Bario,
Berilio, Cadmio, Cromo Hexavalente, Mercurio, Niquel, Plata, Plomo,
Selenio, Talio y/o Vanadio.

34. S. Elliott, A. Frio, and T. Jarman, “Heavy Metal Contamination of
Animal Feedstuffs-A New Survey,” Journal of Applied Animal Nutrition
5, no. 2017 (2017): e8, https://doi.org/10.1017/jan.2017.7.

35. European Union, (2006), 1-22, DIRECTIVE 2002/32/EC of the Eu-
ropean Parliament and of the Council of 7 May 2002 on Undesirable
Substances in Animal Feed.

36. European Union, “Commission Regulation (EU) 2019/1869
Amending and Correcting Annex I to Directive 2002/32/EC of the Eu-
ropean Parliament and of the Council as Regards Maximum Levels for
Certain Undesirable Substances in Animal Feed,” Official Journal of the
European Union (2019).

37. FAO, “Norma General Para Los Contaminantes y Las Toxinas Pre-
sentes en Los Alimentos y Piensos. CXS 193-1995,” Codex Alimentarius.
Normas Internacionales de los Alimentos (1995): 1-86.

38. Novogene Corporation, in Amplicon Sequencing Data Analysis
Pipeline (Novogene Bioinformatics Technology Co., Ltd, 2023), https://e
n.novogene.com/services/research-services/microbiome/16s-18s-its-a
mplicon-sequencing/.

39. N. A. Bokulich, S. Subramanian, J. J. Faith, et al., “Quality-Filtering
Vastly Improves Diversity Estimates From Illumina Amplicon Se-
quencing,” Nature Methods 10, no. 1 (2013): 57-59, https://doi.org/
10.1038/nmeth.2276.

40. E. Bolyen, J. R. Rideout, M. R. Dillon, et al., “Reproducible, In-
teractive, Scalable and Extensible Microbiome Data Science Using QIIME
2,” Nat Biotechnol [Internet] 37, no. 8 (2019): 852-857, https://doi.org/
10.1038/s41587-019-0209-9.

41. S. Andrews, “FastQC: A Quality Control Tool for High Throughput
Sequence Data,” BibSonomy Blue Soc Bookmark Publ Shar Syst. (2010).

42. P. Ewels, M. Magnusson, S. Lundin, and M. Killer, “MultiQC:
Summarize Analysis Results for Multiple Tools and Samples in a Single
Report,” Bioinformatics 32, no. 19 (October 2016): 3047-3048, https://
doi.org/10.1093/bioinformatics/btw354.

43. B. J. Callahan, P. J. McMurdie, M. J. Rosen, A. W. Han,
A.J. A. Johnson, and S. P. Holmes, “DADAZ2: High-Resolution Sample
Inference From Illumina Amplicon Data,” Nat Methods [Internet] 13,
no. 7 (2016): 581-583, https://doi.org/10.1038/nmeth.3869.

44. K. Katoh and D. M. Standley, “MAFFT Multiple Sequence Alignment
Software Version 7: Improvements in Performance and Usability,”
Molecular Biology and Evolution [Internet] 30, no. 4 (April 2013): 772-780,
https://doi.org/10.1093/molbev/mst010.

10 of 11

International Journal of Microbiology, 2026


http://doi.org/10.1007/s13205-019-1643-6
http://doi.org/10.1007/s13205-019-1643-6
http://doi.org/10.1590/S1984-82502016000200011
http://doi.org/10.1073/pnas.0800476105
http://doi.org/10.1111/j.1469-0691.2008.02070.x
http://doi.org/10.1111/j.1469-0691.2008.02070.x
http://doi.org/10.20944/preprints202504.2450.v1
http://doi.org/10.20944/preprints202504.2450.v1
http://doi.org/10.1007/s00344-021-10566-1
http://doi.org/10.1007/s00344-021-10566-1
http://doi.org/10.1088/1755-1315/246/1/012045
http://doi.org/10.1007/s10811-018-1680-2
http://doi.org/10.1088/1755-1315/715/1/012059
http://doi.org/10.1088/1755-1315/715/1/012059
http://doi.org/10.3390/foods12040719
http://doi.org/10.3390/foods12040719
http://doi.org/10.3923/jas.2005.155.161
http://doi.org/10.1155/2020/1359710
https://www.redalyc.org/articulo.oa?id=40720151005
https://www.redalyc.org/articulo.oa?id=40720151005
http://doi.org/10.1017/jan.2017.7
https://en.novogene.com/services/research-services/microbiome/16s-18s-its-amplicon-sequencing/
https://en.novogene.com/services/research-services/microbiome/16s-18s-its-amplicon-sequencing/
https://en.novogene.com/services/research-services/microbiome/16s-18s-its-amplicon-sequencing/
http://doi.org/10.1038/nmeth.2276
http://doi.org/10.1038/nmeth.2276
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.1093/bioinformatics/btw354
http://doi.org/10.1093/bioinformatics/btw354
http://doi.org/10.1038/nmeth.3869
http://doi.org/10.1093/molbev/mst010

45. M. N. Price, P. S. Dehal, and A. P. Arkin, “Fasttree 2—Approximately
Maximum-Likelihood Trees for Large Alignments,” PLoS One [Internet]
5 mno. 3 (March 2010): e9490, https://doi.org/10.1371/
journal.pone.0009490.

46. M. J. Anderson, “A New Method for Non-Parametric Multivariate
Analysis of Variance,” Austral Ecol [Internet] 26, no. 1 (February 2001):
32-46, https://doi.org/10.1111/j.1442-9993.2001.01070.pp.X.

47. 1. Hashmi, S. Bindschedler, and P. Junier, “Chapter 18—Firmicutes,”
in Beneficial Microbes in Agro-Ecology Bacteria and Fungi [Internet], ed.
N. Amaresan, M. Senthil Kumar, K. Annapurna, K. Kumar, and
A. B. T.-B. M. Sankaranarayanan (Academic Press, 2020), 363-396,
https://www.sciencedirect.com/science/article/pii/
B9780128234143000186.

48. A. M. Timofeeva, M. R. Galyamova, and S. E. Sedykh, “Bacterial
Siderophores: Classification, Biosynthesis, Perspectives of Use in Agri-
culture,” Plants 11, no. 22 (2022): 3065, https://doi.org/10.3390/
plants11223065.

49. P. Rawat, S. Das, D. Shankhdhar, and S. C. Shankhdhar, “Phosphate-
Solubilizing Microorganisms: Mechanism and Their Role in Phosphate
Solubilization and Uptake,” Journal of Soil Science and Plant Nutrition
21, no. 1 (2021): 49-68, https://doi.org/10.1007/s42729-020-00342-7.

50. A. Nocker and A. K. Camper, “Selective Removal of DNA From Dead
Cells of Mixed Bacterial Communities by Use of Ethidium Monoazide,”
Appl Environ Microbiol [Internet] 72, no. 3 (March 2006): 1997-2004,
https://doi.org/10.1128/ AEM.72.3.1997-2004.2006.

51. J. Zhang, S. Luo, Z. Yao, et al., “Effect of Different Types of Con-
tinuous Cropping on Microbial Communities and Physicochemical
Properties of Black Soils,” Diversity 14, no. 11 (2022): 954, https://doi.org/
10.3390/d14110954.

52. S. Basu, G. Kumar, S. Chhabra, and R. Prasad, “Role of Soil Microbes
in Biogeochemical Cycle for Enhancing Soil Fertility,” in New and Future
Developments in Microbial Biotechnology and Bioengineering: Phytomi-
crobiome for Sustainable Agriculture (2020), 149-157, https://doi.org/
10.1016/B978-0-444-64325-4.00013-4.

53.Y. T. Murindangabo, M. Kopecky, K. Perna, T. G. Nguyen,
P. Konvalina, and M. Kavkova, “Prominent Use of Lactic Acid Bacteria in
Soil-Plant Systems,” Applied Soil Ecology [Internet] 189 (2023): 104955,
https://doi.org/10.1016/j.aps0il.2023.104955.

54. J. Raman, J. S. Kim, K. R. Choi, et al., “Application of Lactic Acid
Bacteria (LAB) in Sustainable Agriculture: Advantages and Limitations,”
International Journal of Molecular Sciences 23, no. 14 (2022): 7784,
https://doi.org/10.3390/ijms23147784.

55. R. Bonnelly, A. L. Queiroz Cavalcante, V. V. Calderon, et al., “Beta-
Lactam Susceptibility Profiles of Bacteria Isolated From the Ozama River
in Santo Domingo, Dominican Republic,” Sustainability 15, no. 6 (2023):
5109, https://doi.org/10.3390/su151813374.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section. (Supporting Information)

Supporting Table S1: ASV count matrix of all samples after quality fil-
tering and denoising.

Supporting Table S2: Relative abundance of bacterial taxa across all
samples.

Supporting Table S3: Taxonomic classification of ASVs based on the
SILVA 138 database.

Supporting Table S4A: Sample metadata used for bioinformatic and
statistical analyses.

Supporting Table S5A: Sequencing read counts at each bioinformatic
processing step.

Supporting Table S6A: Sequencing quality metrics for each sample after
quality filtering and chimera removal.

Supporting Table S4: Relative abundance of phyla by sample.
Supporting Table S5: Relative abundance of bacterial classes by sample.
Supporting Table S6: Relative abundance of data order by sample.
Supporting Table S7: Relative abundance of data family by sample.

Supporting Table S8: Relative abundance of data for the main genera by
sample.

Supporting Tables S9-S13: Alpha and beta diversity metrics and asso-
ciated statistical analyses, including Bray-Curtis distances, PCoA, and
PERMANOVA results.

Supporting Tables S14-S17: Genera including potentially pathogenic
taxa, including raw counts, relative abundance, and presence/
absence data.

Supporting Figure S1A: Rarefaction curves based on observed ASVs and
Shannon diversity.

International Journal of Microbiology, 2026

11 of 11


http://doi.org/10.1371/journal.pone.0009490
http://doi.org/10.1371/journal.pone.0009490
http://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://www.sciencedirect.com/science/article/pii/B9780128234143000186
https://www.sciencedirect.com/science/article/pii/B9780128234143000186
http://doi.org/10.3390/plants11223065
http://doi.org/10.3390/plants11223065
http://doi.org/10.1007/s42729-020-00342-7
http://doi.org/10.1128/AEM.72.3.1997-2004.2006
http://doi.org/10.3390/d14110954
http://doi.org/10.3390/d14110954
http://doi.org/10.1016/B978-0-444-64325-4.00013-4
http://doi.org/10.1016/B978-0-444-64325-4.00013-4
http://doi.org/10.1016/j.apsoil.2023.104955
http://doi.org/10.3390/ijms23147784
http://doi.org/10.3390/su151813374
https://doi.org/10.1155/ijm/3219583

	Microbial Profiling and Biosafety Assessment of a Sargassum-Based Liquid Biofertilizer Using 16S rRNA Metagenomics
	1. Introduction
	2. Materials and Methods
	2.1. Biofertilizer Production
	2.2. Microbiological Composition Analysis
	2.2.1. DNA Extraction
	2.2.2. 16S rRNA Amplicon Sequencing
	2.2.3. Bioinformatic Processing and ASV Inference
	2.2.4. Phylogenetic Reconstruction, Diversity Metrics, and Statistics


	3. Results and Discussion
	3.1. Microbial Composition of Biofertilizers
	3.1.1. Community Structure at the Phylum and Class Levels
	3.1.2. Composition at the Order, Family, and Genus Level
	3.1.3. Agronomic Implications and Regional Context


	4. Conclusions
	Author Contributions
	Acknowledgments
	Funding
	Disclosure
	Conflicts of Interest
	Data Availability Statement
	Supporting Information




