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Abstract

Triploidization has been applied in aquaculture to enhance growth performance and production stability; however,
its implications for immune competence in penaeid shrimp remain poorly understood. This study compared growth
performance, hemocyte dynamics, and innate immune responses between diploid (2n) and triploid (3n) Penaeus monodon
across 2 independent trials. Triploid shrimp consistently exhibited 30% - 40% greater body weight than diploids,
indicating enhanced somatic growth. Despite this advantage, triploid shrimp displayed reduced total hemocyte counts,
with a modest decrease of approximately 9% in Trial 1 and a pronounced reduction of 41.49% in Trial 2. These changes
were accompanied by marked alterations in hemocyte composition, characterized by lower proportions of hyaline cells
and increased proportions of semi-granular and granular hemocytes. Concurrently, hemocyte size increased significantly
in triploids across all cell types, with cell areas enlarged by approximately 1.3 - 1.9-fold, indicating compensatory cellular
hypertrophy. Collectively, these cellular patterns support immune reorganization rather than proportional numerical
scaling following genome duplication. At the functional level, triploid shrimp exhibited altered humoral and enzymatic
immune profiles, including phenoloxidase-related activities, consistent with compensatory immune regulation. Molecular
analyses further revealed trial- and tissue-dependent modulation of immune-related genes, including ppael and crus,
suggesting context-dependent transcriptional responses rather than constitutive immune upregulation. Overall, these
findings demonstrate that triploid P. monodon maintains immune competence through coordinated cellular and molecular
compensation despite reduced hemocyte abundance, highlighting triploidization as a promising strategy to enhance
growth performance without compromising innate immunity, thereby supporting its potential application in sustainable

shrimp aquaculture.
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Introduction

Triploid induction has been increasingly applied in [6]. Collectively, these traits are advantageous for
aquaculture to enhance growth performance and yield aquaculture, as improved somatic growth and
stability [1,2]. In penaeid shrimps, triploidy is associated reproductive impairment promote greater energy
with  enhanced somatic growth and distinct allocation towards biomass production, enhance
physiological alterations [3-5]. Evidence indicates that production efficiency, and reduce biosafety risks by
triploid Penaeus monodon of both sexes develop limiting uncontrolled reproduction and genetic

incomplete germ cells, resulting in functional sterility introgression into wild populations. However, the
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implications of triploidy for immune competence
remain poorly understood. This knowledge gap is
critical, as innate immune robustness is a key
determinant of shrimp survival under intensive culture
conditions and high disease pressure.
Crustacean innate immunity relies primarily on
circulating hemocytes and associated humoral factors,
including the prophenoloxidase (proPO) system,
antimicrobial peptides, respiratory burst activity, and
immune-related enzymes [7-9]. Hemocytes—classified
as hyaline, semi-granular, and granular cells—mediate
complementary immune functions such as phagocytosis,
encapsulation, melanization, and pathogen killing
[10,11], and alterations in their abundance or
functionality can markedly influence disease resistance
[12,13]. At the molecular level, immune regulation is
mediated by key effector genes. Prophenoloxidase-
activating enzyme 1 (ppael) is a central serine protease
of the proPO cascade that catalyzes the activation of
phenoloxidase, thereby driving melanization and
pathogen encapsulation; variation in ppael expression
reflects functional modulation of immune responses
rather than constitutive immune enhancement [7, 8,14].
In parallel, crustins (crus), a family of cysteine-rich
antimicrobial peptides predominantly expressed in
hemocytes, contribute to direct pathogen killing and
immune homeostasis, with expression patterns that are
highly  context-dependent and  responsive  to
physiological and environmental cues [15,16]
Functional immune status is further reflected by
enzyme activities such as alkaline phosphatase,
peroxinectin, and lysozyme, as well as integrated
bactericidal activity assays, which collectively capture
both cellular and humoral immune performance.
Alkaline phosphatase is a lysosomal and membrane-
associated enzyme involved in dephosphorylation
processes linked to hemocyte activation, phagocytosis,
and pathogen clearance, and its activity is often
correlated with immune status and stress resilience in
penaeid shrimps [17]. Peroxinectin, a hemocyte-derived
peroxidase functionally analogous to mammalian
myeloperoxidase, plays a central role in cell adhesion,
encapsulation, and the generation of reactive
intermediates during pathogen killing [10,18,19].
Lysozyme is a conserved antimicrobial enzyme in
hemocytes and plasma that hydrolyses bacterial

peptidoglycan and, in addition to its immune role, is

associated with improved growth rate, intestinal health,
and disease resistance in shrimp [20,21]. Finally,
bactericidal activity assays integrate multiple humoral
and cellular mechanisms, including enzyme activity,
antimicrobial peptides, and reactive oxygen species,
providing a holistic measure of immune competence in
crustaceans [18,22].

Although  ploidy-associated  alterations in
hematological and immune traits have been documented
in triploid fishes [23-25] and some oysters [26,27],
equivalent evidence in crustaceans is extremely limited.
For instance, triploid Fenneropenaeus chinensis has
very few, large hemocytes compared to diploids [28]. To
date, no comprehensive evaluation of hemocyte
composition, immune enzyme activity, and immune
gene expression has been reported for triploid P.
monodon. Addressing this gap is essential to assess
whether triploidization compromises or enhances
immune defenses in this economically important
species. This study aimed to test the hypothesis that
triploid induction alters hemato-immunological
architecture in P. monodon, leading to functional
compensation via enlarged hemocytes and enhanced
immune activities rather than numerical equivalence. To
this end, we compared hemocyte profiles, immune
enzyme activities, respiratory burst responses, and
immune-related gene expression between diploid and
triploid shrimps under controlled experimental

conditions.

Materials and methods

Triploid induction and rearing

Triploid (3n) Penaeus monodon juveniles were
produced using a validated cold-shock induction
protocol for penaeid shrimps [4]. After reaching the
post-larval stage (PL-15), triploid shrimp were reared in
a 113-ton circular polyethylene pond under a biofloc
system at the Advanced Institute for Food Security
(AIFS), Prince of Songkla University, Chaiya District,
Surat Thani, Thailand. Diploid (2n) shrimp, derived
from the same egg batch without cold shock, were
cultured in the same pond as controls. Water quality was
maintained within optimal ranges: salinity 20 ppt, pH
8.2 - 8.5, alkalinity 120 - 150 mg L, dissolved oxygen
> 5 mg L™, and ammonia-N and nitrite-N < 0.5 mg L.
Shrimp were fed a commercial pellet diet (Star Feed,
Charoen Pokphand, Thailand) at 10% of biomass during
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the first month, 5% during the second month, and
approximately 3% thereafter for a total rearing period of
approximately 6 months, until mean body weights
reached 35 - 40 g for diploids (2n) and 55 - 60 g for
triploids (3n) prior to sampling.

Two independent trials were conducted in different
years to assess the reproducibility of growth and
immune responses; data were not statistically compared
between trials. As continuous temperature records were
unavailable, both trials were conducted under routine
farm and hatchery management conditions. No
abnormal environmental fluctuations or disease
outbreaks were observed during either trial. In Trial 1,
prior to sampling diploid and triploid shrimp were
transferred to 250-L polyethylene tanks (200 L
seawater; 4 tanks per ploidy, 5 shrimp per tank) at the
PSU Aquaculture Unit, Surat Thani Campus, and
acclimated for one week under identical conditions
without biofloc, with a 50% daily water exchange. In
Trial 2, hemolymph and gill samples were collected
directly from shrimp at the rearing pond.

Hemolymph sampling and ploidy confirmation

Shrimp were anaesthetized in ice-cold seawater
(~10 - 15 °C), weighed, and hemolymph was aseptically
collected using a 1 mL syringe fitted with a 23G needle.
Approximately 500 pL hemolymph was immediately
mixed 1:1 with chilled shrimp salt solution (SSS; 450
mM NaCl, 10 mM KCl, 10 mM EDTA, 10 mM HEPES)
as anticoagulant and kept on ice for immediate cellular
and immune analyses. An additional 500 pL
hemolymph was collected without anticoagulant and
allowed to clot on ice. Ploidy status was confirmed by
flow cytometric analysis of hemocyte DNA content
following established protocols [4].

Hemocyte profiling and cellular immune
analyses

Hemolymph samples collected with
anticoagulants were used to examine the hemocyte
profile and cellular immune parameters. Total
hemocyte count (THC) was determined using a
hemocytometer after dilution in trypan blue solution.
Differential hemocyte count (DHC) was assessed
following Rose Bengal staining, classifying cells as
hyaline, semi-granular, or large-granular cells [29]. Cell

size was quantified from micrographs using Imagel

image analysis software. Phenoloxidase (PO) activity
was measured in hemocyte lysate supernatants via L-
DOPA oxidation, following the established modified
method [30] and normalized to protein content
determined by the Bradford assay [31]. Respiratory
burst activity was quantified as superoxide anion (O2")
production using the NBT reduction assay [32],
expressed as spontaneous and zymosan-stimulated
responses. Respiratory burst was assessed using samples
from Trial 1 only.

Humoral and enzymatic immune parameters

Prior to analysis, serum sample from each shrimp
was prepared from anticoagulant-free hemolymph by
homogenization followed by centrifugation at 10,000xg
for 15 min at 4 °C. Alkaline phosphatase and
peroxinectin (equivalent to human myeloperoxidase)
were assayed in duplicate as per the procedure described
in Withyachumnarnkul et al. [33]. Lysozyme activity
against Micrococcus lysodeikticus cell wall (ATCC
4698; Sigma-Aldrich, USA) was determined by
established

microplate assays [30]. Bactericidal activity against

spectrophotometrically following
Vibrio harveyi, a pathogenic strain affecting marine
shrimp was assessed using an MTT assay [34].

Immune gene expression analysis

To assess molecular immune responses, the
expressions of prophenoloxidase-activating enzyme 1
(ppael) and crustin (crus) were quantified in
hemolymph and gill tissues. Approximately 100 mg of
hemolymph and gill samples were collected from each
shrimp (N = 8 per group per trial), immediately
preserved in TRIzol reagent, and snap-frozen in liquid
N,. Total RNA was extracted and reverse-transcribed
into cDNA using a commercial kit (QuantiTect RT Kit,
Qiagen, USA) following the protocol of Fernandes et al.
[35]. Gene expression was analyzed by quantitative real-
time PCR (qPCR) using a CFX96 Touch Real-Time
PCR System (Bio-Rad, USA) with KAPA SYBR® Fast
gPCR Master Mix (Merck KGaA, Germany) and
validated primers (Table 1). Amplification specificity
and efficiency were verified by melting-curve analysis
and standard-curve construction, respectively [36].
Relative transcript levels were normalized against

elongation factor I-alpha (efla) and f-actin using the
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geometric mean method described by Vandesompele et
al. [37].

Table 1 Primer sequences, target genes, and amplicon sizes used for quantitative real-time PCR (qPCR) analysis of

differential gene expression between triploid and diploid Penaeus monodon.

Amplicon PCR
Gene Primer sequence (5°—3) . ) References
size (bp) efficiency (%)
ppael F AAGAAGAGGGAGCCCCAGCAAC .
184 92.7 Charoensapstri ef al. [14]
ppael R TTACTCCTCCTCCCTGTCCAAG
crus F ACTGCTGCGAGTCAAGGTAT
101 105 FJ686014*
crus R TGCAAGAAAACGTACCGGTG
elfla ¥ GGTGCTGGACAAGCTGAAGGC )
150 94 Charoensapsri et al. [14]
elfla R CGTTCCGGTGATCATGTTCTTGATG
p-actin F GAAGCTGTGCTACGTGGCTCTG
i 124 96 Ponprateep et al. [38]
f-actin R GAACCTCTCGTTGCCGATGGTG

* GenBank accession number.

Statistical analysis

Data were analyzed using GraphPad Prism 5
(GraphPad Software Inc., USA) and are presented as
mean + SD. Normality and homogeneity of variance
were assessed using the Kolmogorov-Smirnov and F-
tests, respectively. Group differences were evaluated

using a 2-tailed t-test, with significance set at p < 0.05.

Ethical issues

All procedures involving shrimp collection,
handling, and sampling were carried out in a manner
designed to minimize stress, in accordance with
established ethical principles for the care and use of
aquatic animals in research. The experimental protocol
was reviewed and approved by the Institutional Animal
Care and Use Committee of Prince of Songkla
University, Thailand (Approval No. Ref. 79/2021).

Results and discussion

Growth performance

Across 2 independent trials, triploid shrimp
consistently exhibited significantly greater body weight
(approximately 30% - 40%) than diploids (Figure 1). In
Trial 1, triploids reached 50.44 + 13.19 g compared with
38.76 + 6.48 g in diploids (p < 0.05), a pattern
reproduced in Trial 2 (57.25+7.80 gvs. 41.33+£4.48 g;
p < 0.01). The reproducibility of this response across
trials indicates a robust ploidy-dependent growth
advantage rather than trial-specific variability.
Enhanced growth in triploids is commonly attributed to
altered energy allocation, including reduced investment
in gonadal development and increased somatic growth
efficiency, as previously reported in penaeid shrimps
[4,6,39]. Given these pronounced size differences,
subsequent hematological and immune parameters
should be interpreted within the context of ploidy-
associated physiological scaling.
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Figure 1 Body weights (g, mean + SD) of diploid (2n) and triploid (3n) Penaeus monodon in Trial 1 (A) and Trial 2 (B).
Sample sizes for each group are shown below the panels. Significant differences between ploidy groups were called when

p <0.05.

Hemocyte dynamics and cellular compensation

Triploid induction markedly altered the hemato-
immunological architecture of P. monodon, supporting
immune reorganization rather than proportional
numerical scaling of hemocytes (Figure 2). Total
hemocyte counts (THCs) showed a modest, non-
significant reduction (~9%) in Trial 1, but a pronounced
reduction 0f 41.49% in Trial 2 (Figures 2(A) and 2(B)).
Notably, this decline was consistently accompanied by
shifts in hemocyte composition, characterized by
reduced proportions of hyaline cells and increased
proportions of semi-granular and granular hemocytes
both 3(A) and 3(B)).

Concurrently, hemocyte size increased significantly in

across trials  (Figures
triploid shrimp across all cell types, with the most
pronounced enlargement observed in hyaline (1.27 -
1.49-fold), semi-granular (1.47 - 1.63-fold),
granular hemocytes (1.72 - 1.89-fold) (Figures 3(C) and

3(D)). Such increases in cell size are consistent with

and

genome-dosage effects associated with polyploidy,
which commonly result in fewer but larger cells and
compensatory tissue-level restructuring rather than
functional loss [40,41].

Given that granular hemocytes are primary
mediators of the  prophenoloxidase  system,
melanization, and antimicrobial responses in shrimp

[7,9], the observed compositional shifts towards larger

semi-granular and granular populations suggest
qualitative immune rebalancing that may compensate
for reduced hemocyte abundance and help preserve
baseline immune competence in triploid shrimp.
Granular hemocytes in triploid shrimp also exhibited

3(E)),

qualitative as well as quantitative cellular changes.

altered morphology (Figure indicating
Although light micrographs were obtained at moderate
resolution, consistent enlargement and morphological
alterations of semi-granular and large granular
hemocytes were repeatedly observed, corroborating the
quantitative analyses of hemocyte size and immune
parameters. While hemocyte morphology in triploid
invertebrates remains poorly characterized, comparable
cellular irregularities have been reported in triploid
fishes, where enlarged or atypical erythrocytes and
leukocytes do not necessarily impair innate immune
functions such as phagocytosis or respiratory burst
activity [42-44]. Similar hemocyte enlargement has also
been reported in triploid F. chinensis and other triploid
aquatic species without evidence of compromised innate
immunity [24,28,45]. Collectively, these patterns likely
reflect increased nuclear DNA content following
genome duplication and represent a compensatory
mechanism that preserves total immune cell biomass
and intracellular immune capacity despite reduced cell

numbers [4,39].
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Figure 2 Total hemocyte counts (THC, mean + SD) of diploid (2n) and triploid (3n) Penaeus monodon in Trial 1 (A) and
Trial 2 (B). Sample sizes for each group are shown below the panels. Significant differences between ploidy groups were

called when p < 0.05; ns denotes no significant difference.
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Figure 3 Hemocyte profiles and morphological characteristics of diploid (2n) and triploid (3n) Penaeus monodon. (A),
(B) Differential hemocyte counts (DHC) in Trial 1 and Trial 2, respectively. (C), (D) comparison of hemocyte-type
surface areas in Trial 1 and Trial 2. (E) Representative light micrographs illustrating the morphology of 3 major hemocyte
types: Hyaline cells (H), semi-granular cells (S), and large granular cells (L). The images illustrate relative differences in
cell size and shape between ploidy groups under identical light-microscopy and staining conditions and are presented for
qualitative comparison. Sample sizes for each group are indicated beneath the panels. Statistical significance between
ploidy groups was determined at p < 0.05. Scale bar = 10 um.
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Humoral and enzymatic immune responses

Triploid shrimp exhibited higher total PO activity,
with a statistically significant increase detected in Trial
2 (Figure 4). This pattern corresponds to the increased
proportion and size of granular and semi-granular
hemocytes, the primary cellular reservoirs of the proPO
system, supporting enhanced melanization potential
[8,46]. Elevated PO activity has been associated with
improved resistance to V. harveyi and WSSV in P.
monodon, highlighting its functional relevance [14, 47].
Basal superoxide production did not differ between
ploidy  groups;  however,  zymosan-stimulated
respiratory burst activity was significantly higher in
triploid hemocytes, indicating preserved and potentially
enhanced inducible immune responsiveness. Similar
compensatory increases in respiratory burst activity

have been reported in triploid fishes and may offset
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reduced immune cell abundance [43,48]. In contrast,
alkaline phosphatase, peroxinectin, lysozyme, and
bactericidal activities did not differ significantly
between diploid and triploid shrimp across trials (Table
2), indicating that basal humoral and hemocyte-
associated immune functions remain conserved under
non-challenged conditions. These findings contrast with
reports of altered immune or hematological traits in
some triploid fishes [23,24], but align with limited
crustacean evidence indicating that triploidy does not
necessarily impair immune enzyme activity [28].
Collectively, these results suggest selective
enhancement of inducible cellular defenses, rather than
global immune upregulation, consistent with an immune
compensation strategy that balances responsiveness
with metabolic efficiency.
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Figure 4 Phenoloxidase (PO) activities (A, Trial 1; B, Trial 2) and respiratory burst activities (Trial 1) in hemocytes of

diploid (2n) and triploid (3n) Penaeus monodon, including spontaneous superoxide (O2") production (C) and zymosan-

stimulated Oz~ production (D). Sample sizes for each group are indicated beneath the panels. Statistical significance

between ploidy groups was called when p < 0.05; ns denotes no significant difference.
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Table 2 Alkaline phosphatase, peroxinectin, lysozyme activity, and bactericidal activity (mean = SD) in the serum of

diploid (2n) and triploid (3n) Penaeus monodon.

Trial 1 Trial 2
Assayed quantity
Diploid (2n) Triploid (3n) Diploid (2n) Triploid (3n)
Alkaline phosphatase
0.52 + 0.09" (8) 0.56 + 0.08"™ (10) 0.46 £0.07™ (9) 0.43 +£0.05™ (11)
(OD405)
Peroxinectin

) o 1.70 £ 0.50™ (9)
(Stimulation index)

1.84 + 0.58™(10)

1.94 + 0.26™ (9) 1.91 +0.25™ (11)

Lysozyme activity
(Unit mL™)

155.0 £ 86.68™ (8)  137.78 + 118.5™ (10)  371.56 +261.61™ (9)  324.0 + 165.70 (10)

Bactericidal activity (%)  26.75 £2.30™ (9)

24.92 + 2.54™ (10)

27.21 +4.30™ (9) 26.12 +5.20" (11)

" indicates no statistically significant difference between groups within the same experiment. Sample sizes are shown in

parentheses.

Gene expression patterns related to innate
immunity

Triploid shrimp exhibited higher transcript levels
of ppael in hemolymph and gill tissues, although
statistical significance was detected only in hemolymph
during Trial 1 (Figure 5). Upregulation of ppael, a key
serine protease activating the proPO cascade, aligns
with the observed enhancement of PO activity and
inducible cellular immune responses [7,8]. The trial-
dependent nature of this response may reflect seasonal
or contextual immune modulation associated with pre-
sampling conditions between the 2 trials, rather than
constitutive immune upregulation following genome
duplication. Previous studies have demonstrated that
environmental factors such as culture system,
temperature fluctuations, and stressors can significantly
influence immune gene expression in shrimp [49].
Similarly, crus expression was elevated in the

hemolymph of triploid shrimp, with a significant

increase observed in Trial 2, indicating preserved or
enhanced antimicrobial preparedness. Crustins are
cationic antimicrobial peptides involved in defence
against Gram-positive and Gram-negative bacteria and
the microsporidian fungi, Enterocytozoon hepatopenaei
[15,16]. In contrast, crus expression in gill tissue did not
differ between ploidy groups, consistent with reports of
minimal crustin expression in gills under both normal
and ammonia-stressed conditions [50]. This tissue-
specific regulation likely reflects the multifunctional
role of gills in respiration and osmoregulation, where
excessive immune activation may impose physiological
costs [50,51]. Overall, gene expression patterns
mirrored enzymatic and cellular immune data,
supporting a model of selective immune investment in
triploid P. monodon, whereby inducible immune
pathways are preferentially enhanced in circulating
hemocytes while mucosal tissues maintain tightly
regulated basal immunity.



Trends Sci. 2026; 23(9): 13281

90f13

A: Hemolymph, Trial 1

g B 2n [ 3n
5—.
2 P<0.05 P<0.05
@ —
E 4
=
g 34 [
W
2
= 2-
W
R i
‘l_
0 T T
ppael crus
N=8 N=8 N=8 N=8

C: Gill, Trial 1
87 B 2n B 3n

ns ns

Relative expression
oL T

N
1

Jml o

ppael crus
N=8 N=8§ N=8 N=8

B: Hemolymph, Trial 2

87 B 2n [ 3n
ns P<0.05

a
1

Relative expression
S
1

(5]
1

I
ppael crus
N=8 N=38§ N=8 N=8

D: Gill, Trial 2
89 B 2n [ 3n

ns ns

=2
|

Relative expression
-
1

~N
]
—

0 T T
ppael crus

N=8 N=8 N=8 N=8

Figure 5 Relative expressions of ppael and crus genes in the hemolymph (A) and (B) and gills (C) and (D) of diploid

(2n) and triploid (3n) Penaeus monodon. Sample sizes for each group are indicated beneath the panels. Statistical

significance between ploidy groups was called when p < 0.05; ns denotes no significant difference.

Conclusions

This study provides the first comprehensive
evidence that triploid induction in Penaeus monodon
reshapes hemato-immunological organization through
reduced hemocyte abundance coupled with
compensatory cellular enlargement, while preserving
baseline immune functionality. Enhanced PO activity,
inducible respiratory burst responses, and the regulated
expression of immune-related genes (ppael and crus)
collectively indicate that triploid shrimp retain
functional innate immune capacity rather than
exhibiting immune impairment under non-challenged
conditions. However, as the present findings are derived
from baseline physiological and immunological

indicators, further validation using controlled pathogen-

challenge assays is warranted to determine whether
these immune traits translate into enhanced or
equivalent disease resistance relative to diploids. Such
challenge-based experiments, together with farm-scale
performance evaluations, will be essential to fully
substantiate the practical applicability of triploid shrimp
for sustainable aquaculture production.
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