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Abstract
Disease outbreaks in commercial larval rearing systems of the tropical rock lobster 
(Panulirus ornatus) pose significant challenges to the culture of this species. This study 
investigates bacterial succession during outbreaks of white leg disease (WLD), the latter 
associated with infections by Aquimarina spp. in early-stage P. ornatus phyllosoma. 
Bacteriome profiling was conducted to assess changes in bacterial composition and 
identify potential sources of pathogenic taxa. Transmission electron microscopy was used 
to depict ultrastructural changes in the pereiopods of diseased specimens. Oxford Nanopore 
16S rRNA gene sequencing was used to profile bacterial diversity and community 
structure across larval development (0–16 days post-hatch, dph), revealing temporal shifts 
coinciding with the onset of disease. A marked decline in alpha diversity between 8 and 16 
dph was observed concomitant with an increase in diseased animals. During this period, 
the pathogenic genus Aquimarina became dominant, replacing early taxa such as Vibrio, 
Ruegeria, Shimia, and Phaeobacter, and concurring with massive coagulative necrosis and 
the subsequent formation of ellipsoid, electron-dense, proteinaceous bodies in pereiopod 
tissues. Beta diversity analysis further revealed significant shifts in community structure, 
implying that bacterial dysbiosis may be an early indicator of WLD development. 
The findings suggest that disease results from a combination of bacterial maternal or 
environmental transmission, environmental acquisition, and bacteria-bacteria interactions. 
The study highlights the importance of maintaining bacterial balance to support a healthy 
aquaculture system for larval lobsters, suggesting that early bacterial disruption can 
facilitate disease emergence.
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Highlights
• The temporal bacterial shift in Panulirus ornatus coincided with white leg disease onset.
• Aquimarina dominated larvae at 16 dph, replacing early pioneer taxa.
• TEM showed necrosis and electron-dense bodies in diseased pereiopods.
• Infection pathways involved maternal and environmental sources.
• Bacterial interactions play an important role in pathogenesis.

Keywords  Aquaculture · Tropical rock lobster (Panulirus ornatus) phyllosoma · White-leg 
disease (WLD) · Bacterial composition

Introduction

The tropical rock lobster (Panulirus ornatus) is a highly valued seafood species with strong 
and increasing global demand (FAO 2024). Closed-cycle production of P. ornatus has 
recently been established, enabling the commencement of a commercial grow-out industry 
in Australia using hatchery-produced seedstock (Lewis et al. 2024). However, larval rearing 
of lobsters remains a major challenge due to their prolonged planktonic development, high 
nutritional demands, and complex environmental management requirements, all of which 
render larvae highly susceptible to pathogen-related risks (Driscoll et  al. 2015; Francis 
et al. 2014; Goulden et al. 2013).

Bacterial diseases are a significant mortality factor in the larval rearing of palinurid 
lobsters. Experimental studies have demonstrated that P. ornatus phyllosoma are highly 
susceptible to Vibrio owensii (DY05), with mortality rates reaching 84–89% within 72 h 
(Goulden et al. 2012a). Similarly, Vibrio jasicida has been implicated in infections of the 
hepatopancreas in eastern rock lobster (Sagmariasus verreauxi, formerly Jasus verreauxi) 
phyllosoma, causing a rapid mortality (Bourne et  al. 2007; Diggles et  al. 2000). Other 
bacterial taxa, such as Thiothrix spp., have been reported to colonize gills and appendages, 
interfering with ecdysis and respiration and contributing to substantial mortality in 
hatchery systems (Payne et al. 2007). More recently, white-leg disease (WLD) has attracted 
increasing attention in P. ornatus hatcheries, exhibiting whitening of the pereiopods and 
uropods, reduced larval responsiveness, and rapid mortality (Ooi et  al. 2020). Members 
of the genus Aquimarina have frequently been associated with WLD, recognized as 
etiological agents of tissue-degrading infections in a range of crustaceans (Midorikawa 
et al. 2020; Ooi et al. 2020).

These outbreaks underscore the vulnerability of larval stages and the acute threat posed 
by bacterial pathogens in intensive aquaculture systems. However, these earlier studies 
have focused on identifying individual pathogens, such as Vibrio spp. and Aquimarina 
spp., associated with disease using conventional microbiological techniques. Consequently, 
the broader bacterial community and dynamics associated with larval disease and mortality 
remain poorly understood for palinurid lobsters. Recent research on crustacean aquaculture 
species has highlighted that disease outcomes are often not caused by a single pathogen but 
rather arise from complex interactions among host-associated and environmental bacteria 
(Lu et al. 2022).

In early crustacean larval stages, bacteria contribute significantly to digestion, nutrient 
absorption, and immune development, while also acting as a protective barrier against 
opportunistic pathogens (Angthong et  al. 2023; Dai et  al. 2020). When this balance is 
disrupted by environmental stress, suboptimal nutrition, or physiological changes, bacterial 
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dysbiosis can occur, favoring the proliferation of pathogenic taxa (Egan and Gardiner 
2016; Xiong et al. 2018b). Despite growing recognition of the contribution of bacteria to 
host health, a critical gap remains in understanding how bacterial communities shift during 
disease events in palinurid larviculture. In particular, the dynamics of bacterial succession 
during WLD outbreaks in P. ornatus larviculture, the roles of potentially pathogenic taxa, 
and the contributions of environmental reservoirs, such as tank water, biofilms, and feed, 
remain to be fully elucidated. Likewise, the type and development of lesions in affected 
tissues have not been previously described at the ultrastructural level. Understanding 
these aspects would improve knowledge of WLD pathogenesis and, in future, support the 
development of effective management strategies.

Therefore, this study aims to characterize the bacterial changes associated with mass 
disease events during the larval rearing of P. ornatus, focusing on identifying bacterial 
taxa linked to larval development, their temporal succession, and potential transmission 
pathways of key pathogens. It also depicts histopathological changes observed in diseased 
animals. By integrating Oxford Nanopore 16S rRNA sequencing of potential hatchery-
related sources of infection throughout larval rearing, the research will elucidate the 
mechanisms driving larval disease outbreaks and candidate bacterial biomarkers for early 
disease detection, thereby facilitating the development of improved management strategies 
in tropical rock lobster aquaculture.

Materials and methods

This study was conducted in a commercial-scale P. ornatus larval rearing system. As 
such, the study was not designed with predefined experimental treatments or uninfected 
control groups. Sampling was therefore undertaken following the accidental onset of 
WLD in larval tanks. Disease outbreaks in this system typically progress rapidly, resulting 
in mortality exceeding 75% of the larval population within a short timeframe, thereby 
precluding the establishment of contemporaneous healthy controls. Consequently, this 
study does not aim to infer causality or define dysbiosis relative to a healthy larval status, 
but rather to document bacteriome characteristics associated with a naturally occurring 
WLD outbreak in a commercial larval rearing system.

Larval rearing

Rearing of P. ornatus broodstock and larvae was performed at the Institute for Marine and 
Antarctic Studies (IMAS), University of Tasmania, Taroona, Tasmania. Gravid females 
were placed in a hatchery tank supplied by seawater from a recirculating aquaculture sys-
tem. No antibiotics or probiotics were applied in the broodstock or larval rearing systems 
prior to or during the outbreak period. Water quality parameters (mean ± SD) of the hatch-
ery tank were temperature: 25.90 ± 0.03  °C; dissolved oxygen (DO): 94.05 ± 0.65%; pH: 
7.97 ± 0.05; salinity: 35.1 ± 0.01 ppt (Fig. 1A). Female broodstock were held in the hatch-
ing tank until eggs hatched. Emergent larvae (0 days post-hatch, hereafter dph) were trans-
ferred to a specialized 0 dph larvae tank (Fig. 1B), before a second transfer to the 1–16 
dph larvae tank (Fig. 1C). The rearing system water conditions (mean ± SD) of the larvae 
tank were temperature: 27.30 ± 0.10  °C; DO: 102.89 ± 0.31%; pH: 8.20 ± 0.01; salinity: 
35.2 ± 0.01 ppt.
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Broodstock and larval sample collection

Sampling was conducted at the onset of WLD, clinically diagnosed based on visible 
whitening of the articulated appendages, including the pereiopods, maxillipeds, anten-
nae, and eyestalks, in accordance with the criteria described by Ooi et al. (2020). Sam-
ples from broodstock and phyllosoma were collected to characterize bacterial communi-
ties throughout the WLD outbreak and to examine gross and ultrastructural pathology 
during its peak. Female broodstock samples were collected from the pleopods and cara-
pace of P. ornatus at 0 dph using sterile swabs from the 0 dph hatching tank (Fig. 1A) 
(n = 3). The swab was immediately placed into a 1.5 mL sterile plastic tube containing 
500 µL of storage buffer (25 mM sodium citrate, 10 mM EDTA, 4 M ammonium sulfate, 
pH 5.2) and stored at 4  °C until further processing. Phyllosoma (0, 1, 8, and 16 dph) 
were collected from the 0 dph larvae tank and the 1–16 dph larvae tank, respectively 
(n = 5) (Fig.  1B, C) by sterile siphon and stored in 1.5 mL sterile plastic tubes (0–16 
dph). The samples were first filtered using a 1.5 μm pore-size 47 mm Whatman GF/C 
glass microfiber filter (Cytiva, Whatman, UK) to remove residual water. Approximately 
0.2 g of larvae was collected per sample, with five independent biological replicates per 
0, 1, 8, 16 dph. Each sample was then transferred into a 1.5 mL tube containing 500 μL 
of storage buffer and stored at 4 °C overnight.

Fig. 1   Schematic representation of sample collection sites during larval rearing of Panulirus ornatus at 
Taroona, Institute for Marine and Antarctic Studies, University of Tasmania, A 0 dph hatching tank, B 0 
dph larvae tank, and (C) 1–16 dph larvae tank
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Environmental sample collection

The environmental samples consisted of 6 h feed, which refers to feed offered to phyllosoma 
that remained uneaten within 6 h, thereby persisting in the water column prior to sampling; 
tank water; and swabs from the biofilm formed on the tank wall and skimmer. All 
environmental samples were collected in biological triplicate concurrently with phyllosoma 
samples, from 1 to 16 dph larvae tank (Fig. 1B and C). The 1–16 dph phyllosoma were 
fed a proprietary diet incorporating live Artemia (Sep-Art GSL Artemia cysts, INVE 
Aquaculture Inc., USA). The feed samples were collected after 6 h of immersion in tank 
water, i.e., these represented uneaten feed suspended in the rearing water column during 
this period. The feed was collected using a sterile Pasteur pipette and transferred to 1.5 mL 
sterile plastic tubes. Feed samples were then centrifuged at 12,000 × g to remove residual 
water, and the 0.02 g dry feed was stored in 500 µL of storage buffer. Tank water samples 
were collected into 1 L sterile glass bottles and filtered using a sterile 0.45 μm pore-size 
mesh membrane filter (Cytiva, Whatman) to capture bacterial cells (Hasegawa et al. 2003; 
Wang et al. 2007). The filter paper was cut into small pieces using flame-sterilized scissors 
and soaked in storage buffer. Biofilms on tank walls were sampled by swabbing a 10 cm2 
area and storing the swab in storage buffer. Similarly, the skimmer samples were collected 
by swabbing the surface area (10 cm2) and storing the swab in a storage buffer. All samples 
in the buffer solution were stored at 4 °C for further processing.

The sample collection site summary figure (Fig.  1) was made using BioRender 
(BioRender.com).

DNA extraction

Collected phyllosoma and environmental samples were processed using the same DNA 
extraction methods. Extraction was performed by adding 500 µL high-salt lysis buffer 
(1% SDS, 1.5  M NaCl, 0.1  M EDTA, 1% PVP-10), 5 µL of Proteinase K (Bioline Pty. 
Ltd., NSW, Australia) and 5 µL of tris(2-carboxyethyl)phosphine (T-CEP), 1 M. Samples 
were then heated at 65 °C for 1 h (vortexed every 20 min) and incubated on ice for 5 min. 
Ammonium acetate (7.5 M; Sigma-Aldrich Co., MO, USA) and potassium chloride were 
added to the samples at final concentrations of 2.5 M and 1 M, respectively, vortexed for 
15  s, and centrifuged at 10,000 × g for 10 min at 22  °C. The supernatant was mixed by 
inversion with 750 µL of isopropanol with 1.5 µL iso-precipitant Co-Precipitant Pink 
(Bioline, London, UK) at room temperature before further centrifugation at 12,000 × g 
for 15  min at 22  °C. The visible pellet was rinsed with 500 µL of 70% ethanol twice 
and resuspended in 100 μL of buffered water (0.05% Triton X-100, 10 mM TRIS pH 7). 
RNA was removed by digesting the sample with 2 µL of RNase A (10  mg/ml, Thermo 
Fisher, USA) at 37 °C for 30 min. Samples were treated with 200 μL of ammonium acetate 
(2.5  M), 200 μL of 1  M Potassium chloride, and 400 μL high-salt lysis buffer, vortexed 
for 30  s, and centrifuged at 10,000 × g for 10  min (22  °C). The supernatant was mixed 
with an equal volume of isopropanol with co-precipitant pink and centrifuged at 12,000 × g 
for 15  min. The pellet was rinsed with 70% ethanol twice before resuspension in 50 μL 
of molecular-grade water (Qiagen, Germany). All samples were quantified by Qubit 4 
(Thermo Scientific, USA) using the Qubit 1 × dsDNA BR Assay Kit (Thermo Scientific, 
USA) following the manufacturer’s instructions.
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Quantitative PCR, library preparation, and 16S rRNA sequencing on the MinION 
platform

Pre‑amplification

All the samples were pre-amplified by qPCR targeting the 16S rRNA locus (Matsuo 2023; 
Ooi et al. 2023). The primary SYBR Green qPCR mixture consisted of 5 μL of 2 × MyTaq 
Hot Start mix (Bioline, Meridian Bioscience, USA), 100 mM each of 27 F (5′-AGA​GTT​
TGATCMTGG​CTC​AG-3′) and 1492R (5′-GGT​TAC​CTT​GTT​ACG​ACT​T-3′) 16S rRNA 
primers (melting curve temperature Tm between 86 and 88 °C) (Ooi et al. 2023), 2 μL of 
1:10 diluted DNA, and 2 μL of molecular water. The qPCR was conducted using a Thermal 
Cycler (Bio-Rad Laboratories Inc., USA) with the following thermal cycling program: 
initial denaturation for 3 min at 95 °C; 35 cycles of denaturation for 10 s at 95 °C, annealing 
for 30 s at 55 °C, extension for 30 s at 72 °C; and a final extension for 3 min at 72 °C. 
Amplified DNA was purified using AMPure XP beads (Beckman Coulter, Indianapolis, 
IN, USA) with a 1:1.8 wash ratio, following the manufacturer’s instructions (AMPure XP 
DNA Cleanup Workflow). The final cleaned DNA was additionally quantified by Qubit 4.

Library preparation

The library preparation mixture consisted of 10  ng of input DNA, adjusted to a total 
of 15 μL with molecular water, 25 μL Long Amp Hot Start Taq 2X Master Mix (New 
England Biolabs, Ipswich, MA, USA), and 10 μL of unique 16S barcode (16S Barcoding 
kit, SQK 16S 114.24, Oxford Nanopore Company, UK). The qPCR was conducted using 
a Thermal Cycler (Bio-Rad Laboratories Inc., USA) with the following thermal cycling 
program: initial denaturation for 1 min at 95 °C; 25 cycles of denaturation for 25 s at 95 °C, 
annealing for 25 s at 55 °C, extension for 25 s at 65 °C; and a final extension for 5 min 
at 65 °C. EDTA (1 μL) was added to each sample to stop the reaction. Amplified DNA 
was purified using AMPure XP beads (Beckman Coulter, Indianapolis, IN, USA) with a 
1:1.8 wash ratio, following the manufacturer’s instructions (AMPure XP DNA Cleanup 
Workflow). The final cleaned DNA was additionally quantified by Qubit 4.

Priming and sequencing

After library preparation, a total of 50 ng of DNA was pooled together from the last step, 
then incubated with 1 μL of a mixture of Rapid Adapter (RA) and Adapter Buffer (AB) 
at room temperature for 5 min. The prepared DNA pool library was mixed with 34 μL of 
Sequencing Buffer (SQB), 25.5 μL of Loading Beads (LB), and 4.5 μL of molecular-grade 
water, loaded onto the SpotON R10.4.1 flow cell (Oxford Nanopore Technologies, UK) 
for 48 h, and sequenced on the MinION™ Mk 1C. The generated sequencing data were 
monitored in real-time using the MinKNOW software (version 4.0.20). A total of three 
flow cells has been used, each containing 20, 20, or 22 samples. As a control, the DNA of a 
microbial community (Zymo Biomics Microbial Community Standard) was included in the 
sequencing runs (Supplement Table 3, Representative result).
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Gross clinical changes

The 16 dph specimens with visible changes in the pereiopods were collected from 
the larval tank using a disposable Pasteur pipette and immediately transferred for 
microscopy. Specimens were examined as native wet mounts in a small Petri dish 
containing filtered tank seawater to preserve the natural transparency of unaffected body 
parts in contrast to altered tissues, using a Leica M165C stereomicroscope equipped 
with a Leica DMC4500 camera at 40 × magnification.

Transmission electron microscopy of infected phyllosoma

Three specimens showing no clinical signs of WLD and three specimens (16 dph) with 
visible changes in the pereiopods were collected from the larval tank using a Pasteur 
pipette, and immediately fixed in 3% glutaraldehyde in 0.22 μm filtered seawater for 4 h 
at 4 °C. The central part of the lesion was deliberately targeted for TEM to ensure captur-
ing the complete extent of tissue damage. Sections have been selected as a subset of the 
most informative samples (specimens with very conspicuous lesions vs specimens with no 
lesions observed by light microscopy), and the most representative have been presented. 
The samples were washed three times in 0.22 μm-filtered seawater, then fixed in 1% aque-
ous osmium tetroxide, and washed twice more in the filtered seawater. Samples were dehy-
drated in ascending ethanol concentrations (70% × 1, 95% × 2, 100% × 3) and propylene 
oxide (× 2), then infiltrated in resin (EMBed 812, EMS, USA); first with 50% propylene 
oxide, then in pure resin overnight. The next day, samples were embedded in fresh resin 
and polymerized at 60 °C for 48 h. Semi-thin sections (500 nm) for orientational purposes 
were cut using an ultramicrotome (Leica, Germany), stained with toluidine blue, heated on 
a hotplate (60 °C), and checked under the light microscope Zeiss Axio Lab.A1 (Zeiss, Ger-
many). Ultrathin sections (100 nm) were laid on formvar-coated copper grids, secondarily 
stained with uranyl acetate and lead citrate, and examined by a Hitachi HT7700 micro-
scope operating at 80 kV equipped with a CCD camera.

Bioinformatics and data analysis

Dorado software ver. 0.7.1 (Oxford Nanopore Technologies, https://​github.​com/​nanop​orete​
ch/​dorado) with the “evolution” basecalling model was used for basecalling the sequencing 
data (POD5 files) to generate FASTQ files with a mean quality score > 10, reads demul-
tiplexing, and trimming of adapters and primers. Subsequently, reads were filtered using 
NanoFilt ver. 2.8.0, retaining reads between 1200 and 1700 bp, and the taxonomic profiling 
was performed using EMU (Curry et al. 2024, 2022) with the NCBI 16S database.

After taxonomic assignment, a table of assigned reads for each sample was uploaded to 
Microbiome Analyst (Lu et al. 2023) to calculate relative abundances. Data were filtered to 
remove low-abundance and low-prevalence features, with a minimum count threshold of 4 
and a minimum sample prevalence of 20% (Ooi et al. 2023). Samples were rarefied to the 
minimum library size to standardize sequencing depth, and total sum scaling was applied 
to normalize read counts prior to diversity and compositional analyses (Ooi et al. 2023). 
The relative abundance of bacteria was then computed at the family and genus levels.

Alpha diversity of bacterial communities was assessed using Observed and Shan-
non indices to evaluate species richness and evenness across experimental groups. All 

https://github.com/nanoporetech/dorado
https://github.com/nanoporetech/dorado
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analyses were conducted in R (version 4.4.3) using the vegan package, and visualiza-
tion of alpha diversity was performed using bar plots with ggplot2 (Wickham et  al. 
2025). Differences in samples across time points were assessed using the Kruskal–Wal-
lis test. When significant, post-hoc pairwise comparisons were conducted using the 
Wilcoxon rank-sum test with a Benjamini–Hochberg (BH) correction for multiple test-
ing, implemented in the rstatix package (Kassambara 2019). For each alpha diversity 
metric, summary statistics (mean ± standard deviation) were calculated for each group. 
Statistically significant differences between groups were highlighted on the plots using 
p-value–based significance codes (ns: not significant, *: p < 0.01, **: p < 0.001).

For beta diversity, dispersion among groups was assessed using PERMDISP (Anderson 
2006), which revealed no significant differences (p = 0.11), supporting the assumption of 
homogeneity of variance and justifying the use of PERMANOVA (Anderson 2001) to test 
for compositional differences. PERMANOVA was subsequently performed to evaluate 
differences in bacterial community composition between groups. Pairwise comparisons 
were conducted using pairwise.adonis2 (Martinez Arbizu 2020; Oksanen et  al. 2025) 
in R, with p-values adjusted for multiple testing using the Benjamini–Hochberg method 
(Benjamini and Hochberg 1995). The pairwise distance matrix of the bacterial community 
dataset was visualized using Principal Coordinates Analysis (PCoA) based on Bray–Curtis 
distances (Shi et  al. 2020), with samples colored according to experimental group. For 
bacterial correlation analysis, the 10 most abundant taxa were selected, and counts were 
converted to relative abundances. Spearman correlations were calculated between taxa; 
correlations below 0.1 or self-correlations were removed, and an undirected network was 
constructed with nodes sized by degree and node pies representing relative abundance 
across days post-hatch groups. Node coordinates were computed using the Fruchterman-
Reingold layout with absolute edge weights, produced in R 4.4.3.

Shared and unique bacterial genera among the samples were identified, and Venn 
diagrams were produced using InteraciVenn (Heberle et  al. 2015). The correlation and 
linear discriminant analysis (LDA) plot were generated using the Microbiome Analyst 
software. The linear discriminant analysis effect size (LEfSe) plot was generated using 
an LDA score threshold of 6.0 at the genus level and a p-value cutoff of 0.05 with FDR 
adjustment (Lu et al. 2023).

Results

Gross and ultrastructural changes in diseased phyllosoma

The most striking gross change exhibited as a white, opaque discoloration localized to the 
appendages, particularly affecting the second and third pereiopods (Pe), which showed dif-
fuse whitening along their entire length (Fig. 2). Lesions were initially observed as small 
focal opacities at the articulated joints, especially near the basis (Bs) and ischio-merus 
(Is-Me) segments, suggesting that infection may have originated through the arthrodial 
membranes. These are thin, flexible regions that are vulnerable to microbial entry. As the 
condition progressed, whitening extended distally into the exopod (Expd) and other limb 
regions. The white lesions presented as sharply demarcated zones of opacity, disrupting the 
typically transparent appearance of healthy limbs.

In the healthy phyllosoma, slow- and fast-twitching myofibrils are distinct in the pereio-
pod myocytes, the former enriched in actin fibers (Fig. 3A). Mitochondria are conspicuous, 
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mostly with elongated tubular cristae (Fig.  3A). Myocyte triads and T-tubules are well 
developed (Fig.  3B and C), and the neuromuscular junctions are visible (Fig.  3D). In 
affected phyllosoma, the sarcoplasm of myocytes undergoes extensive coagulative necro-
sis (Fig. 3E), encompassing rarefaction of the sarcoplasm (Fig. 3F) and the formation of 
irregular, ellipsoid, proteinaceous aggregates that increase in size and change from elec-
tron-light to electron-dense structures (Fig.  3G). The necrotic changes in the myofibrils 
start centrally, progressing to a disorganized fiber structure without clear myosin-actin 

Fig. 2   Gross pathological changes (arrows) showing typical progression of white leg disease (WLD) at 
16  day post hatch (stage III–IV) of Panulirus ornatus larvae: A Healthy phyllosoma; B White lesion at 
basis (Bs), ischio-merus (Is-me), and exopod (Expd) of the pereiopods (Pe) 2 and 3; C White lesion at 
basis (Bs) at pereiopod 2 and body; and (D) White lesion at basis (Bs) and throughout the pereiopods 3 and 
whole exopod. Scale bars: A 3 mm; B–D 2 mm

Fig. 3   Representative pictures of the transmission electron microscopy of phyllosoma showing no gross 
changes (n = 3, A–D) and phyllosoma showing changes (n = 3, E–H) during a white leg disease outbreak. A 
Slow-twitching myofibrils are interspersed among fast-twitching myofibrils, both tightly packed within the 
endomysium; B Higher magnification of myocyte sarcoplasmic reticulum connected to T-tubules in a triad. 
Note scattered ribosomes surrounding a mitochondrion with tubular cristae; C Actin and myosin structures 
in slow- and fast-twitching myofibrils; D Neuromuscular junction consisting of an axon terminal, synaptic 
cleft, and a myocyte postsynaptic membrane; E Coagulative necrosis presented among and centrally in the 
myofibrils of the pereiopods. Note the changes ranging from the rarefaction of the sarcoplasm to forma-
tion of electron-dense ellipsoid structures (*); F Higher magnification of necrotic change showing degraded 
myofibrils adjacent to two mitochondria; G In progressed changes, the myofibrils are substituted by ellip-
soid, proteinaceous structures of different electron density, and the endomysium is intact; H Electron-light 
proteinaceous structures filled with similar material adjacent to degraded myofibrils. ac, actin; at, axon ter-
minal; cn, coagulative necrosis; d, degraded myofibrils; em, endomysium; ft, fast-twitching myofibrils; mt, 
mitochondrion; my, myosin; nt, neurotransmitters; ntv, neurotransmitter vacuole; r, ribosomes; sm, post-
synaptic membrane; sp, sarcoplasm; st, slow-twitching myofibrils; T, T-tubule; t, triad. Scale bars: C, D 
500 nm; B, H 1 mm; A, F 2 mm; E, G 5 mm
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boundaries, ultimately resulting in degraded fibers (Fig.  3H). The ellipsoid aggregating 
structures initially encompass some electron-light material, but as the process progresses, 
they become vacuolated (Fig. 3G and H). T-tubules and myocyte triads are not observed, 
although the endomysium is clearly present. In selected sections, no bacterial cells were 
observed.

Alpha and Beta‑diversity of larval bacterial communities

The alpha diversity of bacterial communities was assessed using the Kruskal–Wallis test, 
and changed throughout larval development, with Observed and Shannon indices showing 
a general decrease from 0 to 16 dph (Fig. 4). While both indices were statistically similar 
between 0 and 1 dph, they sharply declined by 16 dph. The 16 dph differed from all other 
time points in alpha diversity, but 8 dph differed from 0 and 1 dph in Shannon index.

Beta-diversity visualized in PCoA showed that PCoA1 and PCoA2 accounted for 38.8% 
and 17.5% of the variation, respectively, indicating that larval bacterial communities dif-
fered significantly from one another. There were significant differences (p = 0.004) at the 
genus level among bacterial communities across 0–16 dph larvae (Fig. 5). Pairwise com-
parisons indicated the strongest differences in community dispersion between 1 and 16 dph 
(p = 0.007), and between 8 and 16 dph (p = 0.011).

The taxonomic composition of bacterial communities associated with P. ornatus larvae 
changed measurably over time. At the family level, larvae at 0 dph were dominated by 
Haliscomenobacteraceae (17.0%) and Vibrionaceae (22.5%). By 1 dph, Roseobacteraceae 
(26.0%) and Flavobacteriaceae (11.6%) became most abundant. At 8 dph, the community 
was strongly dominated by Vibrionaceae (71.6%), before shifting again to Flavobacte-
riaceae (82.6%) at 16 dph (Fig. 6A, Supplement Table 1).

At the genus level, Portibacter (11.5%) and Phaeodactylibacter (5.5%) characterized 
larvae at 0 dph. By 1 dph, Ruegeria (11.9%), Alteromonas (9.9%), and Marinibactrum 
(8.8%) were more abundant. Vibrio dominated at 8 dph (71.6%), while Aquimarina became 
overwhelmingly dominant at 16 dph (82.5%) (Fig. 6B, Supplement Table 1).

Fig. 4   Barplot showing comparisons of alpha diversity indices of bacterial communities associated with 
Panulirus ornatus larvae (0–16 dph), based on five biological replicates per stage (n = 5). A Observed rich-
ness, and (B) Shannon diversity index as an estimate for species abundance. Bar heights represent the mean 
values, with error bars indicating standard deviation (SD). Asterisks (*) denote statistically significant dif-
ferences between groups, *p < 0.01, **p < 0.001; ns, no significant differences
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Correlation network patterns of larval bacterial communities

The network analysis revealed a complex web of interactions among bacterial communi-
ties across all larval stages (0–16 dph). The families Vibrionaceae and Flavobacteriaceae 
emerged as key taxa (− 0.68) (Fig. 7). Vibrionaceae showed a direct and strong negative 
correlation with several bacterial families, including Rhodobacteraceae (− 0.31), Roseo-
bacteraceae (− 0.31), and Alteromonadaceae (− 0.18), but positive correlation with Pseu-
doalteromonadaceae (+ 0.48) and Colwelliaceae (+ 0.39) (Fig. 7). Flavobacteriaceae also 
displayed direct negative associations with Alteromonadaceae (− 0.35), Oceanospirillaceae 
(− 0.59).

Unique and shared bacterial taxa across broodstock, larvae, and the rearing 
environment

Larvae shared taxa with both broodstock and the rearing environment across 0–16 dph, 
highlighting potential microbial sources (Fig. 8). At 0 dph, larvae shared more taxa with 
broodstock (n = 282) and rearing water (n = 129), including Aquimarina sp., Ruegeria sp. 
AD91A and Shimia sp. (Supplement Table 2). Larvae at 0 dph had the greatest number of 

Fig. 5   Principal coordinate analysis (PCoA) showing similarity in Panulirus ornatus larval bacterial com-
munities (0–16 dph, n = 5) at the genus level
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unique taxa (n = 192) compared with 1–16 dph larvae (Fig. 8). At 1 dph, larvae exhibited 
the highest number of taxa and acquired for the first time, taxa shared with tank biofilm 
(n = 131), skimmer (n = 155), and feed (n = 104) (Fig. 8). Following 1 dph, the total number 
of bacterial taxa on larvae generally decreased from 704 at 1 dph to 95 at 16 dph (Fig. 8). 
Similarly, the number of bacterial taxa found on larval samples and shared with broodstock 
and the environment also decreased with time. At 1 dph, larvae, water, and feed shared 
69 taxa, including Aquimarina sp., Vibrio sp., and Alteromonas sp. (Supplement Table 2). 
Bacterial abundance decreased after 1 dph; at 8 dph, larvae mostly shared bacteria with 
water (n = 91) and the surface skimmer (n = 86), with Vibrio sp., Pseudoalteromonas sp., 
and Phaeobacter sp. being the most abundant (Supplement Table 2). Larvae at 16 dph had 
the lowest number of unique bacterial species (n = 4), with a total of six species shared in 
all groups, including Aquimarina sp., Vibrio sp., Alteromonas sp., Laceyella sp., Neptunii-
bacter sp., and Tateyamaria sp. (Supplement Table 2).

Bacteria composition across broodstock, phyllosoma and surrounding 
environments

The beta diversity metrics illustrate different clustering patterns and significant differences 
between broodstock, larvae, and the environment. At 0 dph, all bacterial communities clus-
tered separately (p = 0.07) (Fig. 9). At 1 dph, the larval bacterial communities were similar to 
feed samples (p = 0.372), however, significant differences were detected among samples from 
the other rearing environments (p = 0.02; Fig. 9B). At dph 8, larval bacterial communities dif-
fered significantly from the environment (p = 0.04; Fig. 9C). By 16 dph, bacterial communities 
were widely distributed along both axes, with larvae and environmental samples positioned 
distinctly from other sources (p = 0.02; Fig. 9D).

LEfSe analysis identified key bacterial taxa differentiating sample groups, with several taxa 
exceeding the LDA score threshold of 6.0 (Fig. 10). The genera included Vibrio, Aquimarina, 
Ruegeria, Neptuniibacter, Aquihabitans, Shimia, and Marinibactrum. Vibrio was most abun-
dant in 8 dph larvae and was further significantly elevated above levels for the rearing environ-
ment at the same time point (Fig. 10). Additionally, Vibrio was more abundant in 0 dph larvae, 
and 8 dph and 16 dph feed. Notably, Aquimarina was significantly more enriched in larval 
samples compared to the rearing environment, particularly at 16 dph (Fig. 10). Ruegeria was 
predominantly enriched in early stages of larval rearing (0–1 dph) and was significantly ele-
vated in rearing water and biofilms (Fig. 10). In contrast, Shimia and Marinibactrum were pri-
marily found in 1 dph feed, biofilm, and larvae-associated environments. Genera Spongiibac-
ter, Thalassococcus, Phaeobacter, and Maritalea were present in lower abundance across all 
samples but showed higher enrichment in 1 dph larvae and environment-associated bacteria.

Discussion

Understanding the bacterial dynamics associated with larval disease in P. ornatus cultured 
within a research hatchery operating a commercial-scale system is crucial for improving 
system design, husbandry practices, and larval survival. This longitudinal study examined 

Fig. 6   Relative abundance of major bacterial communities at (A) family level, and (B) genus level associ-
ated with Panulirus ornatus larvae (0–16 dph, n = 5). Data are represented by more than 1% of the reads in 
at least one sample, with other reads grouped into “others classification”

▸
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Fig. 7   Correlation network analysis of Panulirus ornatus larvae bacterial communities at the family level 
across 0–16 dph, n = 5. Edges represent significant pairwise correlations based on Spearman’s rank analy-
sis. Positive correlations are shown in orange (co-occurrence), and negative correlations in blue (mutual 
exclusion)

Fig. 8   Number of shared and unique operational taxonomic units among Panulirus ornatus larvae and sur-
rounding environments across 0–16 dph, calculated at the species level. Sample sizes were as follows: at 
0 dph: larvae (n = 5 per stage); broodstock (n = 3, for 0 dph only); water (n = 3); biofilm (n = 3); skimmer 
(n = 3); and feed (n = 3)
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Fig. 9   Beta diversity of Panulirus ornatus larvae, broodstock, and rearing environment (water, feed, surface 
skimmer, biofilm) across 0–16 dph. A 0 dph (larvae: n = 5; broodstock: n = 3; water: n = 3); B 1 dph (larvae: 
n = 5; biofilm, water, feed, and skimmer: n = 3 each); C 8 dph (larvae: n = 5; biofilm, water, feed, and skim-
mer: n = 3 each); and (D) 16 dph (larvae: n = 5; biofilm, water, feed, and skimmer: n = 3 each)

Fig. 10   Linear discriminant analysis effect size (LEfSe) performed on the bacterial community relative 
abundance of Panulirus ornatus larvae, broodstock, and rearing environment between 1 and 16 dph
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the composition, succession, and interactions of bacterial communities throughout early 
larval development and at the onset of WLD, as well as the gross and ultrastructural 
pathology associated with the disease. This study shows that dysbiosis and increased 
relative abundance of potentially pathogenic taxa are associated with disease onset in 
cultured lobster larvae.

The composition and diversity of microbial communities are critical for maintaining 
physiological balance and disease resistance in aquatic animals. A stable bacterial 
community has been proposed to support host health and disease resistance (Cassol et al. 
2025; Xiong et  al. 2017). In contrast, a reduction in bacterial diversity often reflects 
a dysbiosis state and may indicate increased disease susceptibility, potentially due to 
the loss of beneficial or antagonistic bacterial taxa (Xiong et  al. 2018b). We observed 
a significant decline in bacterial alpha diversity between 0 and 1 dph and 8 and 16 dph, 
coinciding with the onset and increased incidence of WLD in P. ornatus larvae. While this 
may be indicative of a disease-associated microbial shift, a controlled experiment should 
elucidate whether a naturally occurring maternal-to-environmental bacteria succession 
could have contributed to the observed shift in larvae. The early loss of diversity at 
1 dph may reflect rapid environmental filtering following hatching and transfer into the 
rearing system, rather than an early disease-specific signal. This temporal shift and the 
peak in WLD within the system suggest an association between alterations in community 
structure and disease. Similar associations between reduced bacterial diversity and disease 
have been reported in other aquaculture species infected with bacterial diseases, such as 
furunculosis in the largemouth bronze gudgeon (Coreius guichenoti) (Li et al. 2016) and 
acute hepatopancreatic necrosis disease (AHPND) in the white leg shrimp (Litopenaeus 
vannamei) (Cassol et al. 2025; Xiong et al. 2018a, 2017).

The species composition (beta diversity) changed with larval development and the 
onset of WLD in P. ornatus. At 0–1 dph, larval bacterial communities were dominated 
by Roseobacteraceae, Alteromonadaceae, and Haliscomenobacteraceae, which have 
been previously reported to be associated with host-associated functions, although their 
function in this system remains uncertain. Roseobacteraceae and Alteromonadaceae are 
commonly found in the hepatopancreas and gut of lobster, some members of which are 
known to contribute to organic compound degradation and bioactive substance production, 
potentially supporting digestion in lobsters (Feinman et al. 2017; Ooi et al. 2023). Members 
of the family Haliscomenobacteraceae are commonly associated with biofloc technology 
systems, contributing to biofloc formation, nutrient cycling, and water purification (Lu 
et  al. 2022; Rajeev et  al. 2024). Members of the genera within the Alphaproteobacteria 
(Shimia spp., Phaeobacter spp., Ruegeria spp.) were most abundant during early larval 
stages. Alphaproteobacteria are strongly represented in bacterial assemblages of wild P. 
ornatus phyllosoma, and some species display antagonistic activity against pathogenic 
vibrios in cultured phyllosoma (Goulden et al. 2013; Payne et al. 2008). Shimia spp. are 
known to contribute to bacterial stability, biofilm formation, osmoregulation and protein 
metabolism, thereby potentially supporting early larval nutrition and survival (Hyun et al. 
2013; Zhang and Sun 2022). Phaeobacter spp. are commonly associated with microalgae 
and zooplankton and produce the antibacterial compound tropodithietic acid. It is known to 
enhance host survival (i.e., fish eggs and larvae) and the viability of feed (rotifers, Artemia) 
(Dittmann et  al. 2020; Sonnenschein et  al. 2021). In the hindgut and hepatopancreas of 
juvenile palinurids, bacterial communities often include Ruegeria spp., which may enhance 
host resilience by deterring opportunistic pathogens, cycling sulfur and carbon, and forming 
protective biofilms (Ooi et al. 2023; Pereyra et al. 2025). Moreover, in probiotic screening 
experiments, Ruegeria spp. were among the isolates antagonistic toward the pathogenic 
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V. owensii, highlighting their potential as beneficial candidates in lobster larviculture 
(Goulden et  al. 2012b). Additionally, Portibacter spp., a genus within the Bacteroidetes 
found in saline habitats and early jellyfish stages, was prevalent during the first few days 
and may be contributing to early bacterial stability (Peng et al. 2023; Yoon et al. 2012). 
Importantly, the bacterial composition observed at 0 dph could be interpreted as a “typical 
or baseline,” resulting from the balance between the maternally retained microbiota and the 
contemporarily colonizing environmental bacteria sourced from the rearing system.

With the onset of WLD and mortality of P. ornatus larvae, we observed a significant 
shift in the bacterial community structure. Members of the Vibrionaceae, including the 
genus Vibrio, were constant in the larval bacterial communities throughout the sampling 
period. However, they became dominant at the early onset of the disease (8 dph), 
followed by a further transition to Flavobacteriaceae, particularly Aquimarina at 16 dph. 
These families are strongly associated with disease outbreaks in aquaculture, inducing 
septicaemia and tissue necrosis in crustaceans and fish (de Souza Valente and Wan 2021; 
Vandeputte et  al. 2024). Some members of the genus Vibrio are well documented as 
opportunistic or primary pathogens in aquaculture, associated with vibriosis in species 
such as tiger prawn (Penaeus monodon) and crabs (Brachyura spp.) (Arunkumar et  al. 
2020; de Souza Valente and Wan 2021; Kim and Lee 2014). Furthermore, several species 
of Vibrio have been linked to lobster diseases; V. owensii in P. ornatus, V. harveyi, which 
causes hepatopancreatic necrosis in Caribbean spiny lobster (Panulirus argus) and eastern 
rock lobster (Sagmariasus verreauxi), and V. alginolyticus and V. damsela, which act as 
opportunistic pathogens and are associated with disease under stress conditions (Diggles 
et al. 2000; Goulden et al. 2012a; Raissy et al. 2011; Rose et al. 2024). Some members of 
the Flavobacteriaceae are also associated with a range of economically damaging diseases 
in aquaculture, such as white faeces syndrome (WFS) in shrimp, columnaris in channel 
catfish (Ictalurus punctatus) and rainbow trout (Oncorhynchus mykiss), and ulcerative 
disease in Atlantic salmon (Salmo salar) (Avendaño-Herrera et  al. 2006; Declercq 
et  al. 2013; Kurniawinata et  al. 2022). The genus Aquimarina was consistently detected 
throughout lobster development but was dominant during the disease peak. Strains within 
Aquimarina species have been shown to be causative agents of WLD in P. ornatus and 
scyllarid larvae, and cuticular diseases in American lobster (Homarus americanus) 
(Chistoserdov et  al. 2012; Ooi et  al. 2020). This temporal succession from beneficial to 
pathogenic taxa may reflect a destabilising process in the bacterial community. Significant 
changes in beta diversity across time points indicate increasing community instability, 
which may serve as a precursor to WLD onset in P. ornatus larvae.

Drivers of bacterial community shifts and the pathogenesis of WLD in P. ornatus 
larvae appear to arise from a complex interplay of several factors. At 0 dph, the larval 
bacterial community closely resembled those of the water and broodstock pleopods, 
suggesting possible maternal transmission in the latter case. However, this signal is likely 
confounded by immediate post-hatch environmental exposure, and the 0 dph communities 
may therefore represent a transitional microbiome influenced by both environmental 
and maternal sources. This pattern is also observed in the swimming crab (Portunus 
trituberculatus), where Rhodobacteraceae and Flavobacteriaceae are transmitted from 
broodstock to zoea (Sun et  al. 2025). Furthermore, frequent moulting in crustaceans 
triggers metabolic and immune shifts that may destabilize the bacterial community, 
allowing opportunistic colonizers to dominate (Liu et  al. 2022; Yuan et  al. 2022; Zhang 
et al. 2021). In this study, the effects of moulting on bacterial community dynamics were 
likely overshadowed by the severe WLD outbreak, which may also have impaired the 
typical progression of moulting. Disruption during these periods can compromise bacterial 
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homeostasis and increase susceptibility to infection (Lin et  al. 2024; Liu et  al. 2022). 
However, from 1 to 16 dph, larval communities shifted, sharing bacteria with the rearing 
water, tank biofilm, and, especially, feed, highlighting a shift in detected bacterial sources 
from the early broodstock-associated to environmentally driven communities, reflecting 
colonization dynamics and environmental function in the rearing system. This mode of 
acquisition may increase the risk of dysbiosis, as environmental reservoirs can harbour 
opportunistic or fast-growing taxa (Egan and Gardiner 2016; Meres et al. 2012). Between 
8 and 16 dph, coinciding with clinically apparent WLD, larval bacteria exhibited reduced 
diversity and succession towards Vibrio and Aquimarina dominance. Interestingly, we 
found a strong negative association between Vibrionaceae and Flavobacteriaceae, which 
suggests a structured ecological association between these taxa (Kern et al. 2021). Vibrio 
spp., as r-strategists, may exploit nutrient surges during moulting by producing enzymes 
that degrade chitin and mucus, and may be associated with dysbiosis by increasing 
population density and coordinating gene expression via quorum sensing (a cell-density-
dependent signalling mechanism) (de Souza Valente and Wan 2021; Sharma and Gandhi 
2024). The dysbiosis state may weaken host defences and further alter microbial stability 
(de Souza Valente and Wan 2021). Moreover, Vibrio can be positively associated with 
other fast-growing taxa, such as Marinobacteraceae and Oceanospirillaceae, potentially 
reflecting shared environmental responses rather than direct interactions (Hammerl et al. 
2022; Nikolova and Gutierrez 2023; Speck and Donachie 2012; Zhang et al. 2023). In a 
dysregulated ecosystem, Aquimarina may exploit ecological niches through antagonistic 
traits, including enzyme production, adhesion, biofilm formation, and antimicrobial 
synthesis, which likely contribute to its persistence and relative dominance (Silva 
et  al. 2022; Zhang et  al. 2019; Zhu et  al. 2022). Notably, Aquimarina was detected in 
broodstock, 0 dph larvae, rearing water, and consistently in feed samples across all time 
points (1–16 dph), indicating both maternal transmission and continuous acquisition from 
environmental sources. Its sustained presence in feed and rearing water suggests these 
may act as reservoirs, potentially contributing to the community shifts observed during 
WLD progression. However, its presence at low abundance in 0 dph larvae and consistent 
detection in feed and water suggests it may also function as an environmental opportunist 
that blooms under conditions of host stress and community destabilization. This pattern 
mirrors disease dynamics in other species. For example, in L. vannamei, Vibrio spp. levels 
in rearing water parallel those in infected shrimp during white faeces syndrome outbreaks 
(Kurniawinata et  al. 2022), whereas in turbot (Scophthalmus maximus), environmental 
sources shape the gut communities and larval survival (Gómez and Balcázar 2008). 
Furthermore, bacteria may also positively or negatively correlate due to indirect reasons, 
based on their environmental preferences (Weiss et al. 2016). In microbial communities, 
positive or negative correlations may arise from shared environmental preferences, 
habitat differentiation, or host-associated niche partitioning (Faust and Raes 2012; 
Lima-Mendez et  al. 2015; Steele et  al. 2011). Therefore, it is possible that the observed 
negative association between Vibrionaceae and Flavobacteriaceae reflects ecological niche 
differentiation or other responses to environmental and host conditions during disease 
progression, rather than just direct competitive exclusion.

Finally, ultrastructural changes observed during the clinical signs of WLD were 
predominantly coagulative necrosis. This type of lesion is not specific to WLD and can be 
associated with infectious myonecrosis virus, Penaeus vannamei nodavirus (PvNV), and 
Vibrio spp. infections, often combined with environmental stressors. PvNV is an exotic 
disease in Australia that affects L. vannamei. Unlike our findings, it is usually accompanied 
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by haemolytic infiltration, viral inclusions in affected cells, and fibrosis (Huang et  al. 
2016). Bacterial muscle necrosis caused by Vibrio also results in infiltration of haemocytes 
into the muscle tissue, along with melanosis, muscle necrosis, and the presence of 
Gram-negative rods in the tissues (Intriago et  al., 2024). The previous histopathological 
examination of white-leg diseased larvae showed proliferation of Aquimarina spp. beneath 
the chitinous cuticle of the pereiopods (Ooi et al. 2020), whereas this study did not observe 
bacterial cells or hemocytes. The reason may be that the earlier study involved an in vitro 
experimental challenge of older phyllosoma (16 dph) with a pure culture of Aquimarina 
spp. Alternatively, the necrotic changes could have resulted from Aquimarina colonizing 
the pereiopod’s periphery and subsequent toxin production, thereby inducing myocyte 
damage in the absence of direct bacterial contact. An experimental challenge with a 
longitudinal sample collection would further elucidate WLD pathogenesis.

These findings reinforce that bacterial colonization in P. ornatus is not solely mater-
nal/vertically acquired but is continuously shaped by environmental bacteria. Persistent 
exposure to unstable or pathogenic communities may predispose larvae to dysbiosis and 
the emergence of diseases such as WLD. White leg disease may reflect a stepwise pro-
cess in which bacterial imbalance is associated with shifts in community structure, fol-
lowed by increased representation of opportunistic taxa. This progression exemplifies a 
complex pathogenic model in which early microbiome disruption facilitates the sequen-
tial or synergistic actions of multiple bacterial taxa rather than a single pathogen and 
ultimately results in pathogen dominance and disease expression (Johnke et  al. 2020; 
Kern et al. 2021; Stubbendieck et al. 2016).

This study was conducted under commercial-scale production conditions rather than 
controlled laboratory settings, which may introduce environmental variability and limit 
direct comparisons. Furthermore, the high mortality associated with the outbreak precluded 
the inclusion of contemporaneous healthy controls. Consequently, although significant 
shifts in alpha and beta diversity were observed during disease progression, these changes 
cannot be attributed exclusively to WLD and may also reflect broader host stress responses, 
declining physiological condition, or mortality-associated microbial succession. Therefore, 
the observed microbial community changes should be interpreted as being associated with 
disease progression during the outbreak rather than as definitive disease-specific signatures. 
Establishing a defined healthy baseline and incorporating appropriate control groups under 
control conditions would improve interpretation of bacterial dynamics and strengthen 
causal inference in future work. In addition, future studies incorporating measurements 
of feed-biofilm formation would provide a more comprehensive understanding of feed-
associated microbial dynamics and disease progression. Finally, the DNA extraction 
method using a high-salt lysis buffer may be less efficient for Gram-positive taxa with 
thick cell walls; therefore, future studies could consider more robust extraction approaches, 
such as mechanical disruption or optimized commercial kits, to improve microbial 
representation.

Conclusion

This study reveals that larval bacterial communities undergo significant shifts during 
the WLD outbreak in the commercial-scale lobster rearing system, with declining alpha 
diversity and fluctuating beta diversity indicating progressive bacterial destabilization. 
During the moulting process, larvae become physiologically vulnerable and more 
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susceptible to opportunistic infections. Early dominance by genera such as Vibrio, 
Portibacter, Shimia, and Alteromonas is replaced by a sudden increase in Vibrio and 
Aquimarina at 8 and 16 dph, respectively, preceding WLD onset. The observed bacterial 
succession from Vibrionaceae to Flavobacteriaceae, particularly Aquimarina, suggests 
potential bacterial interactions and shifts in community structure. These findings highlight 
the importance of maintaining bacterial balance to support a healthy aquaculture system 
and demonstrate that early bacterial disruption can facilitate disease emergence.
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