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A B S T R A C T

The Norway lobster (Nephrops norvegicus) is a high-value seafood product with limited shelf-life under chilled 
storage. This study investigated microbial succession and spoilage dynamics during ice storage (0 ◦C, 16 days) 
using an integrated multi-omics approach combining sensory assessment (Quality Index Method), physico
chemical indicators (muscle pH and K-value), culture-dependent microbiology, absolute bacterial load quanti
fication (16S rRNA qPCR), 16S rRNA gene amplicon sequencing and shotgun metagenomics.

Quality deterioration was characterised by progressive increases in sensory scores, nucleotide degradation and 
muscle pH, with rejection occurring at day 7. This transition coincided with a marked increase in bacterial load 
following an initial lag phase (days 0-5), indicating a critical shift in spoilage progression. Amplicon sequencing 
revealed a transition from a diverse early community (days 0-3) to a Proteobacteria-dominated assemblage from 
day 5 onwards, driven by increases in Moritella, Pseudoalteromonas and Aliivibrio. Metagenomic analysis further 
resolved these dynamics at species-level resolution and identified a limited number of dominant taxa associated 
with mid-to late-stage spoilage.

The convergence of sensory rejection, physicochemical changes and microbial restructuring identifies a mid- 
storage tipping point in spoilage development. By integrating multi-omics with established quality indicators, 
this study links microbial succession to measurable spoilage outcomes. The dominant taxa are consistent with 
known spoilage-associated activities, including proteolysis and off-odour production, while highlighting Moritella 
as a potential contributor in crustacean spoilage. These findings provide a temporal framework for spoilage 
progression in N. norvegicus and inform targeted strategies for shelf-life management.

1. Introduction

Advances in high-throughput sequencing have transformed our un
derstanding of food spoilage microbiology by enabling culture- 
independent profiling of entire microbial communities within complex 
food ecosystems. The application of these technologies has marked the 
emergence of the ‘FoodOmics’ era (Anagnostopoulos et al., 2022). 
Among these approaches, amplicon-based 16S rRNA gene sequencing 
has become a cost-effective, high-throughput tool for in-depth 

characterisation of microbial dynamics in seafood spoilage studies 
(Odeyemi et al., 2019; Parlapani et al., 2020). Moreover, shotgun 
whole-genome metagenomics provides higher taxonomic resolution and 
enables exploration of the functional potential of spoilage-associated 
taxa (Sequino et al., 2024). Integrating multiple omics tools facilitates 
a more holistic understanding of spoilage processes by enabling the 
identification of microbial interactions and functional genes potentially 
responsible for organoleptic deterioration (Cocolin et al., 2018). 
Consequently, recent research has emphasised the importance of 
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longitudinal, integrative approaches that link sensory quality, 
biochemical freshness indices and microbial community dynamics over 
time.

Such approaches are particularly relevant for seafood products given 
their inherent perishability. As recently reviewed by Wang and Zheng 
(2025), seafood products are prone to rapid spoilage due to high mois
ture content that favours bacterial proliferation, low connective tissue 
levels that render proteins susceptible to enzymatic degradation, 
elevated levels of free amino acids and non-protein nitrogenous com
pounds and a low to neutral muscle pH. Furthermore, seafood products 
are shipped internationally, and many serve high-value markets. This is 
the case for Norway lobster (Nephrops norvegicus), also marketed as 
langoustine, scampi or Dublin Bay prawn, which represents one of the 
most valuable fisheries in the UK (annual value > £100 million) and 
across Europe (MMO, 2025). Although it holds high commercial value 
and strong consumer preference for whole fresh products in interna
tional markets, N. norvegicus is highly perishable (Gornik et al., 2013). 
This short shelf-life imposes significant logistical and economic con
straints across the supply chain and contributes substantially to product 
losses.

Post-harvest spoilage of N. norvegicus is driven by a combination of 
biochemical reactions (e.g. enzymatic activity and oxidation) and mi
crobial activity. Following death, autolytic enzymes catalyse the 
degradation of adenosine triphosphate (ATP) into lower nucleotide ca
tabolites, resulting in progressive losses in flavour, odour and texture 
that are reflected in biochemical freshness indices such as the K-value 
(Albalat et al., 2011). Concurrently, melanosis develops through the 
action of polyphenol oxidase on tyrosine and related phenolic sub
strates, leading to the formation of melanin and visible blackening of the 
carapace (Coates and Albalat, 2014; Rolle et al., 1991). Although 
melanosis is primarily an aesthetic defect, it markedly accelerates con
sumer rejection and reduces marketability. Thus, several liquid-based 
antimelanotic treatments have been developed to preserve visual qual
ity (Martı'nez-Alvarez et al., 2007). While these treatments can effec
tively delay colour changes, they do not prevent microbial spoilage, 
which ultimately determines sensory shelf life under iced storage.

Microbial spoilage is the dominant cause of quality loss in chilled 
seafood products. The nutrient-rich composition, high water activity 
and pH of crustacean muscle provide ideal conditions for bacterial 
growth. Spoilage is typically driven by specific spoilage organisms 
(SSOs) that are selectively favoured by cold storage conditions and 
whose metabolic activity generates volatile compounds responsible for 
off-odours, slime formation and flavour defects (Gram and Dalgaard, 
2002). In N. norvegicus, culture-based studies have implicated psychro
tolerant marine Gammaproteobacteria such as Photobacterium, Pseu
doalteromonas, Pseudomonas and Psychrobacter as key spoilage organisms 
(Boziaris et al., 2011; Gornik et al., 2011). However, these approaches 
capture only the culturable fraction of the microbiome and may un
derestimate the complexity and succession of spoilage communities 
(Cao et al., 2017). In addition, previous studies have largely relied on 
single-method approaches or have not integrated microbial community 
dynamics with quantitative spoilage indicators over time, limiting the 
ability to define biologically meaningful transition points in spoilage 
progression. Therefore, an in-depth understanding of critical spoilage 
transitions and the taxa dominating each phase is essential for the 
rational development of targeted preservation strategies, including 
emerging biological interventions such as bacteriophages (Artawinata 
et al., 2023).

In this study, we applied an integrated experimental framework to 
characterise spoilage development in N. norvegicus during ice storage. By 
combining sensory assessment, physicochemical indicators, culture- 
dependent microbiology, absolute bacterial load quantification, 16S 
rRNA gene amplicon sequencing and shotgun metagenomics, we aimed 
to resolve microbial succession across multiple biological scales. Spe
cifically, we sought to identify critical transition points in spoilage 
progression and define the dominant taxa associated with this shift at 

species-level resolution. This approach provides an integrated temporal 
framework linking microbial dynamics with measurable spoilage out
comes in a high-value crustacean system.

2. Materials and methods

2.1. Ethics statement

This study was conducted in accordance with the United Kingdom 
Animals (Scientific Procedures) Act. All experimental procedures were 
approved by the University of Stirling Animal Welfare and Ethical Re
view Body (AWERB approval number: 2022 7912 6319).

2.2. Experimental design and sampling protocol

A time-controlled ice storage experiment was conducted to investi
gate bacterial spoilage dynamics in N. norvegicus. A total of 120 lobsters 
were captured by a commercial otter trawl in the Clyde Sea area, Scot
land, UK (55◦36′39.0″ N, 4◦52′59.4″ W; depth 60-80 m). Trawling was 
carried out using the commercial vessel Eilidh Anne, equipped with a 
single hopper trawl net with a nominal cod-end mesh size of 80 mm, 
towed at approximately 2 knots for ~2 h. Animals were brought on 
board at approximately 17:00.

Following capture, animals were washed with running seawater and 
stored in crates without water or ice, in accordance with standard 
commercial practice, with an estimated catch-to-landing time of ~1 h. 
No anti-melanotic treatments were applied. Upon landing, animals were 
packed individually in polyethylene bags and stored on ice in insulated 
polystyrene boxes. Boxes were transported to the University of Stirling, 
Scotland, UK within 2 h and maintained in a temperature-controlled 
cold room at 4 ◦C for up to 16 days. Ice levels were checked daily and 
replenished every second day. All boxes were handled and packed 
identically to minimise variability in storage conditions. This controlled 
storage design minimised handling variability and enabled the first 
high-resolution characterisation of spoilage-associated microbial suc
cession in Nephrops norvegicus under ice-storage conditions.

On visual inspection, animals appeared healthy with no obvious le
sions or abnormalities. Mean carapace length was 37.7 ± 3.6 mm, with a 
sex ratio of 32% males and 68% females; 42% of individuals were soft- 
shelled and 58% hard-shelled.

Animals were sampled immediately after removal from cold storage 
on days 0, 1, 3, 5, 7, 10, 13 and 16. At the first two sampling points (days 
0 and 1), animal responsiveness was assessed by mechanical stimulation 
of the mouthparts prior to sampling, and animals were subsequently 
killed by splitting, involving destruction of the main ganglia, prior to 
further processing. At each time point, 14 individuals were randomly 
selected. From these, seven animals were randomly assigned to each of 
two complementary sampling protocols (sampling protocols A and B), 
designed to allow parallel microbiological, molecular, physicochemical 
and sensory analyses.

Sampling protocol A focused on culture-dependent and DNA-based 
microbiological analyses. Tail muscle (abdominal flexor muscle) was 
sampled aseptically. Samples were used for determination of total viable 
counts (TVC) using plate-based methods (n = 3 per time point), bacterial 
16S rRNA gene quantification by qPCR (n = 7 per time point), 16S rRNA 
gene amplicon sequencing and whole-genome shotgun metagenomic 
sequencing. Samples for molecular analyses were preserved in DNA/ 
RNA Shield (Zymo Research, USA) and stored at − 20 ◦C until 
processing.

Sampling protocol B focused on quality assessment and physico
chemical measurements. Whole-animal sensory evaluation was per
formed using the Quality Index Method (QIM), except at day 0. 
Following sensory assessment, tail muscle samples were collected for the 
determination of muscle pH and nucleotide degradation products, 
expressed as K-values.
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2.3. Sensory assessment

Sensory quality of raw N. norvegicus (n = 7 per sampling day) was 
evaluated using the Quality Index Method (QIM), following the scheme 
developed by Gornik et al. (2013). The assessment was based on changes 
in odour and appearance of the dorsal and ventral aspects of the claws, 
the dorsal aspect of the cephalothorax (including the eyes), and the 
dorsal and ventral tail. Five sensory attributes were scored using a 
four-point demerit scale (0-3), with increasing scores indicating pro
gressive loss of freshness. Prior to assessment, samples were equilibrated 
to room temperature. Sensory evaluation was performed at each sam
pling time point except day 0.

2.4. Physicochemical analyses of tail muscle

2.4.1. Muscle pH
Muscle pH was measured using abdominal flexor muscle samples 

(n = 7 per sampling day). Approximately 1 g of tissue per sample was 
homogenised in distilled water at a ratio of 1:10 (w/v), following Chiou 
and Huang (2004). Homogenisation was performed using an 
Ultra-Turrax homogeniser (IKA-Werke, Germany), and pH was 
measured using a calibrated glass-bodied pH meter (Jenway, Model 
3505, UK).

2.4.2. ATP and nucleotide degradation products (K-values)
Nucleotide extraction and analysis were performed on tail muscle 

samples (n = 7 per sampling day) to assess freshness using K-values. 
Nucleotide extracts were prepared as described by Ryder (1985) and 
analysed as described in Albalat et al. (2009). Standard curves were 
prepared using adenosine 5′-triphosphate (ATP), adenosine 5′-diphos
phate (ADP), adenosine 5′-monophosphate (AMP), inosine 5′-mono
phosphate (IMP), inosine (HxR) and hypoxanthine (Hx) standards 
(Sigma-Aldrich, UK). K-values were calculated according to Saito et al. 
(1959): 

K-value (%)=100 ×
(HxR + Hx)

(ATP + ADP + AMP + IMP + HxR + Hx)

2.5. Microbiological analysis of tail muscle

Total viable counts (TVC) were determined from tail muscle samples 
to quantify bacterial load during ice storage. Isolated tails (n = 3 per 
sampling day) were surface-sterilised, and a portion of abdominal flexor 
muscle (0.4-1.0 g) was aseptically transferred to sterile stomacher bags. 
Samples were homogenised in sterile saline solution water (SSW) con
taining 0.1% bacteriological peptone (Difco™, BD, USA) at a ratio of 
1:10 (w/v) using a Seward Stomacher® (Biomaster 80, Seward Ltd., 
UK), with two homogenisation cycles of 2 min at high speed. Homoge
nates were serially diluted in SSW, and 100 μL aliquots were spread- 
plated in triplicate onto tryptic soy agar supplemented with 2% (w/v) 
NaCl (TSA + 2% NaCl; Oxoid, UK). Plates were incubated at 22 ◦C for 48 
h, and bacterial counts were recorded as colony-forming units per gram 
of muscle (cfu g− 1). Colonies were enumerated using a Stuart™ colony 
counter (DWK Life Sciences, UK). Representative colonies were selected 
for identification using matrix-assisted laser desorption/ionisation time- 
of-flight mass spectrometry (MALDI-TOF MS). Selected isolates were 
further characterised by 16S rRNA gene Sanger sequencing to confirm 
taxonomic affiliation.

2.6. Molecular analysis of tail muscle

2.6.1. DNA extraction and quantification
DNA was extracted from tail muscle samples (n = 7 per sampling 

day) using the E.Z.N.A.® Tissue DNA Kit (Omega Bio-Tek Inc., USA), 
following the manufacturer's instructions with minor modifications. 
Samples were homogenised using a bead beater homogeniser (Mini- 

Beadbeater 24, USA). To enhance DNA recovery from Gram-positive 
bacteria, homogenised samples were incubated at 95 ◦C for 10 min 
prior to the lysis step, as described by Elsheshtawy et al. (2023). DNA 
was eluted from the HiBind® DNA mini columns using the elution buffer 
supplied with the kit. DNA purity and concentration were initially 
assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher 
Scientific, Gloucester, UK), and DNA concentrations were subsequently 
confirmed using a Qubit 2.0 fluorometer (Thermo Fisher Scientific, 
USA).

2.6.2. Bacterial 16S rRNA quantification
Bacterial load in the abdominal flexor muscle of N. norvegicus (n = 7 

per sampling day) was quantified by absolute quantitative PCR (qPCR) 
targeting the bacterial 16S rRNA gene, following the method described 
by Clokie et al. (2022). The V3-V4 region of the 16S rRNA gene was 
amplified in the DNA samples using the forward primer 314F and the 
reverse primer 805R and a FAM-labelled minor groove binder (MGB) 
TaqMan probe (Supplementary Table S1). qPCR reactions were per
formed in triplicate using SensiFAST™ Probe Lo-ROX Mix (Bioline, UK) 
on an Mx3005P real-time qPCR system (Agilent Technologies, Stra
tagene, USA). Thermal cycling conditions consisted of an initial dena
turation at 95 ◦C for 10 min, followed by 40 cycles of denaturation at 
95 ◦C for 30 s and annealing/extension at 60 ◦C for 1 min.

2.6.3. Bacterial 16S rRNA gene amplicon sequencing
Bacterial community composition in tail muscle was characterised 

by 16S rRNA gene amplicon sequencing. Amplicon libraries were 
generated from muscle DNA samples (n = 6 per sampling day), a nega
tive sequencing control (NSC), a no-template control (NTC) and IoA 
microbiome standard (a mixture of DNA extracted from five bacterial 
species known to colonise aquatic species: Aeromonas hydrophila NCIMB 
9240, Edwardsiella ictaluri NCIMB 13272, Pseudomonas aeruginosa ATCC 
27853, Vibrio anguillarum NCIMB 6, and Yersinia ruckeri NCIMB 2194), 
following the approach described by Elsheshtawy et al. (2021). Tem
plate DNA was normalised to an equal bacterial load (1 × 106 16S rRNA 
gene copy numbers per reaction) based on absolute qPCR quantification 
results, in order to generate comparable 16S rRNA gene amplicon li
braries across samples. Illumina amplicon libraries were prepared using 
a two-step PCR protocol. In the first PCR, the V4 region of the bacterial 
16S rRNA gene was amplified using primers containing Illumina over
hang adaptor sequences (Supplementary Table S1). In the second PCR, 
unique dual-index barcodes were added to the 5′ and 3′ ends of each 
amplicon using the Nextera XT Index Kit (Illumina, USA). Following 
amplification, libraries were pooled in equimolar concentrations and 
sequenced on an Illumina MiSeq platform by the Genomic Pipelines 
Group at the Earlham Institute (Norwich, UK).

2.6.4. Shotgun metagenomic sequencing
Shotgun metagenomic sequencing was performed to obtain species- 

level resolution of spoilage-associated bacteria in N. norvegicus tail 
muscle during ice storage. Muscle DNA samples were selected from three 
storage time points representing early, intermediate and late stages of 
spoilage (days 0, 7 and 16). For each time point, six biological replicates 
were analysed (n = 6 per sampling day).

Muscle DNA was sent to Novogene (Cambridge, UK) for library 
preparation and sequencing. DNA quality and concentration were 
assessed prior to library construction to ensure suitability for meta
genomic sequencing. Sequencing libraries were prepared according to 
Novogene's standard protocols and sequenced on an Illumina platform 
to generate paired-end reads.

2.7. Bioinformatics and statistical analysis

Amplicon sequencing data were analysed following the pipeline 
described by Elsheshtawy et al. (2021); Martin et al. (2025). Briefly, raw 
sequence data were processed using the Mothur software package 
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(Schloss Patrick et al., 2009). Sequences were quality-filtered and clus
tered into operational taxonomic units (OTUs) at 97% sequence identity. 
Taxonomic assignment and generation of shared community and 
genus-level abundance tables were performed using the SILVA reference 
database (Quast et al., 2013). All statistical analyses were performed in 
RStudio (version 1.2.5042). Data normality was assessed using the 
Shapiro-Wilk test prior to statistical testing. When data met the as
sumptions of normality, differences among groups were analysed using 
one-way analysis of variance (ANOVA), followed by pairwise compari
sons using t-test. For data that were not normally distributed, differences 
were assessed using the Kruskal-Wallis test, with pairwise comparisons 
performed using the Wilcoxon rank-sum test. In all cases, p-values were 
adjusted for multiple testing using the Benjamini-Hochberg (BH) 
correction (Benjamini and Hochberg, 1995), and statistical significance 
was accepted at p < 0.05. Statistical analyses were conducted using the 
rstatix package, and figures were generated using the ggplot2 and ggpubr 
packages (Kassambara, 2020; Wickham, 2016). Alpha-diversity indices 
were calculated using the phyloseq package (McMurdie and Holmes, 
2013). Beta-diversity was assessed using Bray-Curtis dissimilarities 
calculated with the vegan and phyloseq packages and visualised by 
principal coordinates analysis (PCoA) (Oksanen et al., 2013). Differ
ences in community composition among groups were tested using 
permutational multivariate analysis of variance (PERMANOVA) imple
mented in the vegan package with 1002 permutations. Comparisons of 
relative abundances of individual taxa between groups were performed 
using the Wilcoxon rank-sum test, followed by Benjamini-Hochberg 
false discovery rate (FDR) correction.

Metagenomic reads from lobster muscle samples were first quality 
controlled using AdapterRemoval for trimming and cleaning (Schubert 
et al., 2016), followed by FastQC for quality assessment. Reads were 
then mapped to the available lobster reference genome (Homarus 
americanus GMGI_Hamer_2.0 GCA_018991925.1) using BWA-MEM, and 
host matching sequences were removed. The remaining reads were 
taxonomically classified with Kraken (Wood and Salzberg, 2014) against 
a large-scale reference database comprising all NCBI RefSeq genomes 
from release v205, totalling approximately 800 GB. Custom scripts were 
used to aggregate classification results into taxonomic profiles. Owing to 
the size of the reference database and datasets, analyses were performed 
on high memory compute nodes with 1 TB of RAM. Species- and 
genus-level read counts were normalised to relative abundances. Bac
terial taxa were selected for visualisation if their mean relative abun
dance was ≥1% in at least one storage time point; for the selected taxa, 
mean relative abundance was reported for all storage times, and 
remaining low-abundance taxa grouped as ‘Other’. Stacked bar plots of 
mean relative abundance per storage day were generated at both genus 
and species levels. Differential abundance analysis at the species level 
was performed using ANCOM-BC2 (Lin and Peddada, 2024). Species 
were filtered to retain those with ≥10 counts in at least two samples. 
Structural zero detection and bias correction were enabled. Global and 
pairwise tests were conducted across storage time points, and p-values 
were adjusted using the Benjamini–Hochberg method. Species with 
adjusted q-values <0.05 were considered significantly differentially 
abundant. Heatmaps were generated using pheatmap for the top 50 
significant species ranked by smallest adjusted q-values. Relative 
abundance values were log10-transformed and z-score normalised per 
species prior to visualisation. Samples were ordered by storage time 
without column clustering to preserve temporal ordering.

3. Results

3.1. Effect of ice storage on sensory quality, nucleotide degradation and 
muscle pH of N. norvegicus

Quality deterioration and onset of spoilage of N. norvegicus during ice 
storage were followed through changes in QIM score, K-value and tail 
muscle pH (Fig. 1). QIM scores of raw whole animals significantly 

increased with storage time, from very low scores at the beginning of 
storage to the highest scores at day 16 (Kruskal-Wallis, p = 1.8e-7; 
Fig. 1A), with QIM on day 1 being significantly lower than at all sub
sequent sampling points and most later days also differing from each 
other (pairwise Wilcoxon tests, p ≤ 0.026; Supplementary Table S2). K- 
values of tail muscle ATP catabolites showed a similar pattern, 
increasing from low initial values at day 0 to the highest values at day 16 
(Kruskal-Wallis, p = 2.9e-7; Fig. 1B), with day 0 differing significantly 
from all later days and early storage (days 1-3) generally lower than days 
≥7 (pairwise Wilcoxon tests, p < 0.05; Supplementary Table S2). Muscle 
pH also rose during storage, from values close to neutrality at day 0-1 to 
markedly higher values after 10-16 days on ice (Kruskal-Wallis, p = 7.70 
e− 9; Fig. 1C), with significant increases from day 3 onwards and 
numerous differences between successive later sampling points (pair
wise Wilcoxon tests, p < 0.05; Supplementary Table S2). According to 
the QIM scheme applied in this study, scores reached the rejection limit 
by day 7, indicating that N. norvegicus tails became sensorially unac
ceptable from this point onwards despite continued storage on ice. 
Together, these physicochemical and sensory changes are consistent 
with progressive spoilage of N. norvegicus tail meat during ice storage.

3.2. Culture-dependent bacterial load and characterisation of spoilage 
bacteria during ice storage of N. norvegicus tail muscle

Culture-based analyses showed a clear increase in bacterial load in 
tail muscle during storage in ice (Fig. 2). Total viable counts (TVC) 
remained low during the early storage period, with mean values below 4 
log10 cfu g− 1 from day 0 to day 5, followed by a marked increase at later 
time points. From day 7 onwards, TVC reached approximately 5-6 
log10 cfu g− 1 and remained at this level until day 16. Storage time had 
a highly significant effect on TVC (Fig. 2A). Pairwise comparisons 
showed that bacterial counts at days 7, 10, 13 and 16 were significantly 
higher than those observed during the early storage period (days 0-5; 
p < 0.05; Supplementary Table S2), indicating a pronounced lag phase 
in bacterial growth during the first days on ice, followed by rapid pro
liferation. Culture-dependent characterisation of spoilage bacteria was 
performed using a combination of MALDI-TOF MS and 16S rRNA gene 
Sanger sequencing on colonies isolated from tail muscle samples 
collected at different storage times. For the subset of colonies recovered 
from day-5 muscle samples and analysed by MALDI-TOF MS (n = 32), 
most isolates were identified as Pseudoalteromonas nigrifaciens, with 
smaller proportions assigned to Photobacterium aquimaris and Psychro
bacter fozii; the remaining isolates yielded unreliable species-level 
identifications (Fig. 2B). Analysis of the same isolates by 16S rRNA 
gene Sanger sequencing supported these findings at the genus level, with 
Pseudoalteromonas predominating, followed by Photobacterium and Psy
chrobacter (Fig. 2C). At this timepoint, culture-based methods recovered 
a limited diversity within the culturable fraction of the muscle 
microbiota.

3.3. DNA-based quantification of bacterial load and temporal dynamics 
of the muscle microbiome during ice storage

DNA-based analyses revealed pronounced temporal changes in the 
bacterial community associated with N. norvegicus tail muscle during ice 
storage (Fig. 3). Quantitative PCR of bacterial 16S rRNA gene copy 
number showed that values remained close to 3 log10 copies per ng of 
DNA during the first 5 days of storage and then increased steadily, 
reaching approximately 4.2-4.9 log10 copies per ng DNA from day 7 
onwards. Storage time had a highly significant effect on 16S rRNA gene 
copy number (ANOVA, p = 4.9 × 10− 14; Fig. 3A), with samples from 
days 7 to 16 showing significantly higher values than those from days 0- 
5 (p < 0.05; Supplementary Table S2).

The tail muscle-associated bacterial community (spoilage micro
biome) also changed significantly during storage on ice, as characterised 
by 16S rRNA gene amplicon sequencing (Fig. 3B–D). ACE richness 
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differed among storage times (ANOVA, p = 0.013; Fig. 3B), with day-5 
samples showing significantly lower ACE values than days 0 and 1 
and several later time points (days 9, 12 and 16; p < 0.05; Supplemen
tary Table S3). Shannon diversity varied significantly with storage day 
(Kruskal-Wallis, p = 8.3e-6; Fig. 3C), with samples from days 0-3 
exhibiting higher Shannon indices than those from days 5-16 
(p = 0.004; Supplementary Table S3), whereas differences among later 
storage times were not significant.

Community composition (β-diversity), based on Bray-Curtis dissim
ilarities, was also significantly structured by storage time (PERMA
NOVA, p = 0.001; Fig. 3D). Pairwise PERMANOVA showed that 
communities from days 0, 1 and 3 did not differ significantly from each 
other (p ≥ 0.21; Supplementary Table S3) but differed significantly from 
communities sampled on days 5-16 (p ≤ 0.025 for all comparisons). In 
contrast, no significant differences were detected among communities 
from days 7, 10, 13 and 16 (p ≥ 0.21; Supplementary Table S3), while 
day-5 communities showed an intermediate pattern, being not signifi
cantly different from day 7 (p = 0.054) but significantly different from 
days 10, 13 and 16 (p ≤ 0.025; Supplementary Table S3). In the PCoA 
based on Bray-Curtis distances, samples from days 0-3 formed a distinct 
cluster, whereas samples from days 7-16 grouped in a separate region of 
the ordination space. Day-5 samples occupied an intermediate position 

between these two clusters, consistent with a transition in muscle- 
associated community structure and the establishment of a character
istic spoilage assemblage around this time point (Fig. 3D).

3.4. Taxonomic shifts in the muscle microbiome during ice storage

The taxonomic composition of the muscle microbiome changed 
markedly over the 16 days of storage on ice, based on 16S rRNA gene 
amplicon sequencing (Fig. 4). At the phylum level, early samples (days 
0-3) were dominated by Proteobacteria (47-69%), but also contained 
substantial proportions of Bacteroidetes (21-39%) and lower contribu
tions from Fusobacteria, Firmicutes and several other phyla 
(Supplementary Table S4, Fig. 4A). From day 5 onwards, Proteobacteria 
became overwhelmingly dominant, accounting for >97% of the com
munity at all later time points, while Bacteroidetes and the remaining 
phyla declined to collectively <2% (Supplementary Table S4, Fig. 4A). 
Genus-level profiles reflected this transition from a relatively diverse 
early community to a Proteobacteria-dominated assemblage (Fig. 4B). At 
days 0-3, the community comprised a mixture of unclassified Bacter
oidetes/Bacteroidia and Saprospiraceae, Cocleimonas, Portibacter, Agar
ivorans, Psychrilyobacter, Pseudoalteromonas, Moritella, Rhodobacteraceae 
and other unclassified Gammaproteobacteria, consistent with a 

Fig. 1. Changes in sensory quality, nucleotide degradation and muscle pH of Nephrops norvegicus stored on ice for 16 days. Animals were stored on ice and sampled 
on days 0, 1, 3, 5, 7, 10, 13 and 16. (A) QIM scores are based on sensory assessment of raw whole animals. (B) K-value (%) in tail muscle, expressing the proportion of 
inosine 5′-monophosphate (IMP), inosine (HxR) and hypoxanthine (Hx) in total ATP-related compounds. (C) Tail muscle pH. Each dot represents an individual 
sample (n = 7 per sampling day). Storage time had a significant effect on all three variables (QIM: Kruskal-Wallis, p = 1.8e− 07; K-value: p = 2.9e− 07; pH: 
p = 7.7e− 09), indicating progressive loss of freshness and onset of spoilage during ice storage.

Fig. 2. Culture-dependent assessment of bacterial load and spoilage-associated bacteria in Nephrops norvegicus tail muscle during storage on ice. (A) Total viable 
counts (TVC; log10 cfu g− 1) in tail muscle during 16 days of ice storage. TVC remained low during the early storage period before increasing markedly from day 7 
onwards, consistent with a pronounced lag phase followed by rapid bacterial proliferation at later storage stages. Each dot represents an individual sample (n = 3 per 
storage time). (B) Relative abundance of culturable bacterial species isolated from day-5 tail muscle samples and identified at species level by MALDI-TOF MS (n = 32 
isolates). (C) Genus-level identification of the same day-5 isolates shown in (B), based on 16S rRNA gene Sanger sequencing. The culturable fraction was dominated 
by Pseudoalteromonas, followed by Photobacterium and Psychrobacter; remaining isolates could not be reliably assigned.
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community reflecting the natural habitat of the animals. From day 5 
onwards, psychrophilic Gammaproteobacteria became predominant: the 
putative spoilage genus Moritella increased from 3.4 to 6.7% at days 0-3 
to 48.1% at day 5 and 44.8-69.5% at days 7-16, while Pseudoalteromonas 
rose from 1.5 to 12.6% early in storage to ~19-27% at later time points. 
Aliivibrio and unclassified Vibrionaceae also increased over time, from 
≤1.6% to 0.5-3.8% at days 0-3 to 2.1-19.6% and 1.99-13.6%, respec
tively, between days 5 and 16 (Supplementary Table S5). Numerous 
genera showed significant differences between early (day 0) and later 
time points (days 5, 7 and 16), including increases in Moritella and 
Pseudoalteromonas and decreases in Bacteroidetes-affiliated and other 
early-community taxa such as unclassified Bacteroidia, Saprospiraceae, 
Cocleimonas, Agarivorans and Psychrilyobacter (Wilcoxon tests, BH- 
adjusted p < 0.05; Supplementary Tables S6–S10). These taxonomic 
shifts indicate the progressive replacement of an early, more diverse 
community by a Proteobacteria-rich spoilage microbiome dominated by 
Moritella, Aliivibrio, Pseudoalteromonas and Vibrionaceae.

3.5. Metagenomic profiling of the Nephrops spoilage microbiome during 
ice storage

Shotgun metagenomic sequencing of tail muscle at three represen
tative storage stages (Day 0, Day 7 and Day 16) revealed a pronounced 
temporal restructuring of the spoilage microbiome, shifting from a 
highly diverse “background” community at landing to a spoilage- 
enriched assemblage dominated by psychrotrophic Gammaproteobac
teria at late storage (Fig. 5). At the genus level, a large fraction of taxa at 
Day 0 was distributed among low-abundance genera (“Other”; 62.6%), 
with the most abundant named genera including Bacteroides (6.04%), 
Pseudomonas (4.9%), Streptomyces (4.4%), Micromonospora (3.08%) and 
Thiofilum (2.9%). By Day 7, the community exhibited a clear spoilage- 

associated shift, characterised by strong enrichment of Moritella 
(15.8%) and Pseudoalteromonas (9.2%), alongside smaller increases in 
Psychrobacter (2.38%) and Aliivibrio (0.66%). By Day 16, spoilage- 
associated genera dominated the community, with Pseudoalteromonas 
and Aliivibrio becoming the most abundant genera (21.7% and 20.2%, 
respectively), while Moritella remained highly abundant (12.7%) and 
Photobacterium increased substantially (5.5%) (Fig. 5A; Supplementary 
Table S11). Species-level profiles refined these patterns and identified a 
limited number of taxa driving mid-to late-stage dominance. Pseu
doalteromonas increased from 0.14% at Day 0 to 6.83% at Day 7 and 
16.55% at Day 16, while Moritella marina rose from near absence at Day 
0 (0.013%) to 9.49% at Day 7 and remained elevated at Day 16 (7.37%). 
Multiple Aliivibrio taxa expanded during storage, with Aliivibrio spp. 
increasing from 0.004% at Day 0 to 0.18% at Day 7 and 9.28% at Day 16, 
alongside the emergence of Aliivibrio logei, Aliivibrio sp. EL58 and Alii
vibrio sp. SR45-2 at Day 16 (3.44%, 1.56% and 1.04%, respectively). 
Photobacterium lineages also became prominent at late storage, with 
Photobacterium profundum and P. profundum SS9 increasing to approxi
mately 1-1.6% by Day 16 (Fig. 5B; Supplementary Table S12).

Differential abundance testing using ANCOM-BC2 identified exten
sive temporal restructuring of the spoilage microbiome, with 600 bac
terial species exhibiting significant changes in abundance across storage 
time points (global q < 0.05; Supplementary Table S13). Enrichment 
was dominated by key spoilage-associated taxa belonging primarily to 
psychrotrophic Gammaproteobacteria, including multiple members of 
the genus Moritella (Moritella spp., M. dasanensis ArB 0140, M. marina, 
Moritella sp. 24, Moritella sp. JT01, Moritella sp. PE36, Moritella sp. Urea- 
trap-13 and M. viscosa), Pseudoalteromonas (Pseudoalteromonas spp., 
P. nigrifaciens, Pseudoalteromonas sp. MIP2626 and P. translucida), Pho
tobacterium (P. indicum and P. profundum), and Aliivibrio (Aliivibrio spp., 
A. logei, A. finisterrensis, A. fischeri and Aliivibrio sp. EL58), Psychrobacter 

Fig. 3. DNA-based quantification of bacterial load and temporal changes in the tail muscle microbiome of Nephrops norvegicus during storage on ice. (A) Bacterial 16S 
rRNA gene copy number per ng of DNA in tail muscle. Each dot represents an individual sample (n = 7 per storage time). Storage time had a highly significant effect 
(ANOVA, p = 4.9e− 14). (B) ACE richness and (C) Shannon diversity of bacterial communities associated with tail muscle, showing significant differences over storage 
time (ACE: ANOVA, p = 0.013; Shannon: Kruskal-Wallis, p = 8.3e− 06). (D) Principal Coordinates Analysis (PCoA) based on Bray-Curtis dissimilarities, showing 
separation of bacterial communities by storage time (PERMANOVA, p = 0.001). Samples from days 0-3 cluster together, samples from days 7-16 form a separate 
cluster, and day-5 samples occupy an intermediate position between these groups, indicating a transition in community structure around this time point. Each dot 
represents an individual sample.
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(Psychrobacter spp. and P. immobilis) and Shewanella hanedai (all 
q < 0.05; Supplementary Table S13). Heatmap visualisation of the top 
differentially abundant species (ranked by smallest global q-values; 
q < 0.05) revealed clear temporal structuring of the microbiome, with 
Day 0 samples separating from those collected at Days 7 and 16, and 
mid-to late-stage storage characterised by coordinated increases in 
Pseudoalteromonas, Moritella, Aliivibrio and Photobacterium clades 
(Fig. 5C).

4. Discussion

The combined progression of sensory quality, nucleotide degrada
tion and muscle pH observed in this study reflects a differential quality 
loss trajectory, with autolytic-driven measures increasing from day 1 
onwards (K-value), muscle pH and QIM values having a relatively short 

lag phase (1-3 days) and microbial abundance and composition chang
ing after a relatively long lag phase (day 5-7). Sensory rejection, as 
defined by the QIM score (5.4), was reached by day 7 and coincided with 
pronounced increases in K-value (18.7%) and muscle pH (7.6). Impor
tantly, the convergence of these quality indices around days 5-7 high
lights the presence of a critical “tipping point” for spoilage development. 
This transition point coincided with the onset of rapid bacterial prolif
eration and restructuring of the muscle microbiome, consistent with the 
broader view that sensory rejection is driven by the combined effects of 
autolysis and microbial metabolism (Gram and Huss, 1996). Notably, 
sensory rejection also coincided with the emergence of a psychrotrophic 
spoilage-associated assemblage, indicating that spoilage development 
was associated not only with increasing bacterial biomass, but also with 
shifts in community structure and activity. The transition observed be
tween days 5 and 7 suggests that the activity of these taxa and the 

Fig. 4. Mean relative abundance of prevalent bacterial phyla and genera in the tail muscle of Nephrops norvegicus stored on ice for 16 days. Mean relative abundance 
(%) of bacterial taxa in tail muscle samples (n = 6 per time point). (A) Mean relative abundance at the phylum level. (B) Mean relative abundance at genus level; 
bacterial genera with an overall abundance >1% are shown individually, while taxa with an abundance <1% were pooled and are indicated as “Others”. The plots 
illustrate the shift from a diverse early community to a Proteobacteria-dominated spoilage assemblage.
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production of spoilage-associated bacterial metabolites, together with 
endogenous post-mortem degradation processes, contributed to sensory 
deterioration during ice storage. As such, this mid-storage phase pro
vides a biologically meaningful framework for understanding subse
quent microbial succession and identifies a practical window for quality 
management and shelf-life optimisation under conventional icing 
conditions.

Culture-based enumeration showed a pronounced lag phase, with 
TVC remaining below ~4 log10 cfu g− 1 until day 5 before increasing 
sharply from day 7 onwards. Counts below this threshold are commonly 
considered indicative of fresh fish (Zheng et al., 2020). However, in 
cold-water fish products, TVC values tend to increase linearly 
throughout storage or exhibit shorter lag phases under icing conditions 

(Fogarty et al., 2019; Zheng et al., 2020), rather than the extended lag 
phase observed here. A similar lag phase during iced storage has been 
reported for N. norvegicus tail muscle using culture-based methods 
(Albalat et al., 2011). This lag phase indicates a strong 
temperature-driven selection and the time required for psychrotolerant 
bacteria to adapt to and exploit available substrates under cold storage 
conditions, which would seem to be particularly long in this type of 
product. The temporal pattern observed using culture-based enumera
tion was closely mirrored by absolute quantification of bacterial 16S 
rRNA gene copy number, with both approaches identifying a pro
nounced increase in bacterial biomass from day 7 onwards. While total 
viable counts capture only the culturable fraction of the bacteria, 16S 
rRNA gene quantification reflects total bacterial DNA and therefore 

Fig. 5. Metagenomic profiling of the spoilage microbiome in Nephrops norvegicus tail muscle during ice storage. (A) Genus-level mean relative abundance of bacterial 
taxa contributing ≥1% within at least one storage time point (D0, D7, D16). Genera with lower relative abundance are grouped as “Other”. (B) Species-level mean 
relative abundance of bacterial taxa contributing ≥1% within at least one storage time point, with remaining species grouped as “Other”. (C) Heatmap of the top 50 
bacterial species showing the strongest significant association with storage time based on ANCOM-BC2 global testing (q < 0.05), ranked by smallest q-values. Relative 
abundances were log-transformed and z-score normalised per species. Samples are ordered by storage time (D0, D7, D16). Colour intensity indicates standardised 
relative abundance, with red representing higher and blue lower abundance relative to the species mean. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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encompasses both culturable and non-culturable bacteria. The strong 
alignment between these methods in the present study supports the 
continued relevance of the conventional plate counts while highlighting 
16S rRNA gene quantification as a robust quantitative indicator of mi
crobial load. Amplicon sequencing profiles primarily resolved changes 
in community composition rather than absolute abundance, while nor
malisation of amplicon libraries using absolute 16S rRNA gene copy 
numbers enabled more consistent comparison of microbial succession 
across samples.

Culturable bacteria isolated from N. norvegicus tail muscle during ice 
storage were dominated by the genera Pseudoalteromonas, Photo
bacterium and Psychrobacter. These taxa are commonly associated with 
cold marine environments and frequently form part of spoilage micro
bial communities in chilled fish and shellfish products (Antunes-Rohling 
et al., 2019; Sequino et al., 2024). Their recovery is consistent with 
previous culture-based studies, which have identified them among the 
dominant culturable bacteria during spoilage trials in this species 
(Broekaert et al., 2011; Gornik et al., 2013). Photobacterium includes 
well-recognised specific spoilage organisms in chilled seafood, and 
Pseudoalteromonas and Psychrobacter are more commonly associated 
with early to mid-stage spoilage communities.

The relatively limited diversity recovered by culture-based methods 
at day 5, compared with the broader diversity revealed by 16S rRNA 
gene amplicon sequencing, reflects the inherent selectivity of plate- 
based recovery, which favours fast-growing and readily culturable or
ganisms (Amann et al., 1995). Similar limitations of culture-based ap
proaches in resolving the full complexity of seafood microbiomes have 
been highlighted previously, with selective recovery often biasing 
detection towards dominant taxa (Doulgeraki and Nychas, 2013). This 
discrepancy between culture-dependent and sequencing-based profiles 
highlights the complementary nature of these approaches. While 
high-throughput sequencing provides a more comprehensive view of 
community composition, culture-based methods remain essential for 
identifying viable bacteria that are most likely to contribute directly to 
spoilage-related sensory deterioration (Reynisson et al., 2009). 
Together, these approaches provide a more ecologically meaningful 
understanding of spoilage processes.

Sequencing-based analyses further contextualised spoilage develop
ment in N. norvegicus tail muscle by revealing a clear microbial succes
sional pattern during ice storage. The fresh muscle microbiome was 
initially characterised by high taxonomic diversity, comprising taxa 
commonly associated with marine sediments and seawater, consistent 
with the natural habitat of the animals (Hoshino et al., 2020). This 
diverse assemblage was maintained during early storage (days 0-3); 
however, a pronounced restructuring occurred between days 5 and 7, 
coinciding with sensory rejection and a sharp increase in bacterial 
biomass. During this transition, alpha diversity declined markedly, and 
community composition shifted towards dominance by a limited num
ber of psychrophilic Gammaproteobacteria, reflecting strong selective 
pressures imposed by low temperature and substrate availability. Such 
reductions in diversity and convergence towards dominant psychro
trophic taxa are widely observed during fish and seafood spoilage 
(Sequino et al., 2022). From day 5 onwards, the muscle microbiome 
became dominated by Moritella, together with increased contributions 
from Aliivibrio, unclassified Vibrionaceae, Psychrobacter, and Pseu
doalteromonas, defining a distinct spoilage assemblage. The prominence 
of Moritella is particularly noteworthy, as this genus has emerged in 
recent years as an important contributor to spoilage signatures in chilled 
marine fish, including Scomber scombrus (Piredda et al., 2023), Merluc
cius merluccius (Antunes-Rohling et al., 2019) and Trachurus japonicus 
(Kyoui et al., 2022), despite its limited representation in traditional 
culture-based spoilage studies.

The integration of amplicon sequencing with metagenomics is 
increasingly recognised as a powerful strategy in food microbiology, 
enabling both robust taxonomic profiling and inference of functional 
potential within microbial communities (Sequino et al., 2022). Recent 

studies show that integrating microbiological and molecular datasets 
provides a more comprehensive understanding of seafood spoilage than 
single-method approaches (Lytou et al., 2024). A key outcome of this 
study is the strong agreement between 16S rRNA gene amplicon 
sequencing and shotgun metagenomics at the genus level, with both 
approaches identifying Moritella, Pseudoalteromonas, Aliivibrio and Pho
tobacterium as the dominant taxa associated with mid-to late-stage 
spoilage. This concordance indicates that amplicon sequencing reliably 
captures the principal microbial shifts underlying spoilage development 
during ice storage. Owing to its lower cost, analytical simplicity and 
suitability for high sample throughput, 16S rRNA gene amplicon 
sequencing represents a practical and scalable approach for routine 
spoilage monitoring, shelf-life evaluation and comparative storage trials 
in crustacean products, while shotgun metagenomics provides added 
value when species-level resolution or targeted mechanistic insight is 
required.

The spoilage of ice-stored N. norvegicus muscle was associated with 
the co-enrichment of a defined species-level bacterial consortium. This 
assemblage was dominated by multiple taxa, including several Moritella 
species (M. marina, M. dasanensis and M. viscosa), Aliivibrio spp. (e.g. 
A. logei, A. finisterrensis and A. fischeri), Pseudoalteromonas spp. (notably 
P. nigrifaciens and P. translucida), and Photobacterium lineages 
(P. profundum and P. indicum), with additional contributions from She
wanella hanedai, Alteromonadales spp. and Psychrobacter immobilis. 
Moritella species (M. marina, M. viscosa and M. dasanensis) formed a core 
component of this assemblage. However, dominance within the spoilage 
microbiome alone does not define a specific spoilage organism (SSO), as 
spoilage activity depends on the production of metabolites directly 
associated with sensory deterioration. The consistent enrichment of 
Moritella during the spoilage transition observed here, together with its 
increasing recognition in sequencing-based studies of chilled marine fish 
spoilage (Antunes-Rohling et al., 2019; Kyoui et al., 2022; Piredda et al., 
2023), supports its potential role as a spoilage-associated taxon in this 
product. Nevertheless, Moritella remains underrepresented in traditional 
isolation-based spoilage studies, which may partly reflect the specialised 
growth requirements of psychrophilic marine bacteria and limitations of 
conventional culture conditions. Direct functional validation linking 
Moritella to specific spoilage metabolite production in N. norvegicus is 
still required before it can be definitively considered a specific spoilage 
organism.

M. viscosa is a psychrophilic marine bacterium recognised as the 
primary agent of winter ulcer disease in cold-water fish (Løvoll et al., 
2009). M. marina and M. dasanensis are also psychrophilic marine bac
teria originally described from cold marine habitats (Kim et al., 2008), 
consistent with taxa capable of growth at low temperatures. Although 
these species have not been widely reported as established seafood 
spoilage organisms, they are phylogenetically related to recognised 
spoilage-associated genera such as Shewanella and Pseudoalteromonas 
(Urakawa et al., 1998), supporting their potential involvement in 
spoilage processes under chilled storage, although direct functional 
contributions in N. norvegicus muscle spoilage remain to be established. 
A. logei, A. fischeri and A. finisterrensis are cold-adapted marine bacteria 
associated with aquatic animals, and recent multi-omics studies of 
chilled seafood have linked Aliivibrio spp. to spoilage-related volatile 
organic compounds and sensory deterioration, supporting their poten
tial involvement in spoilage processes (Macé et al., 2025). Photo
bacterium lineages, including P. profundum and P. indicum, have 
previously been linked to spoilage in chilled marine products through 
trimethylamine oxide reduction and the generation of off-odours 
(Gornik et al., 2011; Rolin et al., 2023). The enrichment of Pseu
doalteromonas spp. and P. immobilis is consistent with previous spoilage 
studies in crustacean matrices (Bekaert et al., 2015; K. Broekaert et al., 
2013), where these genera are frequently detected and have been shown 
to possess lipolytic and proteolytic capacities and to produce 
spoilage-relevant volatile profiles (Katrie Broekaert et al., 2013). 
Although S. hanedai and Alteromonadales spp. were not dominant 
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members of the community, their detection among differentially abun
dant taxa is compatible with the well-established role of Shewanella and 
related marine Gammaproteobacteria as contributors to seafood spoilage 
through the production of sulphur compounds, trimethylamine and 
dimethylamine under chilled storage (Boziaris and Parlapani, 2017; 
Kyoui et al., 2022; Odeyemi et al., 2018). Together, these findings 
indicate that spoilage of ice-stored N. norvegicus muscle reflects the 
collective activity of a structured multi-species consortium rather than 
the dominance of a single organism. Resolving this assemblage at species 
level refines current understanding of Nephrops spoilage ecology and 
highlights the importance of considering spoilage as a community-level 
process when designing shelf-life extension strategies for crustacean 
products. Future studies integrating metabolomics or targeted func
tional assays will be important to directly link microbial taxa to the 
production of specific spoilage-associated metabolites. In addition, 
assessing the effects of storage temperature, handling conditions and 
catch-to-catch variability will help determine the stability of the iden
tified spoilage consortium across different storage scenarios.

In conclusion, this study defines a critical mid-storage transition 
(days 5-7) in ice-stored N. norvegicus in which sensory rejection co
incides with a sharp rise in bacterial biomass and establishment of a 
stable spoilage assemblage. The strong concordance between 16S 
amplicon sequencing and metagenomics at genus level supports ampli
con profiling as a practical, scalable approach for shelf-life monitoring, 
while species-level metagenomic resolution highlights a structured 
consortium comprising Moritella spp., Aliivibrio spp., Pseudoalteromonas 
spp. and Photobacterium lineages, alongside lower-abundance contribu
tors including Shewanella and Psychrobacter. These findings provide a 
high-resolution assessment of spoilage development and open avenues 
for targeted interventions aimed at shelf-life extension, including 
bacteriophage-based biocontrol approaches directed against dominant 
psychrotrophic spoilage-associated taxa identified during spoilage 
progression.
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