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The hybrid abalone (Haliotis discus hannai @ X H. fulgens 3), locally known as
Lvpan abalone, is a commercially important aquaculture species in Fujian
Province, China and is valued for its heat tolerance, rapid growth, and large
size. While blooms of the dinoflagellate Karenia mikimotoi cause substantial
losses in Fujian's abalone industry primarily through toxin production and
hypoxia, their specific effects on Lvpan abalone remain poorly characterized.
This study investigated the 24-h and 48-h exposure effects of a simulated K.
mikimotoi bloom on the gills and hepatopancreas of Lvpan abalone.
Histopathology revealed significant tissue damage, along with oxidative stress
that was confirmed by elevated levels of superoxide dismutase, catalase, and
malondialdehyde. Metabolomic profiling uncovered a tissue-specific response.
Both tissues exhibited shared responses to mitigate oxidative stress and regulate
energy balance, mediated by the accumulation of B-hydroxybutyric acid and
acetyl-L-carnitine. In addition, the gills maintained energy homeostasis through
AMPK activation, whereas the hepatopancreas enhanced its detoxification
capacity through elevated levels of S-adenosylmethionine. These findings
elucidate the impact of K. mikimotoi blooms on Lvpan abalone and provide a
scientific basis for developing mitigation strategies against toxic algal blooms in
abalone aquaculture.
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1 Introduction

Abalone is a mariculture molluscan species with high economic
value (Cook, 2023). China accounts for 90% of global farmed
abalone production (Zhou et al,, 2024), while Fujian Province
produces over 75% of national production (Gao et al., 2023; Zhao
et al.,, 2023). However, problems such as water quality deterioration
(Liang et al., 2024; Zhang et al., 2023b), summer heat (Xu et al,,
2020; Yu et al., 2023a) and germplasm degradation (Zhou et al.,
2024) have negative effects on the major aquaculture species of
abalone in China, namely Pacific abalone (Haliotis discus hannai).
To address these challenges, a hybrid abalone (H. discus hannai @ x
H. fulgens 3), locally termed Lvpan abalone, has been extensively
cultivated in southern China due to its enhanced thermal resilience,
accelerated growth rates, and superior size potential compared to
parental species (Gao et al., 2020; Zhou et al., 2024). However, even
promising new hybrids like Lvpan abalone are increasingly
threatened by harmful algal blooms (HABs) in their primary
cultivation areas, such as the coastal waters of Fujian.

HABs are increasing globally in eutrophic mariculture zones,
inducing hypoxia and toxin exposure that threaten aquaculture
sustainability (Brand et al.,, 2012; Yang et al., 2021; Zhang et al,,
2023b). Karenia mikimotoi is a well-known toxic dinoflagellate,
which has induced blooms in the East China Sea almost every year
since 2002, with the maximum cell density recorded exceeding
1x107 cells/L (Chenetal., 2021; Lietal, 2019). In 2012, a large-scale
HAB caused by K. mikimotoi along the coast of Fujian caused mass
mortality of Pacific abalone, with an economic loss of 330 million
USD. This represents the highest economic loss ever recorded in
China caused by HABs (Liao et al., 2024; Yu et al., 2023b).

K. mikimotoi exhibits multiple toxic effects on marine
organisms through reactive oxygen species (ROS), hemolytic
toxins and cytotoxicity (Li et al., 2019). For example, the
antioxidant enzymes in gills and hepatopancreas of Pacific
abalone were significantly negatively affected by K. mikimotoi
under aeration (Lin et al, 2016; Zhang et al., 2018). Moreover,
dissolved oxygen (DO) levels during K. mikimotoi blooms can
decrease to 2.0 mg/L (Liao et al, 2024; O’Boyle et al, 2016),
leading to growth inhibition and mortality in both Pacific abalone
and Lvpan abalone by disrupting their immunity and oxidative
balance (Dai et al., 2024; Nam et al., 2020; Shen et al., 2020).
Consequently, K. mikimotoi blooms threaten abalone via a
combination of direct toxicity and hypoxia-induced stress.
Despite established knowledge that this combined exposure is
particularly severe for Pacific abalone (Liao et al, 2024; Zhang
etal,, 2023b), its consequences for Lvpan abalone remain unknown.

Therefore, this study aimed to simulate the combined stressors
of a K. mikimotoi bloom (toxin exposure and hypoxia) and
systematically examine the stress responses in Lvpan abalone. We
focused on histopathological alterations in the gills and
hepatopancreas, the response of the antioxidant defense system,
and adaptations in the metabolic profile, thereby elucidating the
toxicity mechanisms and providing a scientific basis for the healthy
aquaculture of Lvpan abalone and HABs prevention.
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2 Materials and methods
2.1 Algae and abalone culture

K. mikimotoi FJ-strain, originally isolated from the Fujian
coastal waters, was obtained from the Key Laboratory of Marine
Ecology and Environmental Science, Institute of Oceanology,
Chinese Academy of Sciences. For cultivation, seawater was first
filtered through a 0.22 pm filter membrane and then autoclaved at
121 °C for 20 min. After cooling, the sterile seawater was enriched
with L1 medium prepared without silicate (Guillard and Hargraves,
1993). The cultures were maintained in an air-conditioned room at
20 + 1 °C and illuminated with a 12: 12 h light-dark cycle at a light
intensity of 60 umol photons m™* s,

Lvpan abalones were purchased from a breeding facility in
Dongshan, Fujian, China. Medium-sized individuals (shell length:
5.71 += 0.50 cm; shell width: 3.90 + 0.38 cm) were selected and
acclimated for 14 days in an aerated seawater recirculating system.
The temperature of seawater was maintained at 20 + 1 °C, and the
abalones were fed fresh kelp.

2.2 Experimental design and sample
collection

Based on reported cell densities and DO levels during K.
mikimotoi blooms in Chinese coastal waters (Liao et al.,, 2024; Li
et al., 2019; O’Boyle et al., 2016), laboratory-simulated bloom
conditions were set at 1x 107 cells/L and 2.0 mg/L DO,
respectively. The control group and treatment group (S-group)
were setup in triplicate using six 20 L plastic rectangular boxes.
Each box contained 15 healthy abalone individuals. For the S-group,
15 L of algal culture (1x 107 cells/L) was added to each box. The DO
concentration in the S-group was monitored in real-time using a DO
probe, with a DO controller (Jenco 6308DT, accuracy + 0.05 mg/L)
automatically adjusting air and pure nitrogen inputs to stabilize the
DO level at 2.0 mg/L. In the control group, 15 abalone individuals
were cultured in 15 L of seawater with continuous aeration. To
minimize the effect of abalone metabolites on water quality, the
water in each box was completely replaced with 15 L of freshly
prepared algal culture (for S-group) or filtered seawater (for C-
group) daily. The culture conditions during the experiment were
maintained at 20 + 1 °C under a 12: 12 h light-dark cycle. Abalone
that lost gastropod adhesion and showed no response to repeated
stimulation were considered dead and were removed immediately to
avoid water contamination.

Two exposure periods (24 and 48 hours) were selected for the
formal experiment to simulate the actual co-occurrence of high-
density K. mikimotoi (1x10” cells/L) and hypoxic conditions (2.0
mg/L) during blooms in coastal aquaculture areas, a design that
aligns with prior studies on these combined stressors in abalone
(Liao et al.,, 2024; Zhang et al., 2023b). After 24 hours, three live
abalone individuals were randomly sampled from each box (nine
abalone individuals per group), for both the control group (C) and
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the S-group (S24). An additional sampling (nine abalone
individuals) was performed for the S-group at 48 h (S48). Gills
and hepatopancreas were dissected from nine abalone per group.
Tissues from each organ and individual were divided into four
portions for parallel histological examination, biochemical
parameter quantification, and metabolomic profiling, the fourth
aliquot was reserved as a backup. For histological analysis, samples
were fixed in 4% paraformaldehyde, while all remaining samples
were stored in liquid nitrogen.

2.3 Histological observation

After 48h fixation, specimens for histological examination were
dehydrated through a graded alcohol series (75% for 4h, 85% for 2h,
90% for 2h, 95% for 1h, and two changes of anhydrous ethanol for 30
min each). Afterwards, they were cleared twice using xylene for 10
min each and finally embedded in molten paraffin. The paraffin
blocks were sectioned into four pm-thick slices with a microtome
(Leica® RM2016, Germany) and then stained with hematoxylin and
eosin (Dutra et al.,, 2017). sections were observed and imaged using a
light microscopy system (Nikon® Eclipse E100 equipped with
Nikon® DS-U3, Japan). A semiquantitative analysis according to
Hooper et al. (2014) was used to determine histopathological changes
in gills and hepatopancreas of Lvpan abalone. The variations assessed
in the gills included the level of eosinophilia in the sinus fluid, goblet
cell numbers at the tips of the filaments, and the length of epithelial
necrosis on the filaments, while interstitial edema and hemocyte
infiltration were evaluated in the hepatopancreas.

2.4 Biochemical measurement

Gill and hepatopancreas samples (n=9 per group) were used for
biochemical measurements. Each tissue sample (~60 mg) was
homogenized on ice in 0.85% NaCl solution at a tissue-to-
solution ratio of 1:9 (w/v). The homogenates were used for the
determination of biochemical parameters using commercial kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s protocols. The activities of key
antioxidant enzymes superoxide dismutase (SOD, A001-3) and
catalase (CAT, A007-1-1), were quantified to assess cellular
antioxidant capacity. Additionally, the level of malondialdehyde
(MDA, A003-1), a prominent biomarker of lipid peroxidation, was
assessed to evaluate the intracellular oxidative stress levels in
abalone. Total protein content (A045-4) was measured as a

normalization reference for all samples.

2.5 Metabolomic analysis

For metabolomic profiling, gill and hepatopancreas samples
(n=9 per group and tissue type) were processed. 100 mg of each
tissue sample was ground in liquid nitrogen and then vortexed with
500 pL of prechilled 80% methanol. The samples were incubated on
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ice for 5 min, followed by centrifugation at 15,000 g for 20 min at 4 °
C. Supernatant was subsequently transferred to a fresh tube and
diluted with LC-MS grade water to a final concentration of 53%
methanol. Then, the samples were centrifuged in the conditions
above and the supernatant was analyzed using a UHPLC-MS/MS
system (Want et al., 2013).

Analyses were performed on a VanquishTM UHPLC system
(Thermo Fisher, Germany) coupled with an Orbitrap Q Exactive
HF-X mass spectrometer (Thermo Fisher, Germany). The
separation was achieved using a Hypersil Gold column (100x2.1
mm, 1.9um, Thermo Fisher, USA) with a 12-min linear gradient at
a flow rate of 0.2 mL/min. The mobile phase consisted of 0.1%
formic acid in water (eluent A) and methanol (eluent B) with
gradient elution as follows: 0 min, 2% B; 1.5 min, 2% B; 3 min, 85%
B; 10 min, 100% B; 10.1 min, 2% B; 12 min, 2% B. The Q Exactive
HE-X mass spectrometer was operated in both positive and negative
electrospray ionization (ESI) modes with a mass range set to m/z
100-1500, using a data-dependent scan resolution mode. Blank
samples, amino acid mixtures, and pooled quality control samples
from all samples were used to ensure reproducibility of UHPLC-
MS/MS measurements (Lu et al., 2025).

Raw spectral processing, data mining and metabolite
identification were conducted using the Compound Discoverer
3.3 software (Thermo Fisher, Germany) with the mzCloud,
mzVault and MassList databases, as previously described (Liu
et al.,, 2023). The functions of identified metabolites were
annotated against the KEGG, HMDB, and LIPIDMaps databases.
Both principal component analysis (PCA) and partial least-squares
discriminant analysis (PLS-DA) were performed using the metaX
software (Wen et al, 2017), which provided the VIP (Variable
Importance in the Projection) value for each metabolite.

2.6 Statistical analyses

All statistical analyses for histopathology and biochemistry were
performed using Minitab Version 21 (Minitab LLC, State College,
PA, USA). Prior to applying parametric tests, the data were assessed
for normality of distribution and homogeneity of variance to
validate the assumptions for ANOVA. Normality was evaluated
using the Anderson-Darling test, and homogeneity of variance was
tested using Levene’s test. For data sets that met these assumptions,
one-way ANOVA followed by appropriate post-hoc comparisons
(Fisher’s test) was conducted to determine statistically significant
differences between groups. For parameters, where data
transformations did not achieve normal distribution, non-
parametric tests (e.g., Kruskal-Wallis test or Mood test) were
applied instead. All results were expressed as mean + standard
deviation (SD). Differences were considered statistically significant
at p < 0.05. Graphs represent untransformed data.

All statistical analyses and visualization during metabolomic
analysis were performed using R software. Differences between
comparison groups were assessed using the Student’s t-test at the
univariate level. Metabolites with a VIP > 1.0 and a p < 0.05 were
considered significantly different. For clustering heatmaps, the
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intensity areas of differential metabolites were normalized by
conversion to z-scores.

3 Results
3.1 Histopathological alterations

The gill filaments of Lvpan abalone, arranged bilaterally along the
central gill axis, are lined with a respiratory epithelium that serves as
the principal site of gas exchange in abalone. In the control group, the
gill filaments displayed a neat, feather-like alignment along both sides
of the gill axis, and the respiratory epithelium formed regular wave-
like folds (Figure 1A). Abundant cilia were clearly visible on the
lateral surfaces of the filaments (Figure 1B). At the tips of most
filaments, mucus-containing goblet cells were observed (Figure 1C).
Semiquantitative analysis revealed no significant differences between
the control and treatment groups in gill sinus eosinophilia (p = 0.266)
or epithelial necrosis (p = 0.105), while goblet cell numbers at the tips
of the filaments decreased significantly in the S24 and S48 samples (p
=0.011, Figure 1T). In addition, other distinct pathologies, which were
not included in the semiquantitative analysis approach of Hooper
etal. (2014), were frequently observed in the treatment groups. These
observations included filaments with irregular corrugations
(Figure 1D), cilia loss (Figure 1E), epithelial atrophy alongside

10.3389/fmars.2025.1702024

goblet cell hyperplasia (Figure 1F), vascular occlusion with
hemocyte infiltration (Figure 1G), vascular congestion and
hemolymph channel enlargement (Figure 1H), and epithelial lifting
at V-shaped skeletal rods (Figure 11).

The hepatopancreas of Lvpan abalone is primarily composed of
numerous spherical or irregularly shaped hepatopancreatic tubules.
In the control group, the hepatopancreatic tubules were compactly
organized with well-defined boundaries (Figures 2A, B). Significant
structural alterations were observed after exposure to K. mikimotoi
and hypoxia (Figures 2C, D). A progressive worsening of both
interstitial edema and hemocyte infiltration was observed in the S24
and S48 groups (Supplementary Figure SI, p < 0.05). The edema
extended from the interstitium surrounding individual
hepatopancreatic tubule to the periphery between the basement
membrane and the capsule (Figures 2C, D).

3.2 Oxidative stress responses

Exposure to K. mikimotoi blooms triggered a progressive
oxidative stress response in Lvpan abalone. After 24 h, SOD
activity increased significantly in both gills and hepatopancreas
(Figures 3A, D, p < 0.05), and MDA content increased in gills
(Figure 3C, p < 0.05). The oxidative stress response was more
pronounced by 48 h, with significant increases in SOD activity,

FIGURE 1

Light micrographs of gills from Lvpan abalone in the control (A—C) and treatment groups after 24 h (D—F) and 48h (G-1). Arrows indicate: (a) goblet
cells containing mucus; (b) irregular corrugations of filaments; (c) cilia loss; (d) enlarged hemolymph channels; (e) epithelial necrosis; (f) epithelial
atrophy accompanied by goblet cell hyperplasia; (g) vascular occlusion with hemocyte infiltration; (h) vascular congestion and hemolymph channel

enlargement; (i) epithelial lifting at V-shaped skeletal rods.
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FIGURE 2

Light micrographs of hepatopancreas from Lvpan abalone in the control (A, B) and treatment groups after 24 h (C) and 48h (D). Arrows indicate: (a)
the capsule; (b) mild peripheral edema; (c) extensive peripheral edema with hemocyte infiltration; (d) regions with indistinct tubule boundaries; (e)

internal edema between adjacent tubules.

CAT activity, and MDA content in both tissues compared to the
control group (Figure 3, p < 0.05).

3.3 Metabolic adaptations

A total of 1050 annotated metabolites were identified in all
samples, most of which were lipids and lipid-like molecules, organic
acids and their derivatives, and organoheterocyclic compounds.
Compared with the control group, the gill tissue exhibited 122 and
146 differentially expressed metabolites (DEMs) at 24 h and 48 h,
respectively (p < 0.05). In hepatopancreas samples, 113 DEMs were
identified at 24 h, increasing to 177 at 48 h.

To investigate tissue-specific metabolic variations over time, Venn
diagram analysis was conducted (Figure 4). The results revealed 35
DEMs that were significantly altered in gill tissue at both time points,
including representative metabolites such as N-acetyl-L-tyrosine and
D-serine. These shared gill metabolites exhibited no significant
changes in the hepatopancreas and were therefore considered gill-
specific DEMs. Similarly, 48 hepatopancreas-specific DEMs were
identified, including key representatives such as cyclic adenosine
monophosphate (cAMP) and glycerol-3-phosphate (Gro3P).
Notably, 15 metabolites were significantly altered in all stress-
exposed groups compared to controls, including acetyl-L-carnitine.
These metabolites may serve as pivotal regulatory nodes in mediating
abalone’s adaptive physiological responses to environmental stressors.

Based on KEGG pathway enrichment and heatmap analyses of
DEMs in gill tissues (Figure 5A), the glycine, serine, and threonine
metabolism pathway was enriched in $24-vs-C. Within this
pathway, levels of serine and L-cystathionine increased
significantly, while those of D-serine and L-aspartic acid
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markedly decreased. In S48-vs-C, DEMs were significantly
enriched in the sphingolipid metabolism pathway and the FoxO
signaling pathway. Specifically, sphinganine and adenosine
diphosphate (ADP) levels decreased notably, whereas adenosine
monophosphate (AMP) increased significantly. Furthermore,
taurine and hypotaurine metabolism, and lysine degradation were
enriched in $48-vs-S24. In these pathways, a marked increase in L-
cysteine was observed, while 2-oxoadipic acid increased
significantly at 24 h but decreased at 48 h.

Compared to the gills, the hepatopancreas exhibited a notable
increase in the number of significantly enriched KEGG pathways
(Figure 5B). In S24, five pathways were prominently enriched: sulfur
metabolism, carbon metabolism, taurine and hypotaurine
metabolism, pentose phosphate pathway, and pantothenate and
CoA biosynthesis. The S48 group showed enrichment in six
pathways: carbon metabolism, biosynthesis of amino acids, pentose
phosphate pathway, glycine, serine and threonine metabolism,
thiamine metabolism, and sulfur relay system. Additionally, in S48-
vs-S24, one carbon pool by folate and metabolism of xenobiotics by
cytochrome P450 were also enriched. The hepatopancreas had a
higher abundance of DEMs, and those shared with gill tissue
displayed largely consistent change trends.

4 Discussion

4.1 Gill and hepatopancreas lesions caused
by K. mikimotoi blooms

As the primary respiratory organs in mollusks, gills may suffer
structural and functional disruptions under toxic and hypoxic
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FIGURE 3
Enzyme activities and biochemical indices in the gills (A—C) and hepatopancreas (D—F) of Lvpan abalone. Abscissa: C, control group; S24/548,

treatment group (24 h/48 h). Groups that do not share a letter indicate significant difference (Fisher's test, p < 0.05).
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Frontiers in Marine Science 06 frontiersin.org


https://doi.org/10.3389/fmars.2025.1702024
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liao et al. 10.3389/fmars.2025.1702024
= N e e e e == =
. . . - @ —— ) WA + Sphi ; >
Glycine, serine and threonine metabolism r | i m/‘léamne 1
s . '. o 1 =
L-aspartic acid ——---- » Glycine «— Serine «— D-serine v |
N - i Sl D-sphingosine .
L-cystathionine
T Pywate | — |
—— e ——— j - — =71 Sphingolipid metabolism
\
Sulfoacetaldehyde ﬁ ————— >, Acetyl-CoA S e - = 7
I
i I g :
b Sulfoacetic acid I Oxaloacetate Lysine degradation
L-cysteine o I f TCA \ 5-Hydroxylysine
| Citrate Cycle Fumarate : E-
Taurine and hypotaurine metabolism ' j
yP / 2-Oxoglutarate 2- oxoadlplc acid
_________ s A
I
17 Acetyl adenylate
Adenosine monophosphate <————  Adenosine diphosphate 1gnaling
________________________ 0 0.2 0.4 0.6 0. 8 1.0
B ,~___---_-___""~""""°7 RN v-Dephospho-Coa | PaROIeRGEand !
~. N -Dephospho-CoA Pantothenate and 1
\ Carbon \ AL CoA biosynthesis
metabolism Acetyl-CoA «+————— Pyruvate ——-' | Wianil 1
I I ! +» B J
D-Glucono-1,5-lactone ' Mesaconic acid I : e e -
- ! 4 | Oxaloacelate% ! DNA +7—L Cytidine monophosphate
! C ol o e N Y o
D-Gluconic acid | - itrate -malate [
ll.l:. " L mallate : Cycle I [ Dichloroacetic acid |
1 | .:. | Succlnlc acid v Trichloroethylene —___! |
6-Phosphogluconic acid o-D-Glucose | : Metaboli f bioti |
| | 1 Sulfur | -:l Do etabolism of xenobiotics I
v O] 1 : 1 metabolism ! " | by cytochrome P450 ,
| D-Sedoheptulose 7-phosphate I ! 1 | | : SR \
| 1 1 ——— Taurine «=——1
p (N I i " I 1 R L I
| | i SRR : _____ s aurine an " {po aurine I
- -phosphate ——— g —————————— ! | metabolism
. l D-Erythrose 4-phosphate r . ) Sul foacetlc acid ] | 1
LAY / v ; | ———— o
\ S m e = s A L N emmmm e ———— -
\ i - - — Serme L-cysteine ————————————T—'il Vi \
S i_ _____________ T T P Thiamine metabolism 1
LY. B Il 1
Citrulline .:. L. chlat}ﬁ : ! | Pyridoxal 5'-phosphate |
: : 5 5 Glycine, serine |
! Choline 1 ! |
Biosynthesis of amino acids I | .:. codliemte L i | - v .h:h. I
| : ———> ily sphate
L-aspartate 4I-semialdehyde ——————————— ‘: :__ > Betaine metabolism 'I S _lafm_m_n i o_p_ _ ’I
|
Lo Ltysine [ ; === -i ———————— .
e ! One carbon pool .
1 S-adenosylmethionine <=2 Methionine p 1
I by folate |
I Sulfur relay system 1
S-methyltetrahydrofolate <——Folic acid |:- 1 0 02040608 1.0
________ d
FIGURE 5

Metabolic profiles within significantly enriched KEGG pathways of differentially expressed metabolites in gills (A) and hepatopancreas (B). C, control

group; S24/S48, treatment group (24 h/48 h).

stress, leading to reduced energy metabolism efficiency and
impaired immuno-physiological functions. Transmission electron
microscopy revealed that that K. mikimotoi damaged the gill cells of
H. diversicolor by inducing the proliferation of rough endoplasmic
reticulum, lysis of hemocyanin, and deformation of blood sinusoids
and gland cells, thereby leading to insufficient oxygen supply and
mass mortality of abalone (Xie, 2016). Furthermore, apparent
shrinkage and deformation of the afferent and efferent branchial
vessels, as well as broken gill filaments, were observed in Pacific
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abalone exposed to K. mikimotoi FJ-strain at a density of 1 x 107
cells/L. These pathologies were attributed to hemolytic toxins
produced by K. mikimotoi (Liao et al., 2024). Harris et al. (1998),
reported that in H. laevigata Donovan, long-term nitrite exposure
induces chronic gill changes (lamellar thickening, epithelial lifting,
and mucous cell proliferation), while low dissolved oxygen causes
direct pathological damage including necrosis and altered mucus
composition. This damage, combined with immune compromise,
increases parasitic susceptibility, creating a vicious cycle of tissue
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damage and hypoxia that ultimately results in significantly reduced
survival. However, neither quantitative nor semiquantitative
assessment of histopathological slides was conducted in these
studies, making it impossible to establish significant relationships
between abalone lesions and exposure to toxins or hypoxia.

In our study, goblet cell numbers at the tips of the filaments
decreased significantly in the S24 and S48 samples, while epithelial
atrophy co-occurring with goblet cell hyperplasia appeared to
exacerbate in other regions. This suggests a complex interplay of
pathological damage and compensatory defense mechanisms.
Goblet cells are secretory cells in the epithelium that synthesize
and secrete mucins. Mucins prevent direct contact between the gills
and the environment, as well as fusion of adjacent gill filaments
(Riera-Ferrer et al., 2024). The severe loss of goblet cells at the tips is
likely a direct result of toxin-induced damage and oxidative stress,
consistent with lesions described in the snail Bellamya bengalensis
under toxicant exposure (Londhe and Kamble, 2013). This loss
poses a triple threat: (1) increased mechanical damage due to
reduced lubrication; (2) heightened exposure to toxicants and
pathogens from impaired immune defense; and (3) hindered
excretion of metals (Martins et al., 2015). However, in the context
of hypoxia, this reduction may also represent a paradoxical adaptive
strategy to minimize the diffusion barrier and enhance gaseous
exchange efficiency (Mistri et al., 2016; Riera-Ferrer et al., 2024).
Concurrently, the observed hyperplasia of goblet cells in other areas
of the filament appears to be a compensatory response aimed at
increasing mucous secretion to trap harmful particles and prevent
filament fusion. Yet, this comes at the cost of impaired oxygen
uptake due to epithelial thickening, creating a physiological trade-
off. This redistribution of goblet cells underscores a disrupted
balance between gas exchange and pathogen defense, ultimately
contributing to a vicious cycle of gill dysfunction under
combined stressors.

The hepatopancreas of abalone plays a vital role in digestion,
energy storage, detoxification, immune response, and metabolic
regulation. Under normal conditions, hepatopancreatic tubules
exhibit tightly packed arrangements with distinct boundaries
(Meusel et al., 2022). However, environmental stressors such as
tributyltin and Haliotid herpesvirus-1 infection have been shown to
induce pathological changes in the hepatopancreas of H.
diversicolor supertexta, including granular degeneration, cell
swelling, vacuolation, and inflammatory infiltration (Bai et al,
2019; Zhou et al, 2010). In this study, combined exposure to K.
mikimotoi and hypoxia similarly disrupted the hepatopancreatic
architecture in Lvpan abalone, resulting in interstitial edema and
hemocyte infiltration (Figures 2C, D), indicating severe functional
compromise. First, the digestive and absorptive functions are
severely compromised as edema fluid separates hepatopancreatic
tubules, impeding enzyme secretion and nutrient uptake, while
hemocyte infiltration directly destroys the digestive epithelium.
Second, the organ’s energy storage role is impaired; hypoxia
forces cells into catabolism, depleting reserves, and the energetic
cost of the immune response diverts resources away from storage.
Finally, the detoxification capacity is overwhelmed because the
synthesis of detoxification enzymes is suppressed by both hypoxia
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and resource competition, while the infiltration itself adds
endogenous toxins to the load. Together, these pathologies
disrupt digestion, energy storage, and detoxification, ultimately
reducing Lvpan abalone resilience to K. mikimotoi bloom stress.

4.2 Enhancement of antioxidant capacity
and energy homeostasis in gills

Under acute stress (DO: 2 mg/L, K. mikimotoi FJ-strain: 3x10°
cells/L, 24h), the SOD activity in the gills of Pacific abalone
decreased significantly, indicating that its antioxidant system was
compromised at the early stage of exposure (Zhang et al., 2023b). In
contrast, its hybrid offspring, the Lvpan abalone, maintained an
inducible antioxidant defense under a more severe scenario (DO: 2
mg/L, K. mikimotoi FJ-strain: 1x107 cells/L, 48h). Although the
MDA content increased significantly, confirming oxidative damage,
the activities of both SOD and CAT rose markedly. This sustained
antioxidant capacity demonstrates that Lvpan abalone exhibits
greater physiological tolerance to K. mikimotoi blooms compared
to its maternal parent, as its defense system remained responsive
despite the presence of gill lesions.

Metabolomics provided molecular insights into the underlying
responses of Lvpan abalone under oxidative stress. Sphinganine, a
critical component of sphingolipids essential for membrane
integrity, was reduced in gills after 24-h exposure to K. mikimotoi
and hypoxia (Figure 5A). This decline likely impairs membrane
fluidity and permeability, increasing susceptibility to oxidative
damage and diminishing stress resilience (Quinville et al., 2021).
To counteract oxidative stress, serine and 2-oxoadipic acid levels
increased in gills (Figure 5A), which may enhance antioxidant
capacity by modulating the activities or levels of antioxidant
enzymes such as SOD, glutathione peroxidase (GPX), and
peroxidase (Figure 6) (He et al., 2023; Zhang et al., 2023a).

A significant elevation in AMP and a reduction in ADP within
the FoxO signaling pathway (Figure 5A) indicated cellular energy
deficit, triggering allosteric activation of AMP-activated protein
kinase (AMPK) (Venter et al., 2018a). This activation was further
supported by the significant upregulation of AMPK-related genes in
gills at 24 h (Supplementary Figure S2). Activated AMPK promotes
ATP-generating pathways (e.g., fatty acid oxidation) and suppresses
non-essential ATP-consuming processes for survival (e.g., cell
proliferation, protein and triglyceride synthesis), thereby helping
to maintain energy balance under hypoxia (Sharma et al., 2023;
Zhang et al., 2022). The significant downregulation of gene K02209
(encoding minichromosome maintenance protein 5, MCM5)
further supports that AMPK activation suppressed cell
proliferation (Supplementary Figure S2). As a critical factor for
initiating and extending DNA replication, the reduction of MCM5
would directly impede cell division (Wu et al., 2021). AMPK also
enhances FOXO transcriptional activity, leading to the upregulation
of antioxidant enzymes, promotion of autophagy, and inhibition of
apoptosis, collectively alleviating oxidative injury and maintaining
tissue homeostasis (Guan et al., 2025). The anti-apoptotic effect was
further corroborated by the significant upregulation of gene
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K05143, which encodes Tumor necrosis factor receptor superfamily
member 6B (TNFRSF6B, Supplementary Figure S2). TNFRSF6B is
an endogenous immunomodulator that inhibits apoptosis by
interfering with the activation of multiple signaling pathways
(Huang et al, 2025). Additionally, N-acetyl-L-tyrosine, another
elevated metabolite in gills (Figure 4), has been reported to
activate FOXO transcription factors (Matsumura et al., 2020),
suggesting a synergistic role in reinforcing cellular stress
adaptation (Figure 6).

At 48 h, L-cysteine and its precursor L-cystathionine
accumulated in gills (Figure 5A). As precursors for the
antioxidants taurine and reduced glutathione (GSH), their
elevation likely alleviates oxidative stress (Liu et al., 2024; Surai
et al, 2021). Concurrently, B-hydroxybutyric acid (BHBA) was
significantly elevated at 48 h (Figure 4). BHBA mitigates oxidative
damage by reducing pro-oxidative markers (e.g., ROS, nitrites),
promoting FOXO3A and metallothionein-2 expression, and
elevating GSH levels (Majrashi et al., 2021; Shimazu et al., 2013).
Acetyl-L-carnitine (ALC), another critical metabolite elevated in
gills at both 24 h and 48 h (Figure 4), attenuates oxidative injury by
enhancing endogenous antioxidant defenses and suppressing lipid
peroxidation (Sepand et al., 2016).

Beyond their antioxidant roles, both ALC and BHBA play a
crucial role in maintaining metabolic homeostasis during hypoxia.
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The inhibition of fatty acid B-oxidation and the tricarboxylic acid
(TCA) cycle under hypoxic stress causes mitochondrial
accumulation of acyl-coenzyme A and acetyl-coenzyme A (acetyl-
CoA), which sequesters the essential metabolic cofactor free CoA
(CoASH). To counteract this imbalance, L-carnitine binds to excess
acetyl-CoA to form ALC, thereby releasing CoASH (Hanai et al,
2020; Malaguarnera et al, 2006). Consequently, the observed
increase in ALC levels, previously reported in H. midae, Pacific
abalone, and Lvpan abalone under hypoxia within 24h (Venter
et al., 2018b; Shen et al., 2021), represents an immediate response
that restores metabolic homeostasis by regulating the acetyl-CoA/
CoASH ratio. While this mechanism appears conserved across
abalone species, the sustained ALC accumulation in Lvpan
abalone from 24h to 48h may indicate a robust homeostatic
adjustment in this hybrid. As hypoxia persisted, the continued
accumulation of acetyl-CoA activated ketogenesis as a delayed
response, leading to a significant increase in BHBA by 48 h
(Figure 4). Beyond alleviating mitochondrial stress, BHBA serves
as an alternative fuel to maintain the function of vital organs during
a systemic energy crisis (Majrashi et al., 2021). Thus, the sequential
elevation of ALC and BHBA in Lvpan abalone gills reveals an
orchestrated metabolic defense strategy to counteract the combined
oxidative and energetic challenges of a simulated K.
mikimotoi bloom.
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4.3 Multipronged metabolic adaptation in
hepatopancreas

Both the present study and Zhang et al. (2018) found that the
basal activity of CAT in the abalone hepatopancreas (Figures 3B, E)
was lower than that in the gill tissue, while the basal levels of SOD
were comparable between the two tissues (Figures 3A, D). This
suggests an inherently weaker capacity of the hepatopancreas to
clear hydrogen peroxide via CAT. Following exposure to K.
mikimotoi blooms, the hepatopancreas exhibited a more
pronounced increase in both SOD activity and MDA content
compared to the gills (Figures 3A, C, D, F), indicating that it
experienced more severe oxidative stress. Notably, the
corresponding increase in CAT activity in the hepatopancreas was
relatively limited compared to that in the gills. This pattern implies
that the clearance of hydrogen peroxide, which is generated by SOD
activity, may represent a rate-limiting step in the antioxidant
defense of this organ. Collectively, these results suggest that the
hepatopancreas is a primary target organ during K. mikimotoi and
hypoxia exposure, and that an uncoordinated response within its
intrinsic antioxidant enzyme system is a key mechanism underlying
its heightened susceptibility to oxidative damage.

Metabolomic analysis revealed that the hepatopancreas
mirrored the trends in the gills and also accumulated serine, L-
cysteine, BHBA, and ALC. These metabolites contributed to the
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upregulation of key antioxidants (e.g., GSH and SOD), thereby
enhancing ROS elimination capacity (Figure 7). This metabolic
response was further supported by a concomitant increase in SOD
and CAT enzymatic activities (Figures 3D, E). Additionally,
elevated L-lysine levels may further support antioxidant defenses
through direct radical scavenging and prevention of lipid
peroxidation/protein carbonylation (Huang et al., 2021; Olin-
Sandoval et al., 2019; Xu et al,, 2018). Nevertheless, a significant
increase in MDA levels (Figure 3F) indicated that ROS production
had overwhelmed cellular antioxidant capacity, ultimately leading
to the observed histological damage.

The hepatopancreatic detoxification response relies on the
coordinated action of key enzymes, including cytochrome P450
monooxygenases (CYP450) in Phase I, various transferases (e.g.,
glutathione S-transferases, UDP-glucuronosyltransferases,
methyltransferases) in Phase II, and ATP-binding cassette (ABC)
transporters in Phase III (Byeon et al., 2022). Our findings indicate a
specific metabolic adaptation within this system under 24-h
exposure, centered on enhanced NADPH production. The
significant accumulation of 6-Phosphogluconic acid (6-PGA)
indicates an upregulation of the pentose phosphate pathway,
aimed at boosting NADPH production (Figure 7, Phégnon et al.,
2024). This is critically significant because NADPH serves as an
essential cofactor for both CYP450-mediated Phase I detoxification
(Wei et al,, 2025) and the glutathione reductase-mediated

f Antioxidant Capacity Enhancement \

Serine -.___ [
73 Lecysteine <__
SAM -7 -+ Taurine |
BHBA  ------ * | FOXO activation | ----------- - sop |
ALC > [ Nrf2 activation | - CAT, SOD, GSH |
e & Radical scavenging |
Aysine <
Lipid peroxidation/protein carbonylation 1

- Pro-i y gene i |

CAMP —| PKA activation | — Anti-inflammatory cytokines release |
ROS production 1

/

=

GSH conjugates
r Phas:

Xenobiotic Detoxification

6-PGA RSP RlH
o| G0
NADPH — ROH

Electrophilic xenobiotics

NADP*
GSSG GsH |
Cystathionine ——— L-cysteine

+

o

| Xenobiotics

Phospholipid methylation | Cell membrane fluidity |

Metabolic adaptation in the hepatopancreas of Lvpan abalone in a K. mikimotoi bloom. 6-PGA, 6- phosphogluconic acid; R5P, ribulose-5-
phosphate; DHAP, dihydroxyacetone phosphate; Gro3P, glycerol-3-phosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A;
SAM, S-adenosylmethionine; BHBA, B-hydroxybutyric acid; SOD, superoxide dismutase; CAT, catalase activity; GSH, reduced glutathione; ALC,
acetyl-L-carnitine; dpCoA, 3'-dephospho-CoA; dTMP, deoxythymidine monophosphate; RH, lipophilic substances; ROH, epoxides; GSSG, oxidized
glutathione; GR, glutathione reductase; GST, glutathione-S-transferase; MTases, SAM-dependent methyltransferase. Metabolites shown in red were

identified as differentially expressed in this study.

Frontiers in Marine Science

10

frontiersin.org


https://doi.org/10.3389/fmars.2025.1702024
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liao et al.

regeneration of GSH, which is essential for Phase II conjugation and
ROS scavenging (Georgiou-Siafis and Tsiftsoglou, 2023; Moreno-
Sanchez et al., 2018). This adaptive response is further corroborated
by the accumulation of dichloroacetic acid (Figure 5B), a terminal
metabolite that provides direct evidence of heightened CYP450-
mediated biotransformation. Thus, the rise in both 6-PGA and
dichloroacetic acid suggests a coherent adaptive response where
increased NADPH biosynthesis sustains the activity of core
detoxification enzymes to mitigate xenobiotic stress.

Under dual stress from K. mikimotoi and hypoxia, the
hepatopancreas of Lvpan abalone exhibits a coordinated response
mechanism via one-carbon metabolism, characterized by significant
upregulation of S-adenosylmethionine (SAM), choline, and folic
acid at 48 h (Ducker and Rabinowitz, 2017). As the primary methyl
donor, SAM orchestrates detoxification through three mechanisms
(Figure 7): (1) SAM-dependent methyltransferases, including
catechol-O-methyltransferase and As(III) S-adenosylmethionine
methyltransferases, utilize SAM to methylate xenobiotics (e.g.,
catechols and arsenic), enhancing their hydrophilicity for efficient
excretion (Li et al., 2021); (2) SAM acts as a GSH precursor while
upregulating glutathione-S-transferase to facilitate toxin-GSH
conjugation (Sandamalika et al, 2019); (3) SAM enhances
membrane fluidity via phospholipid methylation, optimizes the
conformational dynamics of transport proteins, and thereby
facilitates the efflux of toxic metabolites. In addition, elevated
SAM levels, as a key methyl donor, enhance cellular resilience in
Lvpan abalone by supporting membrane phospholipid synthesis
and enabling the epigenetic regulation of DNA repair genes
(Goicoechea et al., 2024). Altogether, the elevated SAM level
orchestrates a comprehensive defense strategy in Lvpan abalone,
ranging from the repair of cellular membranes and DNA to the
potentiation of antioxidant and detoxification pathways in the
hepatopancreas. Choline and folic acid maintain SAM
homeostasis by replenishing methyl groups via their metabolites,
betaine and 5-methyltetrahydrofolate, respectively (Ducker and
Rabinowitz, 2017). As a precursor of sphingomyelin,
phosphatidylcholine, and betaine, choline plays an important role
in restoring membrane integrity and regulating intracellular
osmotic pressure under stress (Kenny et al., 2025). This adaptive
choline elevation mirrors findings in hypoxia-exposed H. midae
(Venter et al., 2018b). Folic acid, through its bioactive form
tetrahydrofolate, serves as a one-carbon unit carrier to enable the
synthesis of thymine and other nucleotides, which are indispensable
for DNA replication and repair processes (Asbaghi et al., 2021). The
coordinated enhancement of choline and folic acid metabolism
observed in this study suggests a synergistic strategy in Lvpan
abalone to reinforce cellular integrity and genomic stability under
the combined stress of K. mikimotoi and hypoxia.

In Lvpan abalone, energy metabolism was significantly
reprogrammed under stress. Under normoxia, the abalone
predominantly relies on the mitochondrial electron transport
chain (ETC) for efficient ATP synthesis, employing molecular
oxygen as the terminal electron acceptor (Venter et al, 2022).
Hypoxia, however, disrupts ETC function, triggering an energy
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crisis. In response, Lvpan abalone reprograms its metabolism to
support compensatory energy production. As a key intermediate of
the TCA cycle and the end-product of the glucose/aspartate-
succinate pathway (a glycolytic bypass pathway), succinic acid
accumulated in hepatopancreatic samples of Lvpan abalone at 24
h, which aligns with observations in hypoxia-exposed H. midae and
H. iris (Alfaro et al., 2021; Venter et al., 2018b). This suggests that
Lvpan abalone enhances glycolytic flux to sustain ATP production
under oxygen-limited conditions where oxidative phosphorylation
is suppressed.

NAD", a critical electron acceptor in metabolic pathways (e.g.,
TCA cycle, glycolysis), requires oxygen-dependent regeneration via
the respiratory chain to maintain the NADH/NAD™ balance.
Hypoxia-induced ETC inhibition leads to NAD™ depletion,
disrupting glycolysis due to NADH/NAD" imbalance (Xiao and
Loscalzo, 2020). Previous research has shown that hypoxia activates
the glucose-driven Gro3P synthesis pathway as an endogenous
NAD* regeneration mechanism (Liu et al., 2021). Therefore, the
significant elevation of Gro3P levels in Lvpan abalone
hepatopancreas (Figure 4) helps alleviate NAD® depletion to
sustain glycolysis under hypoxic stress. In addition, Gro3P acts as
a precursor for glycerophospholipid synthesis (Possik et al., 2021),
enabling membrane repair and preventing energy loss from ion
leakage. This dual mechanism supports both metabolic regulation
and structural maintenance (Figure 7). Similarly, elevated 3’-
Dephospho-CoA levels enhance acetyl-CoA production
(Figure 5B), fueling fatty acid synthesis and membrane
phospholipid regeneration to mitigate oxidative stress damage
(De Carvalho and Caramujo, 2018).

As a hepatopancreas-specific DEM, cAMP increased
progressively in Lvpan abalone (Figure 4). cAMP activates protein
kinase A, exerting multifaceted protective effects (Figure 7): (1)
suppressing pro-inflammatory gene expression, promoting anti-
inflammatory cytokines release, reducing ROS generation; (2)
stimulating efferocytosis to eliminate dysfunctional cells, and
optimizing energy allocation (Tavares et al, 2020); (3) activating
glycogen phosphorylase to accelerate glucose production via
glycogenolysis, repressing ATP-consuming processes like
lipogenesis, thereby balancing energy homeostasis (Wahlang et al.,
2018). Concurrently, hypoxia promotes more glucose entering the
pentose phosphate pathway (Wang et al., 2023), as evidenced by
elevated 6-PGA in hepatopancreatic S24 samples (Figure 5B). This
metabolic shift boosts NADPH production, critical for counteracting
oxidative stress and preserving mitochondrial redox balance, thereby
safeguarding ATP generation under oxygen limitation.

5 Conclusions

In response to an extreme K. mikimotoi bloom (DO: 2 mg/L,
algal density: 1x107 cells/L), Lvpan abalone exhibited significant
histopathological damage and oxidative stress in both gill and
hepatopancreas tissues. Our integrated analysis revealed that
Lvpan abalone activated a suite of metabolic adaptations to
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preserve homeostasis, including bolstering antioxidant defenses,
repairing cellular membranes, clearing damaged cells, and shifting
toward anaerobic metabolism to meet energy demands. Notably,
the synergistic accumulation of BHBA and ALC contributed to
reducing oxidative stress and regulating energy balance.
Furthermore, the hepatopancreas demonstrated an increased
capacity for detoxification, especially through elevated levels of
SAM. Collectively, these findings demonstrate that Lvpan abalone
utilizes a complex metabolic network to mitigate K. mikimotoi
bloom stress. However, when the intensity or duration of the stress
exceeds its physiological compensatory threshold, severe oxidative
damage and structural tissue disruption become inevitable, leading
to mortality. Therefore, this study not only elucidates the key
adaptive mechanisms in Lvpan abalone but also underscores the
importance of implementing early warning and intervention
strategies in aquaculture before these compensatory mechanisms
are overwhelmed. Future studies should explore how the intensity
and duration of stress induced by K. mikimotoi blooms affect the
physiology of Lvpan abalone.
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