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Egg disinfection improves larval
survival and shapes the microbial
community in snubnose pompano
(Trachinotus blochii)
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Early microbial colonization is crucial for immunity and survival in aquatic animals. This study evaluated
the impact of egg disinfection on microbial colonization and larval performance in Trachinotus blochii,

a high-value mariculture fish. Optimal egg disinfection protocols were initially identified as 20 ppm
iodophor for 10 min, 400 ppm H,0, for 10 min, and 40 ppm glutaraldehyde for 5 min to improve
hatchability. Sequential analyses included 16S rRNA amplicon sequencing of larval microbiota at 10-
days post hatching (DPH) and assessment of survival and antioxidant status till 25 DPH. Disinfection
significantly enhanced hatchability (up to 90.88 +2% with 40 ppm glutaraldehyde), larval survival

(up to 34.80+1.1% in glutaraldehyde and 31.18 +1.5% in H,0,), and catalase activity. Notably, egg
disinfection reshaped the larval microbiota, enriching microbial diversity measures and beneficial
bacterial taxa, such as Hyphomonadaceae, Halieaceae, Nannocystaceae, and Alteromonadaceae.
Improved survival correlated with enhanced taxonomic and functional metagenomic diversity, lower
Proteobacteria: Bacteroidota ratio and higher combined proportions of Fusobacteriota, Firmicutes, and
Bacteroidota relative to Proteobacteria. The findings suggest that egg disinfection acts as a microbiota
programming strategy to promote larval health, offering a practical approach to enhance sustainability
in T. blochii aquaculture.

Keywords Egg disinfection, Larval survival, 165 rRNA sequencing, Aquaculture microbiome, Host-microbe
interaction

Aquaculture is the world’s fastest-growing sector in food production, emerging as a key solution to food and
nutrition security. Sustainable aquaculture requires efficient, eco-friendly hatchery practices that can enhance
larval survival. Despite continuous advancements in marine fish larviculture technologies, poor larval survival
remains a major bottleneck in hatchery operations!. Increasing evidence suggests that sustainable microbial
management strategies have considerable potential to enhance larval quality and survival rates. Environmental
conditions and microbial exposures during the early developmental stages of aquatic animals can exert profound
and lasting effects on their microbiota, metabolism, and physiology?. Among the different early developmental
stages, the egg phase represents a critical window during which microbial colonization can significantly influence
larval health, physiological resilience, and long-term survival®. Recent studies have shown a strong correlation
between the egg-associated microbiota and the climax microbial community structure of larvae®. Sullam et al.®
demonstrated the substantial contribution of egg microbiota to the gut microbiota in succeeding fish stages.
Traditionally, egg disinfection has been employed as a biosecurity measure to prevent vertical transmission of
pathogens. However, it is now being re-evaluated as a potential tool for metabolic programming and improving
larval performance. Emerging insights suggest that such early microbial interventions may go beyond pathogen
control, potentially modulating microbiota assembly and host physiology in ways that influence long-term
fitness®.. Commonly used disinfectants for fish eggs include hydrogen peroxide (H,O,), glutaraldehyde, and
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iodophor, which help reduce the risk of transmitting viruses and bacteria from broodstock to offspring®”.
Notably, egg treatment with H,O, was reported to enhance hatching success in certain fish species’”. Moreover,
exposure of eggs to H,O, before hatching has been found to influence antioxidant capacity in Cyprinus carpio® and
Micropterus salmoides®, antioxidant defences, immunity, and lipid metabolism in Misgurnus anguillicaudatus?,
and the immune response in C. carpio'?. Accordingly, understanding how egg disinfection protocols alter these
early microbial interactions and downstream physiological responses can be critical for developing more refined
and effective hatchery practices. Despite these, there is a lack of comparable egg disinfection studies on tropical
marine fish species and disinfectants other than H,O,. Furthermore, optimal disinfectant concentrations and
exposure durations can vary significantly depending on the species and environmental conditions, emphasizing
the need for species-specific research under relevant culture conditions®. Importantly, despite the widespread
application of egg disinfection protocols in fish hatcheries, limited research has evaluated their broader impacts
on microbial community dynamics of later life stages.

In this context, the present study provides novel insights into simple, scalable egg disinfection protocols that
can strategically program larval microbiota, increasing post-hatch survival. Initially, the tolerable concentration
and exposure period of three widely used disinfectants, H,0,, glutaraldehyde, and iodophor for egg disinfection
in a high-value tropical marine teleost, Trachinotus blochii (snubnose pompano), were determined. Afterwards,
we examined how disinfection before hatching influences larval survival, microbiota composition, and
antioxidant capacity. By linking microbial modulation to physiological outcomes, this study also aims to identify
microbial indicators of improved larval quality and survival. Briefly, this study links egg disinfection, microbial
programming, and larval viability, offering novel insights into microbiome-based strategies to enhance hatchery
success in marine finfish aquaculture. The findings demonstrate that pre-hatch egg disinfection can serve as a
strategic intervention to improve larval robustness and overall hatchery performance of T. blochii, supporting
cleaner and more sustainable aquaculture systems.

Materials and methods

Animals used

Animals maintained in the national brood bank facility of snubnose pompano at the Vizhinjam Regional Centre

of ICAR- Central Marine Fisheries Research Institute (ICAR-CMFRI), India, were used. The animals were

induced to spawn by the established protocols of the facility!, and fertilized eggs were collected for experiments.
All the methods were carried out in accordance with relevant guidelines and regulations. The experiments

followed the ARRIVE guidelines!!, the UK Animals (Scientific Procedures) Act'? and the EU Directive 2010/63/

EU for animal experimentation'?. The protocols for handling live animals were approved by ICAR-CMFRI,

Kochi, India (BT/AAQ/3/SP28267/2018).

Experimental design

The collected floating eggs from the broodstock tank at the optic vesicle stage of embryonic development (8 h
post-spawning) were randomly counted in triplicate using subsamples of 5-10 ml of seawater containing eggs,
and the total number of eggs was estimated by multiplying the average egg count in the samples with the total
volume of seawater used. The initial phases of experiments were conducted with varying concentrations of 30%
H,0, solution (EMPLURA’, Sigma), 50% glutaraldehyde in water (Sigma, USA), and iodophor with 1.6 to 1.7%
available iodine (Qualigens; pH of 0.1% solution: 3 to 4). Egg hatching rates [(numbers of larvae/number of eggs
stocked) *100] were only recorded. The comprehensive experiments were done using the selected concentration
of H,0,, iodophor, and glutaraldehyde. Here, the larval survival rates, influences on microbiota, and antioxidant
parameters were recorded. The experimental phases are shown in Fig. 1. During all experiments, each treatment
and control (eggs without any treatment) group was maintained in triplicate tanks (N = 3). After the treatment,
the eggs were stocked at a density of 10,000 per 5-tonne Fibre Reinforced Plastic (FRP) larval rearing tank
containing Nanochloropsis oceanica and Isochrysis galbana, microalgae rich in essential nutrients, especially
polyunsaturated fatty acids, proteins, and vitamins'*!°. Rearing followed standard practices of the national
brood bank facility for snubnose pompano at the Vizhinjam Regional Centre of ICAR-CMFR], India'. Water
quality was maintained at a temperature of 28 + 1 °C, salinity of 34 + 1 ppt, and pH of 8.2 £ 0.7. Ammonia (< 0.3
mg/L) and nitrite (< 0.04 mg/L) levels were monitored daily.

Initial phase of the experiment

Iodophor solutions containing varied concentrations of active iodine, viz. 10, 20, 50, and 100 ppm, were prepared
in 4 L seawater in buckets, and the pH of each solution was adjusted to 8 using 1 N sodium bicarbonate. The
collected eggs were dipped in each dilution for 10 min and stocked. Similarly, varied concentrations of H,0,,
viz. 50, 100, 200, and 400 ppm, were prepared in 4 L of seawater in buckets, and the pH of each disinfectant
treatment solution was adjusted to 8 using sodium bicarbonate. The collected eggs were dipped in each dilution
for 10 min and transferred for stocking. Likewise, varied concentrations of glutaraldehyde, viz. 20, 40, 75, and
100 ppm, were prepared in 4 L of seawater in buckets, and the pH of each solution was adjusted to 8 using sodium
bicarbonate. The collected eggs were dipped in each dilution for 5 min. Immediately after each treatment, the
eggs were rinsed in seawater and stocked in triplicate tanks.

Comprehensive experiment

The comprehensive experiment was done using the selected concentration-time combination of H,0,, iodophor,
and glutaraldehyde, based on the results of the initial phase. The larval survival rates (daily survival up to 10, 20
and 25 DPH) were estimated by the formula: (Numbers of live larvae in each tank on observation day/numbers
of hatched larvae in each tank on 2 DPH) * 100. The samplings for microbiota analyses were done on the 10th
day of stocking after recording the larval survival rates. The observation of larval malformations was carried out
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Fig. 1. A schematic of the overall experimental design in the present study. DPH: Days post hatching; H,0,:
Hydrogen peroxide; ppm: Parts per million; min: Minutes; GSH: Reduced glutathione.

through routine visual and microscopic examination using a stereo zoom microscope at various developmental
stages. For microbiota analysis, approximately 0.5 g (wet weight) of larvae were randomly collected from each
experimental tank (triplicate samples for each treatment) at 10 DPH and processed. We selected 10 DPH for
microbiota analysis since this stage represents a critical window in larval development, when feeding is fully
established?, and significant differences in survival among treatments (in the present study) were observed.
Three independent tanks were maintained for each treatment, and one pooled sample (0.5 g) was collected
from each tank, resulting in three biological replicates per treatment (1.5 g/ treatment). This design ensured that
replicates represented independent tank-level units, and randomisation was incorporated during larval pooling.
The larval pools were washed with sterile seawater and transferred to a cryotube containing 3 ml absolute ethanol
and rapidly frozen at -20 °C*.

For profiling the total protein content and catalase activity, 0.5 g larval samples/ tank/ sampling point (on 2,
10, 20, and 25 DPH) were collected in 2 ml of PBS (pH = 7.4) and preserved at -20 °C till assay. For quantifying
reduced glutathione content, fresh larval samples (~ 0.5 g larval samples/ tank/ sampling point) were directly
used for the assay without preservation'®.

Profiling the antioxidant parameters
The preserved larval samples were homogenized in the same buffer (PBS) after thawing at 4 °C and centrifuged
at 10,000 rpm for 20 min at 4 °C. The supernatant was used for the assays.

Measurement of protein content

Total protein of larval homogenate was measured using Lowrys method. Briefly, 100 ul of 1:1 diluted
homogenate in PBS (pH 7.4) was treated with 500 pl of alkaline copper sulphate reagent and kept for incubation
at room temperature for 10 min. Then 50 pl of Folin-Ciocalteau reagent (Himedia, India) was added and further
incubated at 37 °C for 30 min in the dark. The optical density (OD) was read at 660 nm. Total protein content was
estimated in mg per ml larval homogenate from the standard curve prepared by using serial dilutions of bovine
serum albumin standard solution.

Assay for catalase activity

Catalase activity in the larval homogenate was measured following the previous protocol'®. Briefly, 1 ml of 1: 10
diluted sample (in 0.01 M potassium phosphate buffer, pH 7.2) was reacted with 320 ul of 30% H,O, for 3 min
at 37 °C. Around 1 ml of this mixture was combined with 2 ml of dichromate/ glacial acetic acid (1:3) solution
to form an unstable blue-coloured complex. The solution was boiled to develop a stable green-coloured chromic
acetate, which was cooled to room temperature. The OD was read at 570 nm. The catalase activity was estimated

in units per mg of larval protein content, where one unit is the enzyme decomposing 1 uM H,O, per min at 37
ocl6.

Measurement of reduced glutathione content (GSH)

The 5, 5-dithio-bis (2-nitrobenzoic acid) method (DNTB) was followed to estimate the GSH content!®. Briefly,
100 pl of the sample was mixed with 100 pl of 5% sulphosalicylic acid and incubated for one hour at 4 °C. The
mixture was centrifuged, and 50 uL of the supernatant was mixed with 275 uL PPB (0.1 M, pH 7.4). Around 50
uL DTNB (Ellman’s reagent) was added to this mixture, and OD was estimated immediately at 412 nm. The GSH
content was expressed as g per mg of larval protein content.
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Profiling of larval microbiota

The preserved larval samples were processed as per the previous protocol to minimize host cell contamination'”.
The metagenomic DNA was then extracted using the QITAamp DNA Microbiome Kit (Qiagen). The integrity of
DNA was evaluated on 1% agarose gel. Quantification and purity of DNA were checked using Nanodrop 2000
(Thermofisher Scientific, Massachusetts, USA). The DNA samples were preserved at -20°C until sequencing.

Preparation of metagenomic library, cluster generation and sequencing

TheV3-V4regionofthe1l6SrRNA genewasamplified withtheforwardprimer,341 F(CCTACGGGNGGCWGCAG)
and reverse primer, 805R (GACTACHVGGGTATCTAATCC), utilising the KAPA HiFi HotStart Ready Mix
(Roche, Switzerland). The sequencing was performed at Nucleome Informatics Private Limited (Hyderabad).
Libraries were prepared for sequencing using the NEBNext” UltraTM II DNA Library Prep Kit for Illumina’
(New England Biolabs, USA) and dual index adapters affixed with the NEBNext” Multiplex Oligos for Illumina’.
These libraries were then sequenced in a 250-bp paired-end run on the Illumina Novaseq6000 platform with the
Novaseq6000_SP flow cell Reagent Kit (500 cycles).

Bioinformatics analysis

The metagenomic study was conducted utilising the Nephele 2.0 QIIME2 16S Amplicon platform (https://ne
phele.niaid.nih.gov/)!8. The workflow employed was the Quantitative Insights into Microbial Ecology pipeline
(QIIME2) 16 S Amplicon pipeline. Initially, raw paired-end FASTQ files generated from Illumina sequencing
were uploaded to the Nephele platform. The QIIME2-based pipeline began with quality assessment and
demultiplexing of reads, followed by trimming of adapter sequences and low-quality bases using DADA2 for
denoising, error correction, and chimera removal. Key metrics such as base quality (Phred score > 30), GC
content, base composition, adapter dimers, and ambiguous bases were closely examined. The ASV counts
were rarefied to 52,543 reads, the lowest read count, before being used for downstream analyses. Subsequently,
taxonomic classification was performed using a pre-trained Naive Bayes classifier against the SILVA 138
reference database, targeting the V3-V4 region of the 16S rRNA gene. The outputs were downloaded for
further downstream analyses and visualization. Alpha diversity (Shannon, Simpson, Chaol, and abundance-
based coverage estimator, ACE) was calculated using PAST software 4.10'°. Principal component analysis
(PCoA) based on Bray-Curtis similarity of ASV abundance profiles was carried out to analyse the p-diversity
measures with PAST 4.10. The statistical significance of clustering patterns from the PCoA was evaluated using
PERMANOVA. One-way PERMANOVA was done to compare the p-diversity indices of microbiota between
groups with significantly different survival rates, and ANOSIM was then applied to validate the consistency
of group separations. The differentially abundant bacterial ASVs between differentially treated larval groups
and the control group, and between groups having significantly different survival were determined through
analysis of composition of microbiomes (ANCOM) pipeline, which accounts for the compositional nature of
microbiome data and inherently controls for multiple comparisons®. Therefore, no additional FDR correction
was applied. Functional predictions of the metagenomics dataset were made using PICRUSt2 for identifying
KEGG orthologs, enzymes, and pathways®'~2%. Alpha diversity (Shannon, Simpson, Chaol, and abundance-
based coverage estimator, ACE) of PICRUSt2 results was calculated using PAST software 4.10.

Statistical analysis

The Shapiro-Wilk and Levene tests were conducted to assess the data normality and variance homogeneity
for a-diversity measures. For normally distributed data, one-way ANOVA with Tukey’s HSD post hoc test was
used to compare groups, while the Kruskal-Wallis test was applied to non-normal data. In detail, the Mann-
Whitney U test compared the hatching rates of each treatment with the control. Two-way ANOVA with Tukey’s
HSD post hoc test compared the effect of day and disinfectant on larval survival rates, protein content, catalase
activity and GSH content through SPSS (version 16). The potential correlations between larval survival rates
to catalase, protein content, GSH, taxonomic a-diversity measures and abundance of microbiota at each taxa
level were estimated using the tidyverse package version 2.0.0% in R software (version 4.5.0). Biomarkers with
potentially significant correlations with survival rates were visualised using horizontal bar plots. The Mann-
Whitney U test was applied to compare the a-diversity indices of the taxonomic metagenomics and functional
metagenomics data of each treatment with the control and to compare the larval groups with significantly
different survival rates; since each diversity metric involved a single summary statistic per sample, rather than
individual functional features, no multiple comparison (FDR) correction was applied. Differentially abundant
ASVs from the ANCOM pipeline were applied to compute the microbial dysbiosis (MD) index between the
larval groups as per the suggested formula, where MD = log, ; [(total abundance of ASVs increased compared
to the other group)/ (total abundance of ASVs decreased compared to the other group)?®. The abundance of gut
microbes at each taxonomic level and the abundance ratio of different phyla were compared using the Kruskal-
Wallis H test between these groups with significantly different survival. All these analyses were done through
SPSS (version 16). Three-set and four-set Venn diagrams were made using the ASV feature table in Python 3.13.3
(Venn package v0.1.3; Matplotlib v3.10.3).

Results

Effects of egg disinfection on the hatching rates of T. blochii

Among the tested concentrations of iodophor, higher doses (50 and 100 ppm) resulted in significantly lower
(P<0.05) hatching rates compared to the control group (Fig. 2). In contrast, a notable improvement in hatchability
was observed at 20 ppm. There was no significant difference in the hatchability between the 10-ppm group and
the control group (Fig. 2). In the case of H,O,treatments, no significant differences (P>0.05) in the hatchability
were found at 50, 100, and 200 ppm compared to the control. However, exposure to 400 ppm improved the
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Fig. 2. Effects of egg disinfection on the hatching and survival rates of T. blochii. (A) Effects on the hatching
rates; (B) Effects on the survival rates up to 10 days post-hatching; (C) Effects on the survival rates up to 25
days post-hatching. In all figures, the values that are significantly different (P<0.05) from control group are
indicated by *. Abbreviations used: G: Gluteraldehyde; I: Todophor; H: Hydrogen peroxide. The numbers
followed by the letters on the Y-axis of Fig. 2A indicates the concentrations of each compound in ppm

hatching rate. Glutaraldehyde treatment at 20 and 40 ppm significantly enhanced hatching rates, whereas higher
concentrations (75 and 100 ppm) caused a significant reduction (P<0.05). Among all disinfectant treatments, 40
ppm glutaraldehyde yielded the highest hatching rate (92.55+ 1.4%), marking an approximate 15.38% increase
over the control.

Effects of egg disinfection on the survival rates of T. blochii larvae

The comprehensive experiments were done using the selected concentration-time combination of H,O, (400
ppm for 10 min), iodophor (20 ppm for 10 min), and glutaraldehyde (40 ppm for 5 min). No larval deformities
were detected in any of the groups (Fig. 3). Two-way ANOVA revealed that both days post hatching (DPH) and
type of disinfectant had significant effects on survival rates (P<0.05), with no significant interaction between
the two factors (P=0.34). The highest mortality occurred within the first five days after hatching in the test and
control groups. From the 6 DPH onwards, egg disinfection with glutaraldehyde, iodophor, and H, O, significantly
improved survival compared to the control group (Fig. 2). However, from the 7 to 10 DPH, the survival in
iodophor-treated larvae was lower than in the control. On 20 DPH, egg disinfection with all tested chemicals
significantly improved survival compared to the control group (Fig. 2). At 20 DPH, glutaraldehyde (43.74%)
and H,0, (40.87%) yielded comparable survival rates, both significantly higher than iodophor (31.56%) and the
control (26.74%). By 25 DPH, glutaraldehyde treatment resulted in the highest survival (34.80 +1.1%), followed
by H,0,, iodophor, and the control.

Profiling the larval quality indices

Two-way ANOVA revealed that only the day post-hatching had a significant effect (P<0.001) on larval protein
content. There was no significant difference (P> 0.05) in protein content between 2 and 10 DPH. But, the larvae
at 20 and 25 DPH exhibited significantly higher protein levels compared to those at 2 and 10 DPH, with the
highest protein content observed at 25 DPH (Fig. 4) in all groups.

For catalase activity in larval homogenates, two-way ANOVA indicated that both DPH and disinfectant type
had significant effects (P<0.001), with a significant interaction between the two factors (P<0.001). Catalase
activity increased progressively with age, peaking at 25 DPH (Fig. 4). On 2 DPH, no catalase activity was
detected in glutaraldehyde-treated and control larvae. However, on subsequent sampling days, glutaraldehyde-
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Fig. 3. Representative photographs of T. blochii larvae exhibiting normal morphology. DPH: Days post-
hatching.
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Fig. 4. Effects of egg disinfection on the selected larval quality indices of T. blochii. (A) Protein content in
larvae at different days post-hatching; (B) Catalase activity in larvae at different days post-hatching; Reduced
glutathione content in larvae at different days post-hatching. In all figures, the values that are significantly
different (P<0.05) from control group are indicated by *.

treated larvae exhibited the highest catalase activity, followed by those treated with H,0,, iodophor, and the
control group. Regarding GSH content, neither DPH (P=0.17) nor disinfectant type (P=0.13) had significant
effects (Fig. 4). Correlation analysis showed a significant correlation between catalase activity and survival rates
on different DPH (10, 20, and 20 DPH), except for 2 DPH (Fig. 5).
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Fig. 5. Correlation analysis of larval survival rates with different larval antioxidant profiles. (A) Kendall’s
Tau correlations at 2 days post-hatching (DPH). (B) Kendall’s Tau correlations at 10 DPH; (C) Kendall’s Tau
correlations at 20 DPH; (D) Kendall's Tau correlations at 25 DPH. Significant positive correlations (P<0.05)
were indicated by blue bubbles and the size of bubbles indicates the strength of correlation. Nonsignificant
correlations were kept as blanks. GSH: Reduced glutathione content.

Metagenomics data set

All the samples qualified for the metagenomic library preparation and sequencing. The data sets were placed
in the NCBI-SRA (Sequence Read Archive) database under Bioproject PRINA765138 (Accession numbers:
SRR34022291 to SRR34022302).

Microbial diversity measures in whole larvae across different experimental groups
Alpha-diversity measures of ASVs in 10 DPH larvae revealed significant differences among the treatment groups
from the control (Fig. 6). Larvae treated with glutaraldehyde exhibited significantly higher diversity indices
(P<0.05) compared to the control group. H,O,-treated larvae showed significantly higher values for Shannon
and Simpson indices (P<0.05). In contrast, iodophor-treated larvae displayed a significantly lower Shannon
index and Simpson indices (P<0.05) than the controls. Notably, the larval group with higher survival rates as a
whole (glutaraldehyde and H,0,-treatments) demonstrated significantly elevated a-diversity across all indices
compared to the control group and the group with lower survival (iodophor-treated larvae).

PCoA based on the Bray-Curtis similarity index showed three well-differentiated clusters in the whole larval
microbiota profiles (Fig. 7). Samples treated with iodophor were clustered on the far right of PCoA1l, indicating
that the treatment caused a shift in microbial composition, making it distinct from all other groups. Larvae
treated with H,O, and glutaraldehyde formed a statistically similar (P>0.05) cluster, but significant from the
control and iodophor-treated larval samples. Control larval samples were located in the bottom left, distant from
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hatching. (A) Simpson index; (B) Shannon index; (C) Chaol index; (D) Abundance-based Coverage Estimator.
In all figures, the values that are highly significantly different (P<0.05) from control group are indicated by *.

the iodophor and the other treated larval groups, forming a tight cluster. The PERMANOVA test confirmed the
significant difference (P=0.0004; F=7.026) of the clustering pattern revealed through the PCoA. The pairwise
PERMANOVA analysis showed significant differences in microbial community composition between the larval
group with higher survival rates (glutaraldehyde and H,O, treatments) and the control group (P=0.012; F=4.5).
Further, there was a significant difference between the larval group with higher survival rates and iodophor-
treated larvae (P=0.01; F=6.48). However, no significant difference between the control and iodophor-treated
larvae was observed (P=0.09). ANOSIM supported these findings (R=0.81, p=0.0003). The pairwise ANOSIM
revealed significant differences in microbial community composition between the larval groups with higher
survival rates (glutaraldehyde and H,O, treatments) and control larvae (P=0.011; R=0.64). Further, there was a
significant difference between the larval group with higher survival rates and iodophor-treated larvae (P=0.01;
R=0.81). However, no significant difference between the control and iodophor-treated larvae was observed
(P=0.10).

Taxonomic profiles of T. blochii larval microbiota at 10 DPH

Taxonomic assignment yielded 35 phyla, 75 classes, 197 orders, 374 families, and 749 genera across the whole
microbiota profiles (Supplementary File 1). Proteobacteria (67.74%) was the most dominant phylum, followed
by Cyanobacteria (23.78%) > Bacteroidota (3.58%) > Firmicutes (1.94%) > Acidobacteriota = Myxococcota
(0.59%) > Actinomycetota (0.57%) > Bdellovibrionota (0.54%). The a-Proteobacteria (39.36%), Cyanobacteria
(23.78%) > unassigned Proteobacteria (18.47%) > y-Proteobacteria (9.33%), Bacteroidia (3.57%), and Bacilli
(1.5%) occupied the six most dominant positions at the class level. The PICRUSt2 analysis showed 7728
KEGG genes, 431 KEGG pathways, and 2337 KEGG enzymes across the whole microbiota profiles of T. blochii
(Supplementary File 2).

Comparison of microbial taxonomic profiles between differentially treated groups

The ANCOM analysis revealed 118 ASVs differentially abundant between glutaraldehyde-treated larvae and
control larvae, of which 54 were enriched and 64 depleted (Supplementary File 3). Differentially abundant
markers occupied 28.1% and 23.7% of total abundance in the control and treated group, respectively. Similarly,
89 ASVs were differentially enriched, and 124 were depleted in iodophor-treated larvae compared to control
larvae, occupying 38.09% and 75.23% abundance in the control and treated larvae, respectively. In H,O,-treated
larvae, 104 ASVs were differentially enriched, and 66 were depleted compared to control larvae, occupying
33.02% and 33.7% abundance in the control and treated larvae, respectively. MD was calculated as 0.6, 1.1,
and 0.7 for glutaraldehyde, iodophor, and H,O -treated larvae, respectively. Approximately 9.6% of ASVs were
shared across all the groups (Fig. 7; Supplementary File 4).
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Fig. 7. Comparison of microbial taxonomic profiles between different studied groups. (A) Principal
Coordinate Analysis of whole larval microbiota profiles based on Bray-Curtis similarity distances; (B) Shared
ASVs between different studied groups; (C) Shared ASVs between groups showing significantly different
survival rates. In Fig. A, three significantly different clusters are shown as the larval microbiota profiles after
hydrogen peroxide and glutaraldehyde treatment formed significantly similar (P>0.05) clusters. This cluster
is named as the cluster with increased survival rates. In Fig. B and C, the details of ASVs shared between

each group are included in Supplementary File 4. Abbreviations used: GA: Gluteraldehyde; H,O,: Hydrogen
peroxide
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Comparison of microbial taxonomic profiles between the groups showing significantly
different survival rates

On the 10 DPH, the experimental groups formed three clusters based on survival rates. Larvae from the
glutaraldehyde and H,O,-treated group showed significantly improved survival compared to the control group.
The iodophor-treated group showed a significantly lower survival. Accordingly, a comparative analysis of these
three clusters was done. Significant (P<0.05) alterations in certain gut microbial taxa at different taxonomic
levels were noticed between the groups showing significant differences in survival (Table 1). Abundances of
six phyla were significantly altered between the groups, of which abundances of three, namely Bacteroidota,
Myxococcota, and Bdellovibrionota, were higher in the larval groups showing significantly increased survival,
while significantly lower in groups with less survival. Further, the ratio between the abundance of Proteobacteria
to Firmicutes (P<0.001), Proteobacteria to Bacteroidota (P=0.03), Firmicutes to Bacteroidota (P=0.02), and
Fusobacteriota + Firmicutes + Bacteroidota to Proteobacteria were significantly (P=0.01) altered between the
groups. A lower P to F ratio, higher P/B ratio, and F/B ratio was observed in the iodophor group compared to the
control. Even though a decreased P to F ratio and increased Fusobacteriota + Firmicutes + Bacteroidota compared
to control were observed in the group with higher survival. At class, order, family and genus levels, abundances
of 8, 29, 29, and 44 were significantly altered between the groups (Table 1).

ANCOM analysis revealed 80 differentiating microbial markers between the groups, showing significant
differences in survival rates, of which the abundance of 31 was significantly higher in the group with higher
survival (Supplementary File 3). Particularly, the abundances of Photobacterium, Vibrio, Erythrobacter,
Halieaceae, and certain Rhodobacteraceae were enriched. The abundances of certain other Rhodobacteraceae
and uncultured Marinobacterium were depleted. The MD index calculated for the group with higher survival
was 0.42 compared to the control group. The differentiating markers formed an abundance of 21% in the control
and 9% in the increased survival group, respectively. It was found that the abundances of >80% larval microbes
remained unchanged between the two groups.

ANCOM analysis revealed 112 differentiating microbial markers between the groups, showing significant
differences in survival rates from iodophor-treated larvae. Abundances of 64 were significantly higher in
the group with higher survival (Supplementary File 3). Particularly, the abundances of Rhodobacteraceae,
uncultured Sphingobacteriales, Porphyrobacter meromictius, Erythrobacter, and Halieaceae were enriched. The
abundances of Rhizobiaceae, various Rhodobacteraceae, and Shimia, Candidatus endobugula, and Staphylococcus
carnosus were depleted. Venn diagram analysis showed that 476 (11.4%) ASVs were shared across the three
categories. Additionally, another 364 (8.7%) were shared between groups with higher survival and control
(Fig. 7; Supplementary File 4).

Correlation analysis between the survival and metagenomic data

Correlation analysis showed positive significant correlations of survival rates with all taxonomic a-diversity
measures with maximum correlation with the Simpson index followed by Chaol (Fig. 8). At the phylum level,
there was a significant positive correlation of survival with the abundances of Bacteroidota, Myxococcota,
Bdellovibrionota, Halobacterota, Planctomycetota, and one unassigned bacterium (Fig. 9). The most
abundant phylum Proteobacteria showed a positive significant correlation with Firmicutes, Acidobacteriota,
and Actinomycetota and a negative correlation with Cyanobacteria (Supplementary Fig. 5). Notably, the
Proteobacteria to Bacteroidota ratio showed a significant negative correlation with larval survival. Further,
(Fusobacteriota + Firmicutes + Bacteroidota): Proteobacteria ratio showed a significant positive correlation
with larval survival (Fig. 8). The various taxa showing significant correlations with survival rates at different
taxonomic levels (class, order, family, and genus) are represented in Fig. 9.

Comparison of functional metagenomic profiles of the whole larvae between different
experimental groups

Alpha-diversity measures of functional metagenomic profiles of 10 DPH larvae revealed significant differences
among the treatment groups (Table 2). Larvae treated with glutaraldehyde and H,O, exhibited significantly
higher Simpson and Shannon indices (P<0.05) of KEGG genes and pathways compared to the control group. In
contrast, iodophor-treated larvae displayed significantly similar indices of KEGG genes, pathways, and enzymes
to the controls. Notably, the larval group with higher survival rates (glutaraldehyde and H,O, treatments)
demonstrated significantly elevated Simpson and Shannon indices of KEGG genes, pathways, and enzymes
compared to the control group and the group with lower survival (iodophor-treated larvae).

Discussion

Optimising egg disinfection protocols is vital for improving larval survival and resilience, thereby supporting
sustainable marine hatchery production. In this study, we assessed the efficacy of three common disinfectants
for egg pretreatment namely, H,O,, glutaraldehyde, and iodophor in T. blochii, a high-value tropical mariculture
species.

Optimised disinfectant concentrations enhanced hatchability in T. blochii eggs

Hatchability is a sensitive indicator of the suitability of egg disinfectants in finfish hatcheries””. Accordingly,
an initial experiment was conducted to identify optimal concentrations of disinfectants by assessing their
impact on the hatching success. Iodophor was tested at 10, 20, 50, and 100 ppm; H,O, at 50, 100, 200, and 400
ppm; and glutaraldehyde at 20, 40, 75, and 100 ppm. Of these, immersion in 20 ppm iodophor for 10 min, 400
ppm H,O, for 10 min, and 40 ppm glutaraldehyde for 5 min significantly improved hatching success, with
glutaraldehyde yielding the highest hatchability (90.88 + 2%), representing a ~ 11% increase from the control.
Similar superiority of glutaraldehyde was reported earlier for marine fish eggs®. Importantly, the absence of
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Microbial group Iodophor | Increased survival group
At phyla level
Proteobacteria 1 1
Cyanobacteria W H
Bacteroidota 1 "
Myxococcota 1 "
Bdellovibrionota 1 "
Actinomycetota " ™
Proteobacteria to Firmicutes Wl Ll
Proteobacteria to Bacteroidota " NC
Firmicutes to Bacteroidota M1 NC
Fusobacteriota + Firmicutes + Bacteroidota to Proteobacteria | NC ™
At class level
Unassigned Proteobacteria " "
Cyanobacteria W W
Bacilli " "
Bacteroidia 1 "
Polyangia 1 1
Bdellovibrionia 1 "
Actinobacteria M "
Myxococcia 1 m
At order level
Unassigned Proteobacteria " L
Cyanobacteriales H 1
Rhizobiales " ™
Caulobacterales H T
Rickettsiales W W
Sphingomonadales W 1
Acetobacterales " ™
Phormidesmiales W W
Bacillales M "
Acidobacteriales M e
Flavobacteriales 1 "
Cellvibrionales W 1
Nannocystales | "
Parvibaculales Wl 1
Cytophagales Wl W
Myxococcales l "
Rhodospirillales L 1
Pseudomonadales " "
Micrococcales " "
Xanthomonadales " "
Corynebacteriales NN "
S8S1-B-07-19 W W
Erysipelotrichales NN "
Unassigned Bacteroidia (NN "
WPS-2 1 "
Micropepsales " m
Solirubrobacterales NN "
Subgroup 7 NC M
Streptomycetales " e
WD260 NC "
GALI5 NC "
At family level
Unassigned Proteobacteria "t "
Cyanobacteriaceae H W
Continued
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Microbial group Iodophor | Increased survival group
Rhizobiaceae ™ T
Hyphomonadaceae W T
ABI W W
Sphingomonadaceae W 1
Acetobacteraceae " "
Phormidesmiaceae W X
Bacillaceae LN m”
Acidobacteriaceae (Subgroup 1) M "
Halieaceae W T
Nannocystaceae 1 ™
Cyclobacteriaceae Wl W
Alteromonadaceae W ™
Unassigned Myxococcales T m”
Terasakiellaceae W 1
Moraxellaceae " "
Wecksellaceae " ™
Xanthomonadaceae " T
S$S1-B-07-19 W W
Intrasporangiaceae " 1
Brevibacteriaceae M NC
Microbulbiferaceae W Wi
Unassigned Micavibrionales M NC
Dermabacteraceae " T
67—-14 " NC
Rhodothermaceae W Wi
MB-A2-108 M NC
At genus level

Unassigned Proteobacteria "M "
Symphothece PCC-7002 L X
Unassigned Rhizobiaceae m "
Uncultured bacterium 1 W T
ABI i Wl
Erythrobacter Wl 1
Acidisoma " ™
Acrophormium PCC-7375 W Hl
Bacillus " m”
Edaphobacter " m”
Unassigned Halieaceae Wl 1
Uncultured Nannocystaceae 1 ™
Uncultured bacterium 2 W 1
Labrenzia " ™
Ekhidna Wl Wi
Unassigned Myxococcales T m”t
Cyanobacterium CLgl W Wi
Roseovarius H I
Unassigned Bradymonadales " L
OM60 (NOR5) clade H "
Roseivirga " "
Terasakiella W 1
Enhydrobacter " "
Mobheibacter " "
Corynebacterium "M "
Neptuniibacter W Wi
Unassigned Bacillaceae " "
S$S1-B-07-19 A L
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Microbial group Todophor | Increased survival group
Nitrincolaceae M NC
JG30-KE-CM45 1M1 1
Coraliomargarita AN AN
Pseudogracilibacillus M1 Mt
Uncultured bacterium 3 M NC
Uncultured bacterium 4 M1 NC
Brevibacterium M "Mt
Unassigned Sphingobacteriaceae M1 "t
67-14 M1 NC
Bermanella Wi W
Keratinibaculum MM NC
Enteractinococcus ™" NC
MB-A2-108 T NC
Cryptosporangium Wi WL
Porticoccus Wil W

Table 1. Major changes from the control group in relative abundance after egg disinfection. Only those taxa
showing significant changes in relative abundance compared to the control group are shown. Upward arrows
indicate the increase in the relative abundance compared to control group, where one, two, three, and arrows
show the increase <2, 2-5, 5-10, and > 10 times, respectively higher than the control group. Downward arrows
indicate the decrease in the relative abundance from the control group, where one, two, three, and arrows show
the increase <2, 2-5, 5-10, and > 10 times, respectively lower than the control group. NC, no significant change
(P<0.05) from the control.
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Fig. 8. Kendall’s Tau correlation analysis between the whole larval microbiota taxonomic profiles and survival
rates at 10 days post-hatching. (A) Kendall’s Tau correlations between survival and taxonomic diversity features
of whole larval microbiota at 10 DPH; (B) Kendall’s Tau correlations between survival and the ratio between
the abundance data of different phyla of whole larval microbiota at 10 DPH. Significant positive correlations
(P<0.05) are indicated by blue bubbles, and negative correlations are indicated by red coloured bubbles.

The size of bubbles indicates the strength of correlation. Nonsignificant correlations were kept as blanks. Fu:
Fusobacteriota; Fir: Firmicutes; B: Bacteroidota; P: Proteobacteria; Corr: Kendall's Tau correlation coefficient.

pH adjustment during iodophor treatment caused 100% embryo mortality, consistent with the pH-dependent
toxicity of iodine to fish embryos®, emphasising the critical importance of monitoring water chemistry during
disinfection. At low pH, free iodine and hypoiodous acid dominate; both are highly membrane-permeable and
cytotoxic®®- L, Further, as iodophors are formulated with a pH of 2 to 4 to maximize antimicrobial activity*?,
this increases the proportion of toxic free iodine and also causes a sudden drop in water pH. The combined
effects of low pH and elevated free iodine likely explain the observed lethality.

Higher concentrations of iodophor and glutaraldehyde reduced hatchability even after pH adjustment,
confirming their dose-dependent toxicity, as documented for different marine and freshwater species®?®. The
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Fig. 9. Kendall’s Tau correlation analysis between the ASV features and survival rates at 10th days post-
hatching. (A) At phylum level; (B) At class level; (C) At order level; (D) At family level; (E) At genus level.
Significant correlations (P<0.05) were only shown.
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World Organisation for Animal Health®® recommends 100 ppm of active iodine for 10 min to improve the
hatchability of salmonid eggs. While temperate fish eggs tolerate higher doses (100 to 500 ppm iodophor for
15 to 30 min; 200 to 600 ppm glutaraldehyde for 4 to 10 min; 400 to 566 ppm H,O, for 15 to 60 min)>>33-3%, T.
blochii eggs appear more sensitive except for H,O,. The present results and previous studies on temperate fish*
indicated that 100 to 400 ppm of H,O, can be used for egg disinfection of tropical and temperate fish species,
with minor variation between species. However, there was an increased toxicity for iodophor and glutaraldehyde
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KEGG Genes Glutaraldehyde | Iodophor H,0, Increased survival | Control
Shannon’s H diversity index | 7.83%°+0.07 7.77*£0.04 7.90°+0.02 7.87%+0.04 7.68*%0.03
Simpson’s index 1.00°+0.00 1.00%+0.00 1.00°+0.00 1.00°+0.00 1.00°+0.00
Chaol 7012.33*+321.90 | 6736.33*+303.79 | 6381.33°+£329.12 | 6696.83*+229.27 | 6466.67°+71.81
ACE 6972.33*+325.72 | 6725.00°+322.69 | 6363.67°+314.44 | 6668.00°+230.83 | 6474.00*+82.71
KEGG enzymes

Shannon’s H diversity index | 6.79°+0.04 6.76*+0.02 6.812+0.01 6.802+0.02 6.68%+0.02
Simpson’s index 1.002+0.00 1.002+0.00 1.002+0.00 1.002+0.00 1.00*+0.00
Chaol 2131.33°+£78.44 | 2078.33°+85.80 | 2012.67°+63.14 | 2072.00° +48.77 2038.33* +£10.60
ACE 2133.00°+£70.49 | 2076.00°+89.08 |2007.67°+67.52 |2070.33*+43.51 2046.33*+7.37
KEGG pathways

Shannon’s H diversity index | 5.46°+0.05 5.44*+0.06 5.49*+0.01 5.48>+0.02 5.382%0.01
Simpson’s index 1.00°+0.00 0.99*+0.00 1.00°+0.00 1.00°+0.00 0.99°+0.00
Chaol 403.00°+14.18 | 397.00°+11.36 | 385.67°+8.08 394.332+7.01 389.67°+3.79
ACE 403.00°+14.18 | 397.00°+11.36 | 385.67°+8.08 394.33+7.01 389.67°+3.79

Table 2. a-diversity measures of functional taxonomic profiles. Average values with different lowercase letters
as superscripts represent levels that are significantly different at P<0.05.

at higher water temperatures and salinities, similar to previous studies®”. Prior studies in tropical ornamental
fish species and grouper eggs reported toxicity at 15 to 100 ppm iodine?”*, aligning with our results. Elevated
temperature and salinity in tropical waters may exacerbate toxicity by enhancing uptake due to increased
metabolic activity®, reactive oxygen species generation, and disinfectant instability, like glutaraldehyde, leading
to the formation of more toxic intermediates*’. However, a detailed comparison of the data across studies is
complicated by differences in the developmental stage at which disinfection is applied, as oocyte permeability
and activation status vary widely®. Overall, our findings highlight the need for species- and environment-specific
optimization of egg disinfection protocols in tropical marine aquaculture.

Egg disinfection improved the survival rates of T. blochii larvae

Studies on the effects of egg disinfection on the later life stages of marine fish are limited, with one report in
Hippoglossus hippoglossus showing improved larval survival after glutaric dialdehyde treatment (400 ppm, 10
min)*!. Similar benefits have been documented in freshwater species using active iodine (150 ppm, 30 min) in
Atlantic salmon**and H,0, (400 ppm, 60 min) in Misgurnus anguillicaudatus®. In the present study, larval survival
of T. blochii was significantly improved in glutaraldehyde- and H,O,-treated groups from 6 DPH onwards, whereas
iodophor treatment reduced survival. Interestingly, on 20 DPH, all disinfectant treatments outperformed the
control, with glutaraldehyde (43.74%) and H,0O, (40.87%) showing the highest survival, followed by iodophor
(31.56%) and the control (26.74%). This pattern persisted through 25 DPH, with glutaraldehyde yielding the
best outcome (34.80%). These results are consistent with earlier studies demonstrating the higher efficacy and
lower toxicity of glutaraldehyde and hydrogen peroxide when applied at optimised concentrations and exposure
durations®%?8, Two-way ANOVA confirmed significant effects of both disinfectant type and observation day
on survival, with no interaction, indicating that the effects of each disinfectant on survival remained consistent
across time points. Overall, these findings demonstrated the effectiveness of egg disinfection in improving larval
survival in T. blochii and identified glutaraldehyde and H,O, as the most effective disinfectants under the tested
conditions.

Egg disinfection modulated the antioxidant status of T. blochii larvae

Nutritional cues and non-nutritional environmental stressors experienced during early developmental stages
can influence postnatal growth, metabolism, and overall health in fish. While egg disinfection has been studied
mainly for its effects on hatching and, to a lesser extent on survival in several fish species, little is known about
its impact on larval physiology and microbiota. To date, only one study in Misgurnus anguillicaudatus examined
antioxidant responses following egg disinfection, although no microbiota analyses were conducted?. In this study,
we assessed catalase activity and GSH levels in T. blochii larvae post-disinfection, with protein content used for
normalisation since the water content in fish larvae varies with ontogenetic stage'S. Protein levels increased with
larval development, reflecting enhanced anabolic activity and tissue development. Catalase activity varied with
both larval stage and disinfectant type, with a significant interaction, indicating that the antioxidant response
to disinfection varied depending on larval stages. The observed increase in catalase activity with oncogenic
progression probably represents a maturing antioxidant defence system to meet rising metabolic demands
and oxidative challenges during development, as reported earlier'®. On 2 DPH, the iodophor-treated group
revealed the highest catalase activity, probably reflecting an acute stress response. However, as larvae matured,
those treated with glutaraldehyde constantly showed the highest catalase, consistent with findings in Cyprinus
carpio and Micropterus salmoides after H,O, egg pretreatment®~ . Jia et al.!” reported that short, moderate
H,O, exposure enhanced antioxidant enzymes in C. carpio, while prolonged, high doses suppressed them.
Similarly, Wang et al.? showed that egg pretreatment programmed antioxidant responses in M. anguillicaudatus.
Catalase activity also correlated positively with larval survival, supporting its role as a biomarker of robustness.
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In contrast, GSH remained stable across DPH and treatments, aligning with earlier observations on relatively
stable GSH levels across different larval stages in T. blochii'®. The results suggest that GSH homeostasis is tightly
regulated and may not be a sensitive indicator of oxidative stress in early development. The improved hatching
rates, antioxidant status, and survival likely reflect reduced microbial loads on disinfected eggs. H,O, oxidises
microbes and enhances oxygen diffusion, iodophor releases free iodine to denature microbial proteins, and
glutaraldehyde crosslinks microbial proteins, thereby reducing microbial loads**~*°. The reduced microbial
pressure on the egg surfaces may improve oxygen diffusion, which likely explains the observed improvements in
hatching and catalase activity. Overall, the results of egg disinfection modulated catalase activity with beneficial
effects on larval survival. It should be noted that the antioxidant response was evaluated using catalase activity
and GSH levels only in the present study. While these parameters provide meaningful insights into cellular redox
balance, the absence of additional markers such as superoxide dismutase activity, glutathione peroxidase activity,
or lipid peroxidation indices limits broader physiological interpretations. Accordingly, the conclusions are
confined to the antioxidant responses represented by catalase and GSH, and further investigations incorporating
a wider panel of oxidative stress biomarkers are warranted in future studies to have a more comprehensive
evaluation of the oxidative status.

Egg disinfection modulated the taxonomic composition and functional profiles of larval
microbiota
Egg pretreatments significantly influenced microbial diversity, community structure, and functional profiles of
T. blochii larvae at 10 DPH. a-diversity was significantly higher in glutaraldehyde and H,O,-treated larvae, but
lower in iodophor-treated groups compared to controls. The increased diversity likely reflects suppression of
fast-growing pathogens on eggs, allowing balanced colonisation by beneficial taxa, a feature linked to improved
survival in K-selected larviculture systems®. Nevertheless, the instantaneous influences of disinfection on
egg microbiota and immediately post-hatching larvae were not assessed in this study, warranting further
investigation to validate this hypothesis. Functional predictions (PICRUSt2) also revealed a greater diversity
measure of KEGG genes, pathways, and enzymes in glutaraldehyde and H,O,-treated larvae, suggesting a
more functionally diverse microbiota in these groups, aligning with their higher survival rates. Although these
predictions are indirect and may be less reliable in marine microbiomes, where horizontal gene transfer and
strain-level variability are common, the results suggest that egg disinfection can shape larval microbiota function,
warranting future validation studies with shotgun metagenomics, metabolomics, or targeted enzyme assays.
B-diversity also confirmed that disinfectant treatments altered the microbial community structure, with
iodophor-treated larvae forming a statistically distinct cluster, while glutaraldehyde and H,O, clustered together.
Comparative analysis of microbial taxonomic profiles also revealed a broad-scale community restructuring
associated with survival outcomes. Interestingly, iodophor-treated larvae exhibited higher Proteobacteria
to Bacteroidota (P/B) and Firmicutes to Bacteroidota ratios, which are metagenomics stress indicators in fish
larvae2>47:48, along with a lower Fusobacteriota + Firmicutes + Bacteroidota to Proteobacteria ratio, another health
indicator in fish*, supporting a shift toward a potentially unfavourable microbial environment in the iodophor-
treated group. Conversely, the higher survival group contained an increased abundance of Hyphomonadaceae,
Halieaceae, Nannocystaceae, and Alteromonadaceae. Of which Alteromonas macleodii is a recognised probiotic
bacterium which improved the survival of cultured marine animals®®. Additionally, the abundance of JG30-
KF-CM45 was significantly increased in larval group with increased survival. Earlier studies have shown the
negative correlation of the abundance of this genus with the C-N ratio®' and the negative correlation of C-N
ratios with fish health®?, supporting our results. Despite all these shifts, > 80% of taxa were shared among groups,
indicating the presence of a core microbiota that provides foundational functions irrespective of survival status.
The a and P diversity measures, analysis of shared microbes through the Venn diagram and ANCOM, and
MD index reinforced the hypothesis that iodophor treatment caused the maximum disruption of the beneficial
microbial community, which could be linked to reduced larval survival. Notably, the iodophor treatment
improved hatching (85.05% compared to 81.03% in control) but reduced larval survival, likely due to residual
iodine toxicity affecting animals or beneficial microbes, as suggested in previous studies®~>°. Such dysbiosis
may explain the poorer outcomes in this group. However, there is no data for direct comparison due to the
lack of studies on the residual toxicity of egg disinfection on the larvae or larval microbial community. Overall,
glutaraldehyde and H,O, treatments promoted a more diverse and functionally versatile microbiota associated
with better survival at 10 DPH, likely by reducing opportunistic ‘r-strategist’ bacteria on the egg surface and
favoring beneficial ‘K-strategist’ colonizers, which is a proposed method for managing microbial communities of
larviculture®®. These findings underscore the importance of considering microbiota responses when evaluating
egg disinfection protocols in marine aquaculture.

Correlation analyses showed microbiota profiles associated with larval quality

The correlation analyses uncovered significant associations of larval survival with several specific microbiome
features, suggesting their potential as larval health indices. Most importantly, survival rates showed a strong
positive association with a-diversity, consistent with the reports of decreased a-diversity of microbial taxonomics
in stress?. Among the different diversity metrics, the Simpson index exhibited the strongest correlation,
suggesting that microbial evenness has a critical role in larval health, an observation similar to plant-bacterial
relations®”. The increased complementarity between species due to higher evenness enhances resource utilization
and ecosystem stability?, which might be the possible explanation for the observation.

At the phylum level, Bacteroidota, Myxococcota, and Bdellovibrionota correlated positively with survival,
consistent with their roles in nutrient cycling and pathogen control in aquaculture®®!-*°, Particularly, members
of Myxococcota and Bdellovibrionota are well-known for their predatory lifestyle and have shown great
potential as biocontrol agents in relevant animal models®. Families, including Halieaceae, Rhodobacteraceae,

Scientific Reports |

(2026) 16:5761 | https://doi.org/10.1038/s41598-026-35646-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

and Saprospiraceae, correlated positively with survival, consistent with their reported roles in the efficiency of
biofloc systems®!. Notably, Rhodobacteraceae have been recognized as effective probiotics in aquaculture to
promote beneficial interactions and suppress pathogens®!~ 12, warranting further investigations to identify the
precise members of this family for probiotic development in larviculture. Several unassigned and candidate
taxa (OM190, NRL2, OM182, etc.) also displayed significant correlations with survival rates, pointing to the
relevance of yet-uncultured or understudied microbial members in shaping fish larvae-microbiota interactions.
Briefly, these associations suggest possible potential targets for probiotic development in T. blochiilarviculture. In
contrast, survival was negatively correlated with the Proteobacteria-Bacteroidota ratio, while the (Fusobacteriota
+ Firmicutes + Bacteroidota)/Proteobacteria ratio correlated positively, highlighting the importance of balanced
microbial communities rather than dominance by any one phylum®. Previous studies have linked these ratios to
stress in fish**46%, aligning with our results. Overall, higher diversity, enrichment of specific beneficial taxa, and
ratios between the abundances of certain phyla like Proteobacteria to Bacteroidota (negative correlation), ratio
between (Fusobacteriota + Firmicutes + Bacteroidota): Proteobacteria (positive correlation) were linked with
improved larval survival. Simultaneously, the observed relationships are correlative only, and future experimental
validation involving controlled manipulation of the identified microbial communities or functional validation
is needed to establish causality.

Limitations

In this study, we used three biological replicates as pooled larval samples randomly collected from each tank.
This sampling design ensured independence at the tank level and incorporated randomization during sampling,
and was consistent with several published fish larval microbiome studies®*%%-%, where resource limitations
and logistical challenges often constrain large-scale replication. Nevertheless, a greater replication would
improve statistical power and should be prioritised in future work to confirm and validate these results. Another
limitation of the present study is that larval malformation was not systematically assessed, despite reports of
disinfectant-induced developmental deformities in fish’%’!. Future investigations should evaluate sublethal
endpoints, including skeletal and morphological abnormalities, to provide a more comprehensive understanding
of larval quality after egg disinfection. Investigations incorporating a wider panel of oxidative stress biomarkers
are also warranted in future to have a more comprehensive evaluation of the oxidative status. Finally, we did not
profile the microbiome of rearing water or tank surfaces, which may influence larval recolonisation. Including
environmental microbiome data in future studies will help clarify how disinfectants shape host-microbe
interactions.

Conclusion

The present study demonstrated that pre-treatment of T. blochii eggs with selected disinfectants significantly
modulated larval microbiota, affecting survival and antioxidant responses. Based on our results, we recommend
single dip treatments at the optic vesicle stage (8 h post-spawning) using H,O, (400 ppm, 10 min) or
glutaraldehyde (40 ppm, 5 min). Disinfection promoted microbial diversity and enrichment of beneficial taxa,
highlighting a microbiota programming effect linked to improved larval outcomes. Our results do not support
the use of iodophor, even though a particular concentration (20 ppm, 10 min) improved hatching rates, given
the observed metagenomic stress indicators and reduced survival at 10 DPH. For hatchery application, our
study establishes species-specific, environmentally informed disinfection protocols for T. blochii, specifying
optimal concentration, exposure time, and frequency and warrants the need for similar investigations in other
aquaculture-relevant species. Post-disinfection probiotic supplementation may also further support larval health.
Together, these strategies provide actionable guidance for improving survival and overall hatchery performance.
Future studies should validate these approaches across species and investigate the mechanistic links between
early microbial colonisers and host immunity, paving the way for microbiome-informed hatchery practices.

Data availability
Metagenomic sequencing data were placed in the NCBI-SRA (Sequence Read Archive) database under Biopro-
ject PRINA765138 (Accession numbers: SRR34022291 to SRR34022302).
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