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ABSTRACT

Viral disease remains a major constraint in shrimp aquaculture. Infectious hypodermal and
hematopoietic necrosis virus (IHHNV) causes runt deformity syndrome in Penaeus vannamei, yet
early host—virus contacts have been poorly defined. In this work, noninfectious IHHNV virus-like
particles (IHHNV-VLPs) were produced from recombinant capsid, validated for purity,
biotinylation, and ~27-nm morphology, and used as probes to map attachment and tissue targets.
Whole-mount binding in post-larvae showed strong signals in gill and muscle, with minimal
background in controls. Quantitative ELISA on tissue extracts (gill, muscle, hepatopancreas,
stomach) and a cross-species Sf9 cell lysate ranked binding highest for gill, muscle, and Sf9. Far-
Western probing revealed multiple VLP-reactive bands in gill and muscle, consistent with several
candidate host glycoproteins. To define the chemical basis of binding, lectin histochemistry and
lectin—ELISA were performed: ConA, AAL, and WGA gave strong signals, especially in gill.
Functional assays supported a glycan requirement: pre-incubation with ConA, AAL, or WGA
lowered VLP binding; enzymatic and chemical treatments (PNGase F, o-mannosidase, o-
fucosidase, and periodate) reduced binding, with periodate producing the largest decrease and
PNGase F/a-mannosidase producing substantial reductions. Monosaccharide blocking further
decreased binding after pre-incubation with mannose or GlcNAc (gill, Sf9) and with fucose
(muscle, gill). Glycomics of released glycans identified oligomannose-dominant N-glycans with
core fucosylation and fucosylated O-glycans in gill, aligning with the lectin and inhibition results.
Taken together, the data support a model in which IHHNV-VLPs engage high-mannose, fucose-
containing, and GIcNAc-rich glycans on shrimp tissues, with gill and muscle providing the most
permissive landscapes. These findings supply a mechanistic basis for glycan-focused control

strategies and a practical, VLP-centered toolkit for studying shrimp—virus interactions.



IMPLICATIONS

By identifying glycan classes that promote IHHNV attachment, this thesis points to intervention
routes that are compatible with hatchery practice and do not rely on antibiotics. Defined sugar
“decoys” or safe marine polysaccharides could be formulated as short dips or feed additives to
compete with capsid—glycan binding during vulnerable stages; gentle, surface-acting blockers
modeled on ConA/AAL/WGA specificities could transiently mask high-mannose, fucosylated, or
GlcNAc motifs on gill and muscle; and VLPs themselves can be repurposed as capture reagents
for diagnostics that report receptor-competent particles alongside nucleic-acid tests. In parallel,
breeding and nutrition programs may use glycan phenotypes as markers to reduce presentation of
highly permissive motifs without compromising development. The VLP-to-glycomics workflow
established here—imaging, ELISA, Far-Western, lectin profiling, enzymatic trimming,
monosaccharide blocking, and mass spectrometry—offers a template for analyzing other
crustacean pathogens and for translating basic glycobiology into practical disease-management

tools for aquaculture.

KEYWORDS: VLP (virus-like particle), Infectious hypodermal and hematopoietic necrosis virus

(IHHNYV), Densovirus, glycans P. vannamei,
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CHAPTER1

INTRODUCTION

Shrimp farming supplies a large share of the world’s seafood, yet production remains vulnerable
to viral disease. A persistent concern is IHHNV, a small, non-enveloped, single-stranded DNA
virus that, in Penaeus vannamei, is better known for runt deformity syndrome than for acute
mortality. Slower growth and deformities still erode harvest weight and profitability. Because
crustaceans lack antibody-based adaptive immunity, the very first steps of infection—how a
particle attaches to host tissue—deserve close attention. In many animal viruses, initial contact is
mediated by cell-surface glycans displayed on proteins and lipids. These sugars often provide low-
affinity, high-avidity footholds that concentrate virions before deeper engagement. Mannose-rich
N-glycans, fucosylated motifs, and N-acetylglucosamine-containing structures are common
examples. For IHHNYV, direct evidence for glycan use in shrimp has been limited; clarifying
whether host glycans promote attachment would explain tissue preferences and open practical,
non-antibiotic routes to mitigation.

This thesis examines IHHNV attachment using IHHNV-VLPs assembled from recombinant capsid
protein. The VLPs mimic the external capsid surface and can be handled safely. Tissue preference
was first mapped in whole post-larvae by fluorescence labeling of biotinylated VLPs. Binding was
then quantified by ELISA using coated extracts from gill, muscle, hepatopancreas, and stomach;
an Sf9 insect-cell lysate was included to gauge cross-species reactivity. Putative host ligands were
visualized by Far-Western blotting, with VLPs used as the probe. The glycan landscape of target

tissues was profiled by lectin histochemistry and lectin-ELISA. Functional dependence was tested
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in two directions: pre-occupying the capsid with lectins or simple sugars (mannose, fucose, N-
acetylglucosamine), and glycans removal by enymes (PNGase F, a-mannosidase, a-fucosidase).
Finally, MALDI-MS(/MS) of released N- and O-glycans provided composition-level context for
the binding patterns.

The goals are straightforward: identify which shrimp tissues show the strongest VLP binding,
determine which glycan classes are associated with and contribute to that binding, and perform
blocking by lectins, enzymatic trimming, and monosaccharide blocking. By focusing on the first
contact between particle and host, the work aims to lay a testable basis for hatchery-ready measures

such as sugar decoys, safe polysaccharides, or gentle surface blockers.
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CHAPTER II

OBJECTIVES

Interactions between densoviruses and their hosts, including IHHNV, remain incompletely
defined. Building on evidence that many viruses exploit host glycans for initial contact, it is
proposed that IHHNV uses glycans on Penaeus vannamei tissues as attachment determinants.
Consequently, selective removal or competitive masking of those glycans should diminish viral

binding and lower the risk of infection.

Specific objectives.

e Establish an IHHNV virus-like particle (VLP) capsid model to study host—tissue
attachment.

e Determine which P. vannamei tissues display preferential binding to IHHNV-VLPs.

e Define the glycan landscape of the tissues identified as most susceptible.

e [Evaluate whether glycan-focused blockade (e.g., competitive masking or removal of

key motifs) reduces IHHNV-VLP attachment.
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CHAPTER III

LITERATURE REVIEW

1. Introduction to Shrimp Virology and Aquaculture Impact

Shrimp aquaculture has expanded rapidly over the last four decades and now constitutes a
cornerstone of global aquatic food supply. In its 2024 flagship assessment, the Food and
Agriculture Organization (FAO) reported that aquaculture surpassed capture fisheries as the
world’s leading source of aquatic animals for the first time in 2022, producing 130.9 million
tonnes of marine animals—51% of total aquatic animal output that year (including finfish,
crustaceans, mollusks, and other groups) (1). This milestone reflects sustained intensification
through improvements in genetics, feed formulation, aeration, and biosecurity. It is notable
because crustacean aquaculture—led by the Pacific white shrimp Penaeus vannamei—is among
the most valuable segments within the broader aquaculture portfolio (2). While aggregate output
has increased, the industry’s trajectory remains tightly constrained by infectious diseases,
particularly viruses, which drive volatility in production and profitability across major producing
regions. (1,3)

A defining characteristic of shrimp virology is the disproportionate impact of disease on sector
performance relative to other production bottlenecks. Cross-sector evaluations of aquatic animal
health consistently conclude that infectious diseases generate multi-billion-dollar annual losses
and can depress adequate capacity in high-value sectors such as shrimp by up to ~40% during
crisis periods (3). These estimates integrate acute epizootics, chronic performance penalties, and
the cost of control measures, underscoring that disease—with viruses at the forefront—remains

the principal biological constraint on the continued expansion of shrimp farming. (3)
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Within this context, white spot syndrome virus (WSSV) is emblematic of rapid, high-mortality
outbreaks, whereas infectious hypodermal and haematopoietic necrosis virus (IHHNV) represents
a pervasive chronic threat. IHHNV is a small single-stranded DNA virus (family Parvoviridae,
subfamily Hamaparvovirinae, genus Penstylhamaparvovirus) that was first recognized as a cause
of severe losses in Penaeus stylirostris in Hawaii in 1981, and has since become globally
distributed across shrimp-farming regions in the Americas and Asia (4—6). The biological and
economic signatures of IHHNYV differ by host: susceptible species (e.g., P. stylirostris) may
experience high juvenile mortality, while tolerant hosts (notably P. vannamei) typically develop
runt deformity syndrome (RDS)—a constellation of growth retardation and cuticular deformities
that does not produce headline mortality but erodes farm revenue via lower biomass, poorer size
uniformity, and downgraded product quality (4—7). This chronic phenotype explains why IHHNV
can be under-appreciated in surveillance systems that focus on catastrophic die-offs, despite its

substantial cumulative burden on production. (4-7)

Shrimp are intrinsically vulnerable to viral pathogens because they lack an antibody-based
adaptive immune system and rely instead on innate immunity. Innate defenses encompass cellular
mechanisms (phagocytosis, encapsulation, nodulation, apoptosis) mediated by circulating
hemocytes, as well as humoral cascades including the prophenoloxidase (proPO) system, clotting
reactions, oxidative enzymes, antimicrobial peptides (e.g., penaeidins, crustins), and an array of
pattern-recognition molecules such as C-type lectins, B-glucan-binding proteins, and Toll-like
receptors (8,9). Innate responses can limit replication and clear infection in some contexts;
however, the absence of immunological memory means protection typically does not persist

across production cycles, rendering populations susceptible to reinfection. (8,9)
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The production environment exacerbates these biological vulnerabilities. Intensive pond and
raceway systems expose shrimp to high animal densities, occasional water-quality stressors (e.g.,
fluctuations in dissolved oxygen, ammonia, temperature, and salinity), and frequent animal
movements (broodstock, post-larvae) that facilitate pathogen introduction and spread. Waterborne
transmission, cannibalism of dying conspecifics, contaminated equipment, and potential
mechanical vectors (wild crustaceans, insects, birds) promote horizontal transmission. At the
same time, the detection of pathogen nucleic acids in broodstock tissues and nauplii has raised
concerns about vertical routes for several shrimp viruses (4—6,8). These ecological factors help
explain why, once viruses are established in a region’s metapopulation, they are rarely eradicated;
instead, endemic circulation persists through inter-farm water exchange, shared hatchery sources,

and wild-to-farm interfaces. (3—6,8)

For IHHNYV specifically, contemporary field studies highlight its persistence at meaningful
prevalence in commercial P. vannamei systems. In Ecuador and Peru, a multi-region farm survey
demonstrated endemicity with farm-level prevalence ranging from 3.3% to 100%, reflecting
differences in biosecurity, seed origin, and environmental conditions (6). Crucially, the study
notes that linking prevalence to performance at the farm level requires careful attention to
diagnostic specificity, because some polymerase chain reaction (PCR) assays may detect
endogenous viral elements (EVEs)—IHHNV-like sequences integrated into shrimp genomes—
leading to false-positive interpretations of active infection if target regions are not chosen
appropriately (6). This issue is not merely theoretical: follow-up methodological work has
documented EVE-associated false positives with specific conventional assays and advocated for
EVE-aware primer/probe design, confirmatory approaches (e.g., immunohistochemistry, long-

amplicon PCR), and novel CRISPR-based diagnostics that can discriminate between replicating
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virus and EVE templates (10—13). Collectively, these developments are reshaping surveillance
and decision-making in farms and hatcheries by lowering the risk of misclassifying stock. (10—

13)

The economic consequences of viral disease extend across the shrimp value chain. At the farm
level, acute epizootics (e.g., WSSV) drive direct mortality and crop failure; chronic infections
(e.g., IHHNYV) lengthen crop cycles, increase feed conversion ratio (FCR), and reduce size
uniformity, depressing price realization at harvest. At the sector level, disease-driven production
volatility disrupts processing plant utilization, export schedules, and capital flows, and can
precipitate shifts in species portfolios and investment. Because many shrimp-producing nations
depend on the sector for export revenue and rural livelihoods, national-scale shocks from major
outbreaks have repeatedly triggered policy responses centered on biosecure seed production,
movement control, and enhanced surveillance (3). Taken together, these dynamics explain why
aquaculture’s global growth narrative—now outpacing capture fisheries—remains conditionally
tied to disease control, and why elucidating virus—host mechanisms that can be translated into

practical interventions is a strategic research priority. (1,3)

From a biological mechanism standpoint, IHHNV offers a compelling case study. As a small,
non-enveloped parvovirus with limited coding capacity, IHHNV must rely on precisely tuned
interactions between its capsid protein (VP) and host-cell surface determinants to attach, enter,
and initiate replication in target tissues of ectodermal and mesodermal origin (notably hypodermis
and haematopoietic tissues) (4,5). This observation naturally raises the hypothesis—strongly
supported in vertebrate parvovirology—that cell-surface glycans (e.g., sulfated

glycosaminoglycans and terminal sialic acids) act as primary attachment factors that shape tissue
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tropism and host range. While definitive receptor(s) for IHHNV in P. vannamei remain to be
identified, the tropism patterns documented histologically and by molecular assays in farmed
shrimp provide a tractable scaffold for subsequent capsid—glycan mapping using modern tools

such as virus-like particles (VLPs) and glycomics. (4-6)

In summary, shrimp aquaculture is both a success story and a cautionary tale: it has achieved
unprecedented production milestones, yet it remains biologically constrained by viral diseases
whose impacts range from catastrophic mortality to chronic performance loss. IHHNV
exemplifies the latter and illustrates the need for mechanistic understanding—particularly of
glycan-mediated attachment and entry—to inform next-generation diagnostics and interventions
compatible with farm realities. The sections that follow synthesize current knowledge on (i)
IHHNYV biology, pathogenesis, and economic relevance; (ii) detection and epidemiology; (iii)
general principles of virus—host binding with emphasis on glycan recognition and capsid—glycan
interactions; (iv) shrimp glycobiology and immune lectins; (v) IHHNV—shrimp interactions and
evidence for glycan involvement; (vi) VLP tools and applications; and (vii) glycan-based antiviral

strategies and future directions.

2. Overview of IHHNYV: Biology, Pathogenesis, and Economic Relevance

Infectious hypodermal and hematopoietic necrosis virus (IHHNV) is a small, non-enveloped,
single-stranded DNA (ssDNA) virus that has become one of the most persistent pathogens in
penaeid shrimp aquaculture. Taxonomically, IHHNV belongs to the family Parvoviridae,
subfamily Hamaparvovirinae, genus Penstylhamaparvovirus; under current nomenclature, it is
formally recognized as Decapod penstylhamaparvovirus 1 [1-3]. This reclassification reflects a

2020 revision of parvovirus taxonomy that reorganized aquatic and invertebrate lineages and
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clarified relationships within Hamaparvovirinae [2,3]. These changes are relevant for surveillance
and diagnostics because they align older literature that used the term “penstyldensovirus” with

contemporary naming conventions.

1. Virion morphology and genomic organization

IHHNV virions are icosahedral, approximately 22-25 nm in diameter, and non-enveloped,
consistent with other parvoviruses that package a compact ssDNA genome in a T=1 capsid [4—6]
(figure 3.1). The genome is ~4.1 kb and contains three open reading frames (ORFs) that encode
the hallmark parvoviral proteins: NS1 and NS2 (nonstructural proteins involved in replication and
regulation) and VP (capsid protein) [4,6-8] (figure 3.2). NS1 carries conserved helicase and
endonuclease motifs found in parvoviruses. It is essential for rolling-hairpin replication, while VP
self-assembles into the icosahedral shell and displays the external surface that engages host
determinants. Although early studies largely inferred replication strategy from vertebrate
parvoviruses, subsequent work in crustacean densoviruses supports a nuclear replication cycle
with rolling-hairpin synthesis of complementary DNA strands and host-dependent transcription
[7,8]. From a structural-functional perspective, the capsid exterior is the key interface for host
range and tissue tropism, and, by analogy to vertebrate parvoviruses, is the most plausible site for

glycan-mediated attachment (discussed in Section 4) (figure 3.3 and 3.4).
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22010
Swiss Institute of Bioinformatics

T=1
Figure 3.1. Basic virus capsid structure of Icosahedral, T=1. IHHNV is T=1 icosahedral capsid

structure virus that contain ssDNA, 4.2 kb.

20040000 VK 1200 140 1600 1500 K 20 2400 2600 2400 OF_P2W P00 B0 BEN K

Parvovirus Genome Template

| NSt (+2) >

_erew) 0 EEm

Figure 3.2. Organization of open reading frames (ORFs) in the genomes of Parvovirus genome
template and IHHNV (PstDNV). The size of each ORF and the genome are depicted by their

relative size. The numbers in parentheses indicate the ORF of each encoded protein
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Figure 3.3. Ribbon diagram of the crystal structure of the IHHNV capsid protein. The BIDG and
CHETF sheets of the eight-stranded -barrel are shown in light gray and dark gray, respectively. The
surface loops connecting the strands of the -barrel are labeled by color as follows: BC loop, dark
blue; CD, purple; DE, dark green; EF, cyan; GH, red; and HI, green. The N-terminal region
upstream of B is shown in magenta, and the C-terminal portion downstream of I is shown in gold.
The positions of icosahedral symmetry elements and their direction from the viral center are
indicated by arrows. Between the conserved helical elements CD1 and CD2, the dashed circle
highlights a hairpin loop insertion that is unique to the IHHNV structure. The position of secondary
structural elements along the primary sequence is also presented in a schematic shown in the top
left corner. Numbering corresponds to the starting residues of the -strands (solid arrows), shown
black in the conserved jelly roll -barrel and colored in connecting loops. The N terminus (N) and

C terminus (C) are indicated [72].
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PstDNV

Figure 3.4. Topographic comparison of the IHHNV protein capsid with other parvoviruses.
Surface renderings of 3D density maps of PstDNV, GmDNV, and CPV at 8 A resolution, generated
from atomic coordinates. One icosahedral asymmetric unit is indicated by a black triangle. The
surface is colored according to the distance from the viral center (100 A [blue], 107.5 A [cyan],
115 A [green], 122.5 A [yellow], and 130 A[red]). In the top right corner of the figure, a
combination display of the equatorial slices of the density maps depicts the differences in thickness
and expansion of the protein shells. The positions of icosahedral symmetry axes are indicated by

the numbered gray arrows [72].
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il. Discovery, host range, and phenotypic outcomes

IHHNV was first recognized in Hawaii in 1981 in association with severe losses of Penaeus
stylirostris (now Litopenaeus stylirostris), and within a decade it had spread through the eastern
Pacific into Latin American production, later appearing in Asia and elsewhere [9-11]. The host
range includes several penaeid shrimp species; clinical expression, however, is species-dependent.
In susceptible hosts (e.g., L. stylirostris), IHHNV can cause acute juvenile mortalities and crop
failure. By contrast, in tolerant hosts such as Pacific white shrimp (P. vannamei) and black tiger
shrimp (P. monodon), IHHNV typically produces runt deformity syndrome (RDS) rather than
mass mortality [4,10,12]. RDS manifests as growth retardation, cuticular deformities (e.g., bent
rostrum, curved bodies), and size heterogeneity, which depresses harvest value even in the absence
of overt die-offs. The chronic productivity penalty explains why farms and national surveillance

systems sometimes underestimate the burden of IHHNV relative to acutely lethal viruses.

iil. Tissue tropism and pathology

Consistent with the original case descriptions and subsequent histopathology, IHHNV targets
tissues of ectodermal and mesodermal origin, especially hypodermis and hematopoietic tissues,
producing intranuclear inclusion bodies and nuclear hypertrophy (Cowdry type A inclusions) that
are pathognomonic in severe cases [4,10] (figure 3.5). Classic teaching—still largely valid—is that
endodermal organs (e.g., hepatopancreas) are not primary targets in natural infection; however,
recent experimental work has nuanced this view. A carefully controlled feeding-challenge study in
P. vannamei detected IHHNV DNA by qPCR in several tissues (pleopods, gills, muscle) and also

reported hepatopancreas positivity in some conditions, sparking discussion on whether the
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hepatopancreas can occasionally harbor viral DNA or whether detection reflects transient carriage
rather than productive replication [13]. Parallel organ-distribution work in farmed shrimp has re-
emphasized predominant tropism for hypodermal and hematopoietic tissues while acknowledging
occasional detection beyond classical targets, especially under experimental challenge [14].
Together, these data warrant careful interpretation of tissue testing results (particularly with highly
sensitive qPCR) and reinforce the need for localization methods (e.g., in situ hybridization,
immunohistochemistry) when ascribing tissue tropism in field settings.

At the organismal level, clinical presentation varies by species and life stage. In juvenile L.
stylirostris, infections can be rapidly lethal, whereas juvenile and grow-out P. vannamei typically
present with stunted growth, deformities, and reduced feed efficiency with minimal acute
mortality. Co-infections (e.g., with WSSV or TSV) can worsen outcomes, likely via immune
modulation and compounded physiological stress, though quantifying these interactions in
commercial settings remains challenging due to overlapping risk factors (stocking density, water
quality). The metabolic cost of IHHNV infection has been demonstrated experimentally: a
controlled study showed disturbances in metabolic rate and energy allocation in P. monodon
infected with IHHNYV, supporting the hypothesis that chronic growth penalties reflect systemic

physiological disruption beyond tissue-specific lesions [15].
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Figure 3.5. Tissue tropism of IHHNV in shrimp with emphasis on mesoderm-derived tissues.
Schematic illustration showing the distribution of IHHNV in mature shrimp. The virus exhibits
strong tropism toward tissues of mesodermal origin, particularly hematopoietic tissues, striated
muscle, gill connective tissue, hemolymph channels, and associated connective tissues. Viral DNA
may be detected in the hepatopancreas; however, it is not considered a primary target tissue for
viral replication. Red inclusions represent sites of viral infection and/or viral DNA localization

(Image genrated by Al).

iv. Molecular epidemiology and detection landmarks

Two developments have shaped the modern understanding of IHHNV epidemiology. First, the
advent of real-time quantitative PCR (qPCR) enabled sensitive detection and viral load

quantification across farms and regions. Early landmark assays demonstrated limits of detection
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down to ~10 copies and log-linear quantification across several orders of magnitude, allowing
robust comparisons of infection intensity among tissues and geographic isolates [16,17]. gPCR
adoption revealed the cosmopolitan distribution of IHHNV (Americas, Asia, Oceania) and linked
viral loads to clinical expression in susceptible hosts. Second, recognition of endogenous viral
elements (EVEs). IHHNV-like sequences integrated into shrimp genomes exposed a diagnostic
pitfall: conventional PCR can amplify EVE templates and misclassify shrimp as actively infected.
Recent methods papers therefore emphasize EVE-aware primer/probe design, long-amplicon PCR
or immunohistochemistry for confirmation, and CRISPR-Cas assays that discriminate replicating
virus from EVE sequences [10,18,19]. These refinements are not merely technical; they alter
prevalence estimates, stock movement decisions, and biosecurity policies at farm and national

levels.

V. Economic relevance: from chronic production losses to sector-level effects

Unlike WSSV, which produces acute, visible losses, IHHNV imposes diffuse and persistent
economic costs that accumulate across crops and regions. In tolerant hosts (P. vannamei, P.
monodon), the hallmark RDS reduces growth rate, size uniformity, and price realization, often
lengthening crop cycles and raising feed conversion ratio (FCR). These penalties can require more
days to harvest for the same target size, higher feed expenditure, and downgrading at processing
due to deformities—effects that scale with prevalence and stocking density. Given the macro-level
view that aquatic diseases remove billions of dollars in value annually and can depress adequate
capacity by up to ~40% in crisis settings, the chronic nature of IHHNV makes it a structural drag
on profitability in regions where it is endemic [20]. Policy and industry responses increasingly

focus on biosecure seed, EVE-aware diagnostics, and stock selection for reduced susceptibility;
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however, the absence of sterilizing immunity in shrimp and the environmental stability of
hamaparvoviruses mean that eradication is not a realistic goal. Consequently, risk-reduction and
performance mitigation—including early diagnostic triage, compartmentalization of hatchery
flows, and selective breeding—are the economically rational paths in IHHNV-endemic landscapes

[10,20].

3. VIRUS-HOST BINDING MECHANISMS

1. Principle of Non-enveloped Virus Entry into Host Cells

Because of their structural simplicity, viruses depend on the host cell’s biosynthetic machinery at
nearly every stage of infection. The main purpose of entry is to deliver the viral genome into the
cytosol or nucleus. The genome is initially enclosed by the viral capsid, which must undergo

structural changes during the “uncoating” process before replication can begin [21].

Many non-enveloped viruses initiate infection by first binding to the plasma membrane and
subsequently undergoing internalization via endocytic pathways. The principal uptake routes
described include clathrin-mediated endocytosis, caveolae-mediated endocytosis, and clathrin-
and caveolae-independent endocytosis [21,22] (figure 3.6). Clathrin-mediated uptake depends on
sequence motifs within the cytoplasmic tails of receptors, while caveolar uptake is initiated by
receptor clustering. Both processes require the GTPase dynamin, which facilitates vesicle budding
from the plasma membrane [21]. The clathrin- and caveolae-independent pathways are less well
characterized and may involve lipid raft domains and dynamin-dependent or independent
mechanisms [21,22]. Other mechanisms, such as macropinocytosis, have also been reported for
certain non-enveloped viruses [21]. After binding and internalization, some viruses trigger host

signaling events, including tyrosine phosphorylation and cytoskeletal rearrangements, which
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promote viral uptake and facilitate entry [21]. Once inside endosomal vesicles, the next critical
step is penetration of the vesicle membrane so the genome can reach the cytoplasm. Unlike
enveloped viruses, which fuse with host membranes, non-enveloped viruses disrupt the endosomal
membrane through capsid-mediated mechanisms. Endosomal conditions, particularly acidic pH,
play an important role in facilitating capsid rearrangements, membrane destabilization, and
genome release [21,23]. In early endosomes, a mildly acidic pH (approximately 6.0—6.5) promotes
dissociation of receptor-ligand complexes and sorting of cargo toward late endosomes or
multivesicular bodies (MVBs), which ultimately direct materials toward lysosomal degradation
[21]. For non-enveloped viruses such as parvoviruses, the icosahedral capsid provides repeating
binding motifs whose multivalency generates high avidity for cell-surface ligands, overcoming the
intrinsically weak affinity of individual glycan—protein contacts. Following attachment, viruses
typically enter cells via clathrin-mediated endocytosis or related pathways. Acidification,
proteolysis, and ionic changes in endosomes drive conformational transitions that expose internal
peptides or pore-forming domains, allowing genome release [21,23]. The biophysical hallmarks
of glycan-mediated adhesion include electrostatic complementarity (e.g., sulfation and
carboxylation on glycans interacting with basic residues on capsids), multivalency, and sensitivity

to glycan microheterogeneity [24,22,25].
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Figure 3.6. Endocytotic pathways that are essential for virus entry into host cell cytoplasm.
The major routes are clathrin-mediated endocytosis and caveolae-mediated endocytosis
while clathrin and caveolae-independent endocytosis and macropinocytosis are

increasingly more events

il. Glycan recognition in representative viruses

Influenza A virus and sialic acids

Influenza A hemagglutinin (HA) binds terminal sialic acid on host glycoconjugates, with linkage
specificity correlating with host range: avian strains preferentially bind a2,3-linked sialic acids,
whereas human-adapted strains preferentially bind 02,6 linkages in the upper respiratory tract [26].
Receptor switching through a small number of HA mutations can alter viral tropism and
transmissibility, illustrating how glycan topology constrains epidemic potential [27]. Structural
studies demonstrate that a shallow HA binding pocket interacts with the sialic acid carboxylate
and glycerol side chain, and subtle changes in pocket geometry modulate linkage specificity
[28,29].

Human immunodeficiency virus (HIV-1) and the glycan shield
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HIV-1 Env gp120 is among the most heavily glycosylated viral proteins, forming a dense “glycan
shield” that masks peptide epitopes and shapes antibody responses [30]. Several broadly
neutralizing antibodies (bnAbs) target composite epitopes comprising oligomannose glycans and
adjacent protein structures, demonstrating that glycans can function both as immune shields and
antigenic determinants [31,32]. Heparan sulfate on host cells also contributes to initial viral
attachment for some HIV isolates prior to CD4 and coreceptor engagement [33].

Human noroviruses and histo-blood group antigens (HBGAs)
Many human noroviruses bind histo-blood group antigens displayed on mucins and glycolipids of
the gastrointestinal tract. Strain-specific binding to A, B, H, or Lewis antigens helps explain host
susceptibility patterns and outbreak epidemiology [34]. Crystallographic and glycan-array work
has mapped HBGA contacts to the P domain of the capsid, with genotype-dependent binding
footprints [35].

Parvoviruses
Parvoviruses display diverse glycan usage. Adeno-associated virus 2 binds heparan sulfate
proteoglycans; human parvovirus B19 recognizes the globoside (P antigen) glycosphingolipid;
minute virus of mice engages sialylated glycans [36,37,38]. These interactions are typically low-
affinity, multivalent, and sensitive to glycan sulfation and branching. Mutation of surface loops
that form the glycan-binding pocket alters tropism and transduction efficiency, underscoring the

functional centrality of capsid—glycan contacts [39].

iil. Capsid—glycan structural interactions

Across non-enveloped viruses, capsid—glycan contacts usually involve shallow pockets or ridges
created by symmetry-related loops at or near threefold/fivefold axes. X-ray and cryo-EM studies

show that sulfate and carboxylate groups of glycans dock to basic residues (lysine/arginine) on
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capsids, while hydrophobic patches position saccharide rings [22, 23]. Multivalency arises because
60 identical capsid subunits present repeating sites, enabling avidity-driven binding despite sub-
millimolar to millimolar monovalent affinities [24]. Glycan microheterogeneity (linkage, sulfation
pattern, branching) modulates binding and can create strain-specific phenotypes. Technically,
glycan microarrays and saturation-transfer difference NMR provide complementary evidence for
specificity and affinity, while cryo-EM with ligand soaking maps footprints at near-atomic
resolution [40,41]. These principles guide hypotheses for IHHNV and inform assay design with

virus-like particles (VLPs) in Sections 6 and 7 (figure 3.7).

iv. Entry routes and endosomal cues

Non-enveloped viruses commonly enter host cells via receptor-mediated endocytosis, with
clathrin-mediated pathways being among the most extensively characterized mechanisms.
Following internalization, progressive endosomal acidification, ionic changes, and host protease
activity induce conformational rearrangements in viral capsid proteins. These structural transitions
expose internal peptides with membrane-penetrating or pore-forming functions, enabling
translocation of the viral genome into the cytosol [21,23]. Within the family Parvoviridae,
endosomal escape is a critical step in infection. Capsid rearrangements under acidic conditions
expose phospholipase A> (PLA:)-like domains in the VPl unique region, which facilitate
disruption of the endosomal membrane and subsequent cytoplasmic release [23].

After endosomal escape, parvoviruses rely on microtubule-mediated trafficking toward the
perinuclear region. Nuclear entry is essential for replication, as viral DNA replication occurs in the
host nucleus. Exposure of nuclear localization signals (NLS) on capsid proteins enables interaction

with the importin machinery and transport through nuclear pore complexes [23,42].
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Although the precise entry pathway of IHHNYV in shrimp cells remains incompletely characterized,
its classification within Parvoviridae suggests that similar endocytic uptake and acid-triggered
capsid rearrangements are likely involved [12,23]. Given the high proliferative activity of
hematopoietic and hypodermal cells, these tissues may provide a permissive intracellular

environment that supports efficient nuclear trafficking and replication.

V. Internalization: Endocytic Uptake Pathways

Following viral attachment, non-enveloped parvoviruses are generally internalized via receptor-
mediated endocytosis, most commonly through clathrin-dependent pathways [21,23]. Dynamin-
mediated vesicle scission and actin cytoskeleton rearrangements are frequently required for
successful uptake [21]. Alternative pathways, including caveolae-mediated endocytosis or
macropinocytosis, have also been reported for certain viruses under specific cellular contexts [21].
Although direct experimental evidence for IHHNV internalization pathways in shrimp cells
remains limited, the structural and phylogenetic similarity of IHHNV to vertebrate parvoviruses
suggests that clathrin-mediated endocytosis is the most parsimonious mechanism [12,23].
Sensitivity to endosomal acidification in related parvoviruses further supports a model in which
entry proceeds through endosomal compartments rather than direct plasma membrane penetration

[21,23].

vi. Endosomal Trafficking and Membrane Penetration

Unlike enveloped viruses such as influenza virus or HIV, which achieve cytosolic entry via
membrane fusion mediated by viral glycoproteins [26,30], non-enveloped viruses must penetrate
the endosomal membrane through capsid-driven mechanisms. In parvoviruses, endosomal

acidification triggers conformational rearrangements in the capsid that expose previously hidden
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internal domains, including phospholipase A2 (PLAz) motifs within the VP1 unique region, which
mediate membrane destabilization and facilitate endosomal escape [23].

Whether IHHNV encodes analogous membrane-penetrating domains has not been fully
elucidated; however, given its classification within Hamaparvovirinae and structural conservation
with other parvoviruses [12,23], it is reasonable to hypothesize that acidification-induced capsid
rearrangements play a similar role. Experimental interrogation of IHHNV capsid dynamics under
varying pH conditions, particularly using virus-like particles (VLPs), would provide valuable

mechanistic insight [43,44,45].

vii.  Cytoplasmic Transport and Nuclear Import

A defining feature of parvovirus biology is strict nuclear replication [23]. Consequently, successful
infection requires trafficking of the viral genome to the nucleus. In vertebrate parvoviruses, this
process involves microtubule-mediated transport toward the perinuclear region, followed by
nuclear entry either through intact capsids docking at nuclear pore complexes or via partial
uncoating in the cytoplasm [23]. Nuclear localization signals (NLS) present on capsid proteins and
interactions with host transport machinery have been implicated in this process [23,42]. Although
nuclear trafficking mechanisms have not yet been experimentally characterized for IHHNV in
shrimp cells, its replication within nuclei of hypodermal and hematopoietic tissues [4,12] implies
reliance on conserved nucleocytoplasmic transport pathways. Determining whether IHHNV
capsids remain intact during nuclear import or undergo stepwise disassembly remains an important

mechanistic gap.

viii.  Comparative Entry Strategies Across Viral Classe

Positioning IHHNV within broader virological paradigms highlights important mechanistic

distinctions. While IHHNYV shares structural and genomic features with other parvoviruses [12,23],
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its entry strategy contrasts with enveloped viruses such as influenza virus and HIV, which rely on
membrane fusion mediated by viral envelope glycoproteins [26,30]. In contrast, many RNA
viruses replicate entirely in the cytoplasm and therefore bypass nuclear import requirements,

whereas IHHNV must deliver its genome into the nucleus to establish infection.

iX. Implications for IHHNV

Given the small T=1 parvoviral capsid, documented tissue tropism in shrimp, and the abundance
of glycosaminoglycans and mucin-type glycans on shrimp epithelia and hemocytes, it is plausible
that IHHNV uses glycan-mediated attachment as an initial capture step, possibly followed by
engagement of a protein coreceptor [4,21,23]. This model predicts sensitivity to enzymatic
deglycosylation, competition by soluble glycan analogs, and measurable binding of IHHNV VLPs

to defined shrimp glycan fractions in vitro.
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Figure 3.7. Glycan-mediated interactions between viruses and host cells.

Viral surface glycoproteins and host glycan receptors or lectins interact to drive key outcomes.
These interactions can promote viral attachment and membrane fusion, supporting infection, or

stimulate host immune recognition and antigen presentation. [73].

4. SHRIMP GLYCOBIOLOGY AND HOST DEFENSE

1. Overview of shrimp glycans

Glycans are structurally diverse carbohydrate chains covalently attached to proteins or lipids,
forming glycoproteins, glycolipids, and proteoglycans that decorate the cell surface and
extracellular matrix. Unlike nucleic acids and proteins, glycan biosynthesis is not template-driven;
instead, it results from coordinated activity of glycosyltransferases and glycosidases within the
endoplasmic reticulum and Golgi apparatus. Consequently, glycans exhibit substantial structural

microheterogeneity in monosaccharide composition, linkage type, branching architecture,
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sulfation pattern, and spatial presentation [40]. This diversity is biologically significant because
viral attachment is often highly sensitive to fine structural differences within glycan epitopes. In
crustaceans, including penaeid shrimp, cell surfaces and extracellular matrices display a repertoire
of glycans comprising glycosaminoglycans (GAGs), N-linked and O-linked glycans on
glycoproteins, mucin-type O-glycans in epithelial secretions, and membrane-associated
glycolipids [46,47]. Although comprehensive shrimp glycomes remain less defined than
mammalian systems, biochemical and histological studies confirm the presence of sulfated
polysaccharides, core-fucosylated glycans, and glycan-rich mucus layers in tissues relevant to viral

infection [43,46,47].

il. Glycosaminoglycans (GAGs)

Glycosaminoglycans are linear, negatively charged polysaccharides composed of repeating
disaccharide wunits typically consisting of a hexosamine (N-acetylglucosamine or N-
acetylgalactosamine) linked to a uronic acid (glucuronic or iduronic acid) [40]. Their biological
properties are determined largely by sulfation position and density. Sulfate groups at N-, 2-O-, 3-
O-, or 6-O-positions generate polyanionic domains that can engage electrostatically with positively
charged lysine and arginine clusters on viral capsid surfaces [23,40,22]. In multiple viruses,
including parvoviruses, heparan sulfate functions as an initial attachment factor rather than a
definitive entry receptor, concentrating virions at the cell surface prior to internalization
[23,36,48]. In shrimp, heparan sulfate—like and chondroitin sulfate—like molecules have been
localized within basement membranes, connective tissues, and cuticular structures [46,47]. These
distributions overlap with hypodermal and hematopoietic tissues known to support IHHNV
replication [4,12], supporting the hypothesis that sulfated GAGs may participate in early

attachment events. Importantly, even subtle differences in sulfation pattern or chain length can
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significantly alter viral binding affinity [23,24,40], suggesting that tissue-specific GAG

microdomains may influence viral tropism.

iil. N-linked glycans
N-linked glycans are attached to asparagine residues within the consensus sequence Asn-X-
Ser/Thr and share a conserved pentasaccharide core (MansGIlcNAcz2) [40]. Following core
assembly, they are processed into three major classes: high mannose, hybrid, and complex glycans.
High-mannose structures retain terminal mannose residues, whereas complex glycans undergo
further branching and extension with galactose, N-acetylglucosamine, fucose, and occasionally
sialic acid residues. Core fucosylation and terminal branching patterns contribute to the formation
of distinct glycosylated epitopes—defined carbohydrate motifs recognized by viral capsids or host
lectins. Parvoviruses demonstrate diverse glycan usage; for example, minute virus of mice
recognizes sialylated glycans, and human parvovirus B19 binds the globoside glycosphingolipid
[37,38]. These examples illustrate how structural variation in terminal monosaccharides and
linkage orientation can dictate viral specificity [36,37,38,39]. In marine invertebrates, including
shrimp, N-glycans frequently display high mannose content and core fucosylation [43,46]. Such
features may generate epitopes capable of interacting with viral capsids or modulating lectin-

mediated immune recognition.

iv. O-Linked Glycans and Mucin-Type Epitopes

O-linked glycans are covalently attached to serine or threonine residues, most prominently within
mucin glycoproteins. Mucin-type O-glycosylation typically begins with N-acetylgalactosamine
(GalNAc) linked to Ser/Thr and can be elaborated into core 1 or core 2 structures [40]. These cores
may be extended and terminated by galactose, fucose, N-acetylglucosamine, or sialic acid residues.

Terminal carbohydrate motifs form glycosylated epitopes that are recognized with high specificity
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by viral proteins. For instance, influenza A virus discriminates between 02,3- and 02,6-linked sialic
acids [26,27,28,29], and noroviruses bind histo-blood group antigen epitopes defined by
fucosylation patterns [30,31]. Although sialic acids are less pervasive in crustaceans compared
with vertebrates, fucosylated epitopes are common in marine invertebrate glycans [46,43]. Shrimp
gill and gut epithelia are coated with heavily O-glycosylated mucins that create dense glycan
landscapes. These mucins may function as decoy receptors that trap viral particles; however, they

may also present potential attachment sites if viral capsids exploit terminal carbohydrate motifs.

V. Glycan Microheterogeneity and Viral Tropism

A defining feature of glycobiology is microheterogeneity — subtle differences in linkage
orientation (e.g., a versus ), branching topology, sulfation pattern, and monosaccharide
composition [40]. Structural studies of capsid—glycan complexes demonstrate that even single
sulfate modifications or linkage changes can dramatically alter binding affinity and specificity
[22,23,24,40]. Because viral capsids present multiple identical binding sites, multivalent
interactions amplify small structural differences into biologically significant variations in
infectivity [24]. In the context of IHHNYV, differences in glycosylation patterns among shrimp
species, developmental stages, or environmental conditions may contribute to variability in
susceptibility and viral load. Tissue-specific glycan expression within hypodermal and
hematopoietic compartments may further shape viral tropism [4,12,46]. Comprehensive glycomic
profiling of these tissues would therefore provide critical insight into the specific glycosylated

epitopes that mediate viral attachment.

vi. Lectins and Carbohydrate-Binding Proteins in Shrimp Immunity

Shrimp rely heavily on pattern recognition receptors (PRRs), many of which are carbohydrate-

binding proteins. C-type lectins (CTLs), galectins, lipopolysaccharide-binding proteins/p-glucan-
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binding proteins, and hemocyanin exhibit glycan-binding activity and contribute to agglutination,
opsonization, activation of the prophenoloxidase cascade, and pathogen neutralization [8,9,41,44].
CTLs in penaeids recognize mannose-, fucose-, and N-acetylglucosamine-containing motifs and
are upregulated during viral challenge [41,44]. Galectins bind B-galactoside residues and may
aggregate viral particles or facilitate immune clearance. Because viral capsids often exploit host
glycans for attachment, PRR—glycan interactions represent a dynamic interface in which glycans

can function both as viral attachment platforms and as immune recognition determinants..

S. IHHNV-SHRIMP HOST INTERACTION

1. Tissue tropism

Classical histopathology and in situ hybridization localize IHHNV replication in tissues of
ectodermal and mesodermal origin, notably the hypodermis and hematopoietic tissues, with
characteristic intranuclear inclusion bodies and nuclear hypertrophy [4,12]. In tolerant hosts such
as Penaeus vannamei, infection is typically chronic and manifests as growth retardation and
deformities (runt deformity syndrome) with relatively low acute mortality. In contrast, susceptible
species such as Litopenaeus stylirostris may experience high juvenile mortality [3,15]. Recent
experimental feeding-challenge studies have detected viral DNA and/or antigens in additional
tissues, including gill, muscle, and occasionally hepatopancreas, emphasizing the importance of
distinguishing transient viral presence from active replication using localization methods [11,13—

15].

il. Experimental findings on attachment and replication

Quantitative PCR studies reveal broad dynamic ranges of viral loads across tissues and over time,

supporting persistent, low-grade replication in tolerant hosts [8,11]. Organ-distribution surveys in
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commercial settings reaffirm classical tissue tropism while noting sporadic detection in non-
classical tissues, particularly under stress or co-infection conditions [13]. Physiological studies
indicate altered metabolic activity and energy allocation in IHHNV-infected P. vannamei, linking
chronic infection to growth suppression [15]. Methodologically, distinguishing active replication
from endogenous viral element (EVE)-derived signals requires EVE-aware assays and
confirmatory approaches (e.g., long-amplicon PCR and immunohistochemistry), particularly in

broodstock and seed screening [9—-12].

iil. Potential glycan involvement in viral entry

By analogy to vertebrate parvoviruses and considering shrimp glycobiology, a plausible model is
that the IHHNYV capsid engages sulfated glycosaminoglycans or terminally fucosylated/sialylated
glycans on epithelial or hemocyte surfaces as initial attachment factors [36,37,38,39,46]. This
model predicts: (i) reduced binding following enzymatic removal of specific glycans (e.g.,
heparinase, neuraminidase); (ii) competition by soluble glycan analogs (e.g., heparin, chondroitin
oligosaccharides, or fucosylated oligosaccharides); (iii) measurable binding of IHHNV VLPs to
shrimp tissue extracts and purified glycans; and (iv) modulation of binding by ionic strength and
pH, consistent with electrostatically driven interactions [36-39]. Early VLP-based assays in
crustacean systems support the feasibility of these approaches, although definitive receptor
identification for IHHNV in P. vannamei remains an open question that warrants glycomics-guided

investigation.
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6. VIRUS-LIKE PARTICLES (VLPs) AS ATOOL

1. Concept and advantages

VLPs are self-assembled structures formed by viral structural proteins that lack the genome and
are thus non-infectious. They faithfully present conformational epitopes and receptor-binding
surfaces, making them ideal for: (i) structural studies (e.g., cryo-EM and molecular docking); (ii)
receptor discovery using glycan arrays and tissue extracts; (iii) immunogenicity testing and
vaccine design; and (iv) development of binding-based diagnostics [49,50]. Because VLPs mimic
the native capsid, they enable detailed investigation of viral attachment and entry mechanisms

without the biosafety constraints associated with live viruses.

il. Production platforms and characterization

Common VLP production platforms include baculovirus—insect cell systems, yeast, and plant-
based expression systems. Correct assembly is typically confirmed using electron microscopy,
dynamic light scattering, and sedimentation analyses, while antigenicity is verified using
conformation-dependent antibodies when available [49,50]. For glycan-binding studies, VLPs can
be fluorescently labeled or chemically biotinylated to enable quantitative analysis of interactions

with immobilized or soluble glycans.

iil. IHHNV VLP applications in binding studies

IHHNYV capsid proteins expressed in heterologous systems assemble into particles that recapitulate
key surface features of the native virus. These VLPs can be applied to: (i) commercial glycan
arrays for initial specificity mapping; (ii) shrimp tissue-derived glycomes (e.g., hemocyte
membranes and gill mucins); and (iii) defined glycosaminoglycan oligosaccharides to determine

binding affinities. Competitive inhibition assays using heparin, chondroitin sulfate, or fucosylated
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oligosaccharides, combined with enzymatic pretreatment of cells or tissues, can provide
mechanistic evidence for glycan-dependent viral attachment. Such findings support the rational
design of glycan-based decoy molecules or feed additives (Sections 8—9) and may inform selective

breeding strategies if host glycan biosynthesis correlates with viral binding phenotypes [43,45,50].

3.6.4 Beyond binding: VLPs for immunization and delivery

Although shrimp lack antibody-mediated adaptive immunity, VLPs may function as
immunostimulatory agents through interactions with pattern recognition receptors (e.g., C-type
lectins and galectins), thereby enhancing cellular immune responses. In other aquatic species,
VLPs have demonstrated promise as safe vaccine platforms; however, in shrimp, their primary
immediate application lies in their use as research tools and diagnostic reagents for binding-based

capture assays [49,51].

7. COMPARATIVE VIROLOGY: COMPARISON WITH OTHER VIRUSES

1. Glycan-dependent binding in vertebrate and invertebrate viruses

The prominence of glycan interactions across viruses suggests evolutionary convergence on
abundant and structurally diverse host ligands. Influenza virus hemagglutinin—sialic acid
interactions govern species barriers and tissue tropism [26-29]; HIV exploits a dense glycan shield
and heparan sulfate—mediated attachment prior to CD4 engagement [30-33]; noroviruses use
histo-blood group antigens (HBGAs) as attachment determinants with strain-specific binding
preferences [34,35]; and multiple parvoviruses recognize heparan sulfate, sialic acid, or
glycosphingolipids [36—39]. Among aquatic viruses, glycosaminoglycan dependence has also been

reported or proposed for several fish and crustacean pathogens [46,64,22,65]. These examples
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provide conceptual and methodological frameworks that are directly applicable to understanding

IHHNYV attachment mechanisms.

il. Structural paradigms and experimental workflows

Capsid—glycan binding sites identified through cryo-electron microscopy and X-ray
crystallography typically involve conserved surface loops that tolerate limited sequence variation;
even single amino acid substitutions can disrupt or shift glycan specificity [23,24,40,52]. For
receptor identification, a stepwise experimental workflow is effective: (i) glycan array screening
using VLPs; (ii) validation by biophysical binding techniques such as surface plasmon resonance
or isothermal titration calorimetry; (iii) cell-based inhibition assays using glycosidases or soluble
glycan analogs; (iv) mutational analysis of candidate capsid-binding residues; and (v) in vivo
validation through challenge experiments and tissue localization studies. This approach minimizes
false positives arising from nonspecific electrostatic interactions with polyanionic glycans [24,22].
Given the small capsid size and tissue tropism of IHHNYV, these paradigms suggest prioritizing
sulfated glycosaminoglycans and terminally fucosylated O-glycans as candidate attachment
factors. Mutational mapping of positively charged surface residues (e.g., lysine and arginine
clusters) on the IHHNV capsid, combined with glycan-binding assays, may help identify critical
determinants of viral attachment. Parallel profiling of shrimp tissues for glycosaminoglycan
sulfation patterns and mucin-associated glycomes will further clarify the spatial distribution of
high-affinity binding sites in vivo. These insights can inform the development of targeted antiviral

strategies and selective breeding approaches.
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8. GLYCAN-BASED ANTIVIRAL STRATEGIES IN AQUACULTURE

1. Rationale and scope

Evidence across virology shows that many non-enveloped and enveloped viruses initiate infection
by binding to cell-surface glycans (e.g., heparan sulfate proteoglycans, sialylated glycans, or
fucosylated mucin O-glycans) before or alongside engagement of specific protein receptors [21—
27,36-39]. Because IHHNYV is a small parvovirus with a highly ordered capsid and a tissue tropism
pattern implicating glycan-rich epithelia and hematopoietic tissues, a practical translational
hypothesis is that disruption of capsid—glycan interactions can reduce viral attachment and
subsequent infection in shrimp [36,37,38,39,23,46]. Glycan-targeted strategies are particularly
attractive in aquaculture because (i) they can be delivered through immersion or feed, (ii) they do
not require cold-chain infrastructure, and (iii) they can complement biosecurity, diagnostics, and
selective breeding approaches without relying on antibody-mediated immunity [1,3,46,49-51].
This section outlines potential intervention strategies, including glycan analogs (decoys), lectin-
based blockers, enzymatic or chemical glycan modification, and binding-aware diagnostics, while

considering safety, regulatory, and environmental constraints [42,44,56,59-62].

il. Competitive inhibitors and decoy glycans

If IHHNV utilizes glycosaminoglycans or terminally fucosylated/sialylated glycans for initial
attachment, soluble glycan analogs may competitively inhibit host receptor binding and reduce
viral attachment efficiency [32-35,44,55]. Extensive work in glycobiology and antiviral research
demonstrates that heparin or heparan sulfate mimetics, chondroitin sulfate derivatives, and sulfated
polysaccharides derived from marine organisms (e.g., fucoidan, carrageenan, and ulvan) can
inhibit virus—glycan interactions in both mammalian and aquatic viruses through electrostatic and

structural competition [44,56,59—62].
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Candidate scaffold;

(1) Heparin and defined heparan sulfate oligosaccharides (dp6—dp18) serve as prototypical decoys
for heparan sulfate-binding viruses. Synthetic or semi-synthetic heparin mimetics can be
engineered to reduce anticoagulant activity while retaining antiviral binding capacity [59-62].
(i) Marine sulfated polysaccharides (e.g., fucoidans, carrageenans, ulvans) are attractive due to
scalability and cost-effectiveness; their antiviral activity often correlates with sulfation density and
chain length, although activity is highly dependent on fine structural features [44,56].
(ii1) Fucosylated or sialylated oligosaccharides that mimic mucin terminal epitopes may act as

competitive inhibitors if IHHNYV targets such glycan structures [42,44].

iil. Lectin blockers and receptor masking

Concept. Lectins bind specific glycans with high affinity and can mask host receptors or
agglutinate viral particles, thereby reducing effective attachment. In shrimp, C-type lectins (CTLs)
and galectins are key components of innate immunity and may be exploited or supplemented to
interfere with viral binding [8,9,39,46]. In addition, engineered or naturally occurring lectins (e.g.,
from algae or cyanobacteria) that recognize heparan sulfate—like or oligomannose motifs have
demonstrated antiviral activity in other systems and may be adaptable for aquaculture applications,

provided that toxicity and environmental safety are carefully evaluated [52,57-59].

iv. Enzymatic and chemical modification of surface glycans

Concept. Glycosidases (e.g., heparinase, chondroitinase, neuraminidase, fucosidase) or sulfatases
can modify or remove glycan structures on epithelial surfaces, potentially reducing viral
attachment sites. In principle, controlled application in hatchery systems could reduce early-stage

infection risk if IHHNV depends on such glycans [42,44].
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Practical constraints. Enzymatic treatments can be costly and sensitive to environmental conditions
such as temperature and salinity, and excessive activity may damage host tissues. Because
glycosaminoglycans play essential roles in structural integrity and cellular signaling, over-
degradation may compromise epithelial function. Therefore, such approaches are most appropriate
for mechanistic validation studies and proof-of-concept applications before large-scale

implementation [42,44] (figure 3.8).
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Figure 3.8. Glycan-based antiviral strategies in shrimp aquaculture.

Viruses use host cell glycans to attach and infect. Strategies to block this include adding decoy

glycans to compete with viruses, using lectins to mask receptors, enzymatically modifying host

glycans, and applying these tools through feed or water treatments. These approaches can support

biosecurity and reduce infection risk, with attention to cost, safety, and environmental impact.
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CHAPTER 1V

MATERIALS AND METHODS

1. Molecular cloning and expression of IHHNYV capsid proteins

The IHHNYV virus capsid gene was amplified from ORF3 of the IHHNV virus genome in order to
produce recombinant virus capsid (with an estimated size of 990 bp). The specific primers
included IHHNV cap exp F/R, designed by blast carrying the IHHNV genome from the
GenBank data base (Figure 4.1). The capsid gene was amplified using a Gradient PCR Machines
(Eppendorf Mastercycler® thermal cyclers). The reaction conditions of PCR were one cycle at
94°C for 5 min, followed by one set of 94 °C for 30 sec, 52 °C for 1 min, and 72 °C for 1 min with
a final extension step at 72 °C for 10 min. The PCR product was ligated into pGEM-T Easy
cloning vector (Promega Inc.), and transfected into Escherichia coli (E. coli). Positive clones
were selected by blue-white screening and the capsid gene was then transfered to pET-17b
expression vector (Novagem Inc.) for protein expression in E. coli - Rosetta strain (Figure 4.2).
IHHNYV capsid protein was purified by using Ni-NTA Agarose beads (QUAIGEN Inc.) to bind
with the His-tag sequence attached to the IHHNV capsomere protein. Purified IHHNV capsid
protein was eluted from the column by an elution buffer and dialyzed against 1X Tris buffer
saline (TBS) pH 7.8 at 4°C and stored with addition of anti-protease, -80°C. This [HHNV-VLP in
TBS was used for all experiments below and as antigen to stimulate rabbits for preparation of a
polyclonal anti-IHHNV antibody, IgG. The anti-IHHNV capsid protein antibody was used for

Western-blot analysis and immunolocalization assay.
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Ndel

IHHNV_cap_exp_ F>
5' CATATGTGCGCCGATTCAACAAGAGCAA 3'

IHHNV_ cap exp R>
5' CTCGAGTTAATGATGATGATGATGATGGTTAGTATGCATAACATAACATTTG 3'

Complemrntary IH R>
CAAATGTTATGTTATGCATACTAACCATCATCATCATCATCAT-CTCGAG

\ J
v 1 3
His tag Xhol
Stop
Codon

Figure 4.1: IHHNYV capsid gene (ORF3) specific primers. Top: forword primer with Ndel

cutting site. Botton: reword priner with Histidene-tag, stop codon and Xhol cutting site.
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Figure 4.2: Gene mapping of pGEM-T Easy and pET-17b vecter. (A) pGEM-T Easy vector
was used for amplify IHHNYV capsid gene in E. coli. (B) pET-17b vector was used for [HHNV

capsid gene expression in E. coli (Rosetta).
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2. Protein profiling by SDS-PAGE

SDS-PAGE was performed according to Laemli’s method (1970). The following sets of proteins
were resolved: 1) 4-10 pug of crude extracts from E. coli cells with or without protease inhibitor
cocktail (1:50 (v/v)); 2) 200-400 ng of the purified [HHNV-VLPs with the same concentration of
protease inhibitor cocktail; 3) 200-400 ng of the purified IHHNV-VLPs storing in 4°C and 25°C at
different time periods; 3) 200-400 ng of the purified IHHNV-VLPs subjected to a broad range of
pH (4-9) treatments; and 5) 200-400 ng of the purified IHHNV-VLPs with 30 mU trypsin,
chymotrypsin and pepsin treatments. All proteins were heated in hot plate for 5 min at 95 °C. The
denatured proteins were resolved as duplicate gels in 15% SDS-PAGE and separated in the Mini
Protein electrophoresis system (Bio-Rad Laboratories) at 100 mA constant voltages for 3 h in room
temperature. The separated proteins in group 2-4 were subjected to silver staining using a kit from

Invitrogen (Invitrogen Co., Carlsbad, CA, USA).

3. TEM sample preparation: Negative staining

Recombinant IHHNYV capsid structure was estimated by negative-stained TEM imaging.
Negative staining for TEM was used to increase image quality for analysis. [HHNV-VLPs were
purified and preserved in TBS, pH 7.8, at a concentration of 0.1-0.5 mg/ml. TEM samples were
prepared on 200 mesh carbon-coated copper grids carrying 5 pl of IHHNV-VLP in TBS that had
been, incubated on the grid for 10 seconds before side blotting. Samples were stained with 2%
uranyl acetate(UA) by dropping 10 ul 2% U on sample grid and incubating for 1 min, side
blotting. Completely prepared grids could be stored for 1-2 months. Prepared grids were observed

using TEM with Gatan digital micrograph program at 25,000X and 50,000X.
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4. Whole-mount binding of IHHNV-VLPs to Penaeus vannamei post-larvae

Biotinylated IHHNV-VLPs prepared as in Section 4.1 were used to visualize tissue binding in
intact juveniles. Post-larvae were euthanized, gently decalcified (EDTA-based buffer), rinsed with
PBS (pH 7.4), and incubated with biotin-IHHNV-VLP (20 pg/mL in PBS) for 48 h at 4 °C with
slow rocking. Samples were washed 3x in PBS (10 min each), incubated with Alexa Fluor 488—
avidin (Thermo Fisher) for 48 h at 4 °C, counterstained with DAPI (1 pL of 14.3 mM stock in 5
mL PBS; 2-5 min), mounted in anti-fade medium, and imaged on an Olympus AX123
epifluorescence microscope using identical exposure settings for control vs. VLP-treated

specimens. Secondary-only controls were processed in parallel.

S. Tissue protein extraction (gill, muscle, hepatopancreas)

Gill, muscle, and hepatopancreas were dissected on ice and homogenized in a RIPA-like buffer:
0.5% (v/v) IGEPAL CA-630, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 0.5% (v/v) Triton
X-100, 1.0 mM EDTA, 0.01% (w/v) sodium azide in PBS (pH 7.4) with 1x protease inhibitors.
Lysates were clarified (>12,000 x g, 10 min, 4 °C), and the supernatants were collected. The
protein concentration was measured using a colorimetric assay. Aliquots were stored at —20 °C and

thawed once before ELISA.

6. ELISA quantification of IHHNV-VLP binding to tissue extracts

High-binding 96-well plates were coated overnight at 4 °C with tissue proteins (100 pg/mL or total
50 pg/well) in carbonate—bicarbonate buffer (0.1 M Na2CO3/NaHCO3, pH 9.5). After PBS-T
washes (0.05-0.1% Tween-20), plates were blocked with 3% BSA in PBS-T for 1 h at room
temperature. Wells were incubated overnight at 4 °C with biotin-IHHNV-VLP (same batch as

Section 4.2), washed, and detected with anti-His (1:1,000) followed by goat anti-mouse HRP
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(1:10,000), or with streptavidin-HRP for direct biotin formats. SureBlue TMB substrate was
developed at a fixed time, reactions were stopped with acid, and absorbance was read at 452 nm.

Technical replicates, plate blanks, and no-VLP controls were included.

7. Lectin—ELISA profiling of tissue glycans

To profile glycan features, coated and blocked plates (as in 4.4) were incubated with a biotinylated
lectin panel (Vector Laboratories): ConA, AAL, WGA, RCA-I, UEA-I, and SNA-I (typical
working 1-5 pg/mL in PBS-T with 1% BSA) for 1-2 h at room temperature. After washes,
streptavidin-HRP was added, TMB was developed, and absorbance was read at 452 nm. Signals
were compared across tissues run on the same plate to infer relative enrichment of mannose-,

fucose-, GIcNAc-, or sialic-acid—bearing glycans (figure 4.3).

8. Lectin-blocking assay (competitive inhibition of VLP binding)

To test whether host glycans recognized by lectins participate in VLP attachment, plates coated
with tissue proteins were pre-incubated overnight at 4 °C with lectins (4 pg/mL) in PBS-T/1%
BSA. After washing, IHHNV-VLP (10 pg/mL) was added and processed as in Section 4.4.
Specificity controls included no-lectin wells and lectins expected to bind weakly in shrimp tissues
(UEA-I, SNA-I). Inhibition was expressed relative to no-lectin controls on the same plate (figure

4.3).
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Figure 4.3 Diagram showing different schematic of ELISA assay. (A) binding of IHHNV-VLP to
P. vannamei tissues and SF9. (B) Lectin binding on P. vannamei tissue. (C) Lectin blocking of

IHHNV-VLP binding on P. vannamei tissues.

9. Chemical and enzymatic modification of surface glycans

To assess glycan dependence, coated plates were treated with sodium periodate (NalO4; freshly
prepared; standard vicinal-diol cleavage conditions) or with glycosidases: PNGase F (removal of
N-glycans), a-mannosidase (trimming of mannose), and a-fucosidase (removal of fucose) in
manufacturer-recommended buffers, overnight at 37 °C. Treated wells were thoroughly washed
and immediately assayed for IHHNV-VLP binding as in Section 4.4. Buffer-only and heat-

inactivated enzyme controls were included.

10. Immunohistochemistry (IHC) and lectin histochemistry on tissue sections

Frozen sections (or whole-mounts where indicated) were equilibrated to room temperature (10-20
min), rehydrated in PBS (pH 7.4, 10 min), and circumscribed with a hydrophobic barrier. Sections

were blocked with 1% horse serum in PBS (30 min, room temperature) and incubated with antci-
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His (1:500) in incubation buffer (1% BSA, 1% normal serum, 0.3% Triton X-100, 0.01% sodium
azide in PBS) overnight at 4 °C. After 3 x 15 min PBS washes, sections were labeled with anti-
mouse secondary (1:1,000) for 30-60 min at room temperature (light-protected), washed 3 x 15
min in PBS, counterstained with DAPI (as in 4.2), mounted with anti-fade medium, and imaged
under constant exposure. For lectin histochemistry, sections were incubated with biotinylated
ConA, AAL, WGA, RCA-I, UEA-I, and SNA-I under identical buffer conditions and detected with
streptavidin conjugates before mounting and imaging. Parallel no-primary and secondary-only

controls were run.

11. Protein preparation for glycomics and release of N-glycans

Lyophilized gill and muscle (50 mg per tube; duplicate tubes per tissue) were extracted in parallel
with Buffer A (6 M guanidine HCl in 100 mM Tris-HCI, pH 8.5) and Buffer B (0.5% Triton X-100
in 100 mM Tris-HCI, pH 8.5) overnight at 4 °C, clarified (13,000 rpm, 10 min, room temperature),
reduced with DTT (final 10 mM, 37 °C, 1 h), and alkylated with iodoacetamide (final 50 mM, 1
h, dark, room temperature). Triton extracts were precipitated with 10% TCA (=20 °C, 30 min),
pelleted (13,000 rpm, 10 min, 4 °C), washed at least twice with cold acetone, air-dried, and stored
at —20 °C. Guanidine extracts were dialyzed extensively against cold water and lyophilized. For
N-glycan release, preparations were resuspended in 50 mM ammonium bicarbonate (200 pL),
sonicated (30 min), digested with trypsin (1:100, w/w; 37 °C, 3—4 h), heat-stopped (100 °C, 5 min),

and treated with PNGase F (>1 pL; 37 °C, overnight).

12. C18 cartridge fractionation and collection of N- vs. O-glycan pools

PNGase-treated samples were loaded onto C18 cartridges pre-conditioned with 3 mL 100%
acetonitrile, 3 mL 100% 1-propanol, and 5 mL 5% acetic acid (column kept acidic with additional

5% acetic acid as needed). The flow-through and 5% acetic acid wash (containing released N-
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glycans) were collected and lyophilized. Bound material (peptides/de-N-glycopeptides/O-
glycopeptides) was eluted stepwise with 2 mL 20% 1-propanol, then 2 mL 40%, and 2 mL 60% 1-
propanol in 5% acetic acid. Pooled organic eluates were dried under nitrogen and lyophilized for

O-glycan release.

13. Reductive p-elimination and cleanup of O-glycans

The pooled peptide/glycopeptide fraction was subjected to reductive B-elimination using 1 M
NaBH4 in 0.05 N NaOH (400 pL; freshly prepared: 38 mg NaBH4 per mL 0.05 N NaOH) at 37
°C for 37 h (optionally 45 °C for >16 h). Reactions were ice-quenched dropwise with 30% acetic
acid (fume hood; CO?2 release), then passed through a Dowex 50W-X8 cation-exchange column
pre-equilibrated with 5% acetic acid to remove salts and peptides; the flow-through (O-glycans)
was lyophilized. Borate was removed by adding 10% acetic acid in methanol three times with

evaporation between additions. Cleaned O-glycans were stored dry until MS.

14. MALDI-MS(/MS) analysis of N- and O-glycans

Dried N- and O-glycan samples were dissolved in LC/MS-grade water, mixed with standard
MALDI matrix, spotted onto the target. MALDI-TOF and MALDI-TOF/TOF spectra were
acquired on a 4800 Proteomics Analyzer (Applied Biosystems, Framingham, MA, USA) and
UltrafleXtreme (Bruker, Bremen) mass spectrometers in reflection positive mode. Glycan
compositions were assigned from accurate m/z and verified by MS/MS where indicated (figure

4.4).
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HCI for subsequent MS analysis.

15. Western blot (identity and VLP checks)

Proteins or VLPs (20-30 pg per lane) were separated by SDS-PAGE (12%), transferred to
nitrocellulose (wet transfer 100—120 V, 1 h, 4 °C), and blocked with 3—5% BSA in TBST (1 h,
room temperature). Membranes were probed with anti-His (1:5,000; overnight, 4 °C), washed 3 x
5-10 min in TBST, incubated with HRP-anti-mouse (1:10,000; 30—60 min, room temperature),
washed, and developed with ECL (Pico) on a chemiluminescence imager. Identical exposure

settings were maintained for lane-to-lane comparisons.
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16. Far Westernblot analysis

Proteins from shrimp muscle and gill were extracted using RIPA buffer, and 20-30 pg of protein
per lane was separated on a 12% SDS—-PAGE gel, followed by transfer as described above.
Membranes were blocked with 5% BSA in TBST for 2 h at room temperature and then incubated
overnight at 4 °C with either virus-like particles (VLPs) or lectins (WGA, ConA, AAL, UEA-I;
1:5,000). After washing with 0.1% TBST (3 x 5 min), membranes were probed for detection: anti-
His antibody (1:5,000; 2 h, room temperature) for VLPs or anti-biotin antibody (1:5,000; 2 h, room
temperature) for lectins, followed by HRP-conjugated anti-mouse secondary antibody (1:10,000;
30-60 min, room temperature). After additional washes (3 x 5-10 min, TBST), signals were
developed using ECL (Pico) and visualized on a chemiluminescence imager with identical

exposure settings across lanes for comparison.

17. Pull-down assay

The pull-down assay using Ni-NTA—immobilized 6xHis-tagged proteins as bait was adapted from
a previously described method (Louche, Salcedo, & Bigot, 2017). Purified IHHNV-VLPs (200
ug), carrying a 6xHis tag, were incubated with 1 ml of Ni-NTA beads (GE Healthcare, Piscataway,
NJ). The IHHNV-VLP-bound beads were then exposed to shrimp gill and muscle protein extracts
by passing the lysates through the resin bed. Bound proteins were eluted using buffer containing 1
mM NaCl and 250 mM imidazole. Eluted fractions, along with gill and muscle proteins alone and
IHHNV-VLPs alone, were analyzed by SDS—-PAGE on 12.5% polyacrylamide gels and visualized

by Coomassie Brilliant Blue G-250 staining.
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18. Data handling and statistics

Plate absorbance (452 nm) and imaging metadata were exported to Python 3.10.12 and analyzed
with NumPy 2.0.2, Pandas 2.2.2, and SciPy 1.11.0. Multi-group comparisons (e.g., enzyme or
lectin treatments vs. control) used one-way ANOVA followed by Dunnett’s test (a = 0.05). Figures
were generated in Matplotlib 3.7.1 and Seaborn 0.13.2. Exact n and replicate type are reported

alongside each figure.



Classical lectins can be categorized based on specific ligand motif interactions, as summarized in

Table 4.1.
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Table 4.1. Overview of major plant lectins; lectins employed in this study are indicated in yellow

Lectin Symbol | Lectin name Source Ligand motif
Mannose-binding lectins
ConA Concanavalin A Canavalia a-D-mannosyl and  a-D-glucosyl
ensiformis residues
branched a-mannosidicstructures

(high a-mannose type N-Glycans)

Galactose / N-acetylgalactosamine binding lectins

RCA Ricinus Ricinus Galp1-4GalNAcBI-R
communis agglutinin | communis

PNA Peanut agglutinin Arachis Galp1-3GalNAcal-Ser/Thr (T-

hypogaea Antigen)

N-acetylglucosamine binding lectins

WGA Wheat germ | Triticum GlcNACcB1-4GlcNAcB1-4GIcNAc,
agglutinin vulgaris NeuSAc (sialic acid)

N-acetylneuraminic acid binding lectins

SNA Elderberry lectin Sambucus NeuS5Aca2-6Gal (NAc)-R (sialic acid)

nigra
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MAL Maackia amurensis | Maackia Neu5Ac/Gea2,3Galp1,4Glc(NAc)
leukoagglutinin amurensis

Fucose binding lectins

UEA-I Ulex europaeus | Ulex Fucal-2Gal-R
agglutinin [ europaeus

AAL Aleuria aurantia | Aleuria Fucal-2Galp1-4(Fucal-3/4) Galp1-
lectin aurantia 4GIlcNAc,

R2-GIecNAcB1-4(Fucal-6)GlcNAc-

R1
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CHAPTER YV
RESULTS
1. Production and verification of IHHNYV capsid and VLPs
1. Molecular cloning and Protein purification

Recombinant IHHNV capsid protein carrying a C-terminal hexahistidine tag was
expressed in E. coli BL21 (DE3) using a pET-based expression vector and purified by Ni—
NTA affinity chromatography. Amplification of the capsid gene produced a PCR fragment
of approximately 990 bp (Figure 5.1), consistent with the expected insert size. Following
elution with imidazole buffer (20 mM Tris—HCI, 250 mM imidazole, 500 mM NaCl, pH
7.4), the protein was desalted by dialysis and stored for subsequent assays. SDS—PAGE
analysis revealed a single predominant band corresponding to the expected molecular
weight of the capsid protein, with an estimated purity exceeding 95% (Figure 5.1). Under
the described expression and purification conditions, the overall yield was approximately
2 mg of purified protein per liter of bacterial culture. Prior to use in downstream binding
assays, the purified capsid protein was biotinylated. Importantly, the biotinylated capsid
retained its ability to self-assemble into icosahedral virus-like particles (VLPs) with an

average diameter of approximately 27 nm (Figure 5.1).
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Figure. 5.1 (A) Expression of the IHHNYV capsid gene. Gel electrophoresis showing PCR
amplicons of the IHHNYV capsid gene, size 990 bp, from 4 template genome preparations. (B)
TEM image of IHHNV-VLP forming capsid protein

M: marker, S1: sample No.1, S2: sample No.2, S3: sample No.3, S4: sample No.4.

il. Capsid stability and its tolerance against many harsh conditions

The IHHNYV capsid structure showed an excellent stability against 3 conditioned tolerance tests,
including 1) spontaneous-denaturation, 2) broad pH range test and 3) enzymatic digestion. The
first testing condition, spontaneous-denaturation, VLP showed the stability in its protein form up
to 3 months in laboratory refrigerator (4 °C). Namely, the single, major band of 37 kDa slowly

degraded into the smaller bands of 34, 30 and 27, 25 kDa since 1 week in the suspension. This
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accounted for <3% of total proteins. After 2 to 3 months storage in the suspension, the major
capsid protein band was rather stable — the smaller protein bands in the suspension did not
increase drastically, they remained approximately <5% of the total proteins. Capsid proteins kept
in 25°C for 1 hour were also highly stable, having a similar range of protein degradation similar
to those kept in the 4°C condition described above (Figure 5.2, Table 5.1).

The second condition was the broad pH range test. The results showed that IHHNV capsid protein
could tolerate the drastic change of pH range, particularly in the neutral to basic condition (pH 7-
9) with a very small change in protein integrity (Figure 5.3, Table 5.2). In the mild to moderate
acidic condition (pH5-6), stability of capsid proteins were still of excellence — very few protein
degradation in the SDS-PAGE gel was observed. However, a more protein degradation
(approximately 10%) was observed in a stronger acidic condition at pH4 (Figure 5.3 and Table
5.1).

The third condition tested was enzymatic digestion test. IHHNV capsid protein showed
its high stability against many hydrolytic enzymes that are well-known to be present in digestive
track. For trypsin digestion test (with the optimal pH of 7.8), very little or no degraded protein
bands were noted in the SDS-PAGE (Figure 4, lane Trypsin). This was in contrast with the
control protein (BSA, 70 kDa) where the same amount of trypsin digestion resulted in numerous
smaller banded proteins (Figure 4, lane Trypsin+BSA). Similar type of event also occurred with
chymotrypsin digestion over IHHNV capsid protein, where little to no change of capsid protein
was observed, whilst an apparent change in protein digestion pattern was clearly noted for
positive control BSA (Figure 4, lane Chymotrypsin+BSA). The most drastic change in [HHNV
capsid protein was noted in case of pepsin digestion condition where many degraded smaller

banded proteins were observed (Figure 4, lane pepsin). Since the optimal pH of pepsin digestion
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condition is about 3-4, we thus ruled out the effect of pH 4 that has also shown to cause IHHNV
capsid degradation against pepsin digestion (table 5.2). The result showed that IHHNV capsid
protein pattern that was subjected to pH4 closely resembled to that of pepsin digestion experiment.
We believed that IHHNV capsid protein was favorably denatured by the low pH condition (which
was herein used as the enzyme optimal buffer), rather than the additional action of pepsin enzyme

(which would otherwise result in more degradation bands in the suspension.
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Figure 5.2: Spontaneous denaturation of IHHNV-VLP in two conditions. SDS-PAGE gel

showed the result of self-denaturation periods of IHHNV capsid protein under each time

condition [84].

M: marker, Cl: crude protein, FT: flow through, W: wash, E1 1D: first elute 1-day old, E2: second

Table 5.1: Summary of IHHNYV capsid protein spontaneous denaturation test

Temperature | 4°C 25°C
time
1 day +++ +++
1 week +++ -
1 month -+ -
2 months +++ -
3 months ++ -
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Figure 5.3: Board pH range test of IHHNYV capsid protein. IHHNYV capsid protein was
incubated in various pH conditions (pH 4-9) and resolved by SDS-PAGE followed by Coomassie
blue staining [84].

M: marker, E1: positive control



Table 5.2: Summary of pH condition test

Timing | 2Hr
pH
4 ++
5 +++
6 +++
7 +++
8 +++
9 +++

* +++ : high, ++ : medium, + : low, - : no data
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Figure 5.4: Enzymatic digestion test of IHHNYV capsid protein. SDS-PAGE and Coomassie
blue staining gel showed three types of enzymatic digestion test (trypsin, chymotrypsin, pepsin)

over the IHHNV capsid protein versus the control protein, bovine serum albumin (BSA) [84].

Table 5.3: Summary of enzymatic digestion test

Timing | 1 Hour

Conditions

Citrate buffer Control (pH4) | ++

Pepsin ++

TBS buffer Control (pH7.8) | +++

Trypsin +++

Chymotrypsin +++

* +++ : high, ++ : medium, + : low, - : no data

**#30mU enzyme concentration
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iil. Denaturation of IHHNV-VLP during its transportation

As a part of this research dissertation is conducted in Prof. Yann Guerardel’s
laboratory In Lille University, France, IHHNV capsid protein and its reassembled VLP (produced
massively in Thailand) were transported via air transportation. A sonicated whole lysates of E.
coli containing IHHNV-VLP was shifted by FedEx service at —20 °C, which was later thawed
when IHHNV purification was carried out in France. In fact, the material was received in August
and was maintained at —20 °C until use. By January, denaturation of the IHHNV-VLP band was
observed on Western blot under previously validated conditions (Figure 5.5, left panel),
indicating the loss of the expected discrete capsid protein. This problem is periodically known to
cause by the prolong storage of VLP in the extended —20 °C which might have caused a big
crump of protein (seen as a white pellet in the bottom of the tube).

To solve this unexpected problem, we thus used bacterial pellets (in the cell lysates)
rather than recovering VLPs from the supernatant fractions. In this regard, the cell lysate
containing [HHNV capsid protein was centrifuged, and the recoverable pellet was collected and
sonicated on ice. Purification was then performed using a Ni-NTA affinity column. Assessment
by SDS—PAGE and Western blot showed a single band at ~37 kDa (Figure 5.5, right panel),
consistent with the IHHNV capsid, and the re-purified materials were then used for the

subsequent experiments.
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Figure 5.5: IHHNV-VLP denaturation due to transportation and its recovery from bacterial
pellets. Western blot analysis showed multiple bands of anti-6X-His reactivity against degraded
IHHNV-VLP obtained from the supernatant of whole lysates (left panel). Through sonication of

the cell pellets, a single-banded pattern of purified IHHNV-VLP was recovered.
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2. Binding of IHHNV-VLP to P. vannamei

1. Whole-mount binding of IHHNV-VLPs in Penaeus vannamei

Post-larval shrimp were incubated with biotinylated IHHNV-VLPs and were processed for whole-
mount fluorescence imaging under fixed acquisition settings. Minimal background was observed
in control preparations that were carried through all steps without VLPs. Strong fluorescence was
observed in specimens exposed to VLPs. Signal was concentrated in the gill structures and skeletal
muscle. Along the gill, labeling was observed over lamellar surfaces and margins; within the body
wall, labeling was observed in organized muscle bundles. Other regions showed only weak or no
signal under the same exposure. Replicate preparations that were processed on different days
yielded the same tissue distribution. Within each run, control mounts remained at baseline,
confirming that the signal required prior exposure to [HHNV-VLPs. Panel assignments were kept
constant so that controls VLP-treated whole mounts as in Figure 5.6. To support later comparisons
with plate assays, image capture parameters (objective, camera gain, exposure time) were held
constant within an experiment. Under these conditions, the whole-mount data established that gill

and muscle are preferential in situ targets for IHHNV-VLP binding.
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DIC Streptavidin-488 DIC+Streptavidin-488

IHHN-VLP + Biotin

Figure 5.6. Whole-mount fluorescence of P. vannamei post-larvae (control), showing minimal
background (a, b, and ¢). Whole-mount fluorescence after incubation with IHHNV-VLPs, showing

strong signals localized to muscle and gill tissues, indicating tissue-specific targeting in situ (e and

f).
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il. Far western blot analysis and ELISA for quantification

Binding of IHHNV-VLPs to indirect ELISA quantified immobilized extracts under identical
coating and detection conditions (one hundred micrograms per milliliter total protein in carbonate—
bicarbonate buffer, pH 9.5; TMB substrate with absorbance measured at 452 nm). An Sf9 insect-
cell lysate was included to assess cross-species binding. The mean absorbance ranked as follows:
gill and Sf9 showed the highest values, muscle was intermediate, hepatopancreas was lower, and
stomach was the lowest. From the plotted scale, the mean optical densities were approximately
0.80 for gill, 0.78 for Sf9, 0.65 for muscle, 0.30 for hepatopancreas, and between 0.22 and 0.25
for stomach. Modest variability across replicates was indicated by the error bars, and plate blanks,
together with no-VLP wells, remained at baseline. Under these settings, stronger IHHNV-VLP
binding was observed for gill and Sf9, moderate binding for muscle, and weaker binding for

hepatopancreas and stomach.

Proteins separated by SDS—-PAGE were transferred to membranes, probed with IHHNV-VLPs,
and detected with streptavidin—horseradish peroxidase. In the gill and muscle lanes, distinct bands
were observed at about 150, 100, 75, 40, 35, and 30 kDa (Figure 5.7). The hemocyte lane displayed
a broad, intense signal spanning roughly 75 to 150 kDa. The hepatopancreas lane showed a weak
signal that was nevertheless slightly higher than that seen for the stomach. For ELISA, all tissues
were analyzed on the same plate with matched blocking (3% BSA in 0.1% TBST) /washing (0.1%
TBST) and 16 hours of 4 °C IHHNV-VLP incubation time. For Far-Western, transfer and exposure

settings were kept constant across membranes. Technical replicates were included in both assays.
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Figure. 5.7 Far-Western blot analysis of IHHNV-VLP binding to gill, Hepatopancreas (hep),

Muscle, hemocytes (hem) and stomach on PVDF membrane (left). ELISA quantification of

IHHNV-VLP binding to tissue lysates (gill, hepatopancreas, muscle) (right).
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3. Pull-down assay

Initial binding results indicated that IHHNV-VLPs may interact with multiple protein targets in
gill and muscle tissues. To further assess these interactions and to evaluate potential lectin binding
or blocking effects, a pull-down assay was attempted to selectively isolate proteins of interest for
subsequent experiments. Protein extracts from hepatopancreas, gill, muscle, and stomach were
incubated with IHHNV-VLPs pre-bound to Ni-NTA beads (Figure 5.8). Despite multiple
optimization attempts, including adjustments of imidazole and NaCl concentrations, stable binding
between IHHNV-VLPs, tissue proteins, and the Ni-NTA resin could not be achieved.

Consequently, subsequent experiments were conducted using native crude protein extracts.

HEP/STO MUS/GILL

E Heart 1
E Heart 2

Wash
Wash
Wash
Wash

— O
oow T

~
=3

MK
FT

E2

I I

El
El
E2

Figure 5.8. Silver staining of protein from pull-down assay. MK = protein marker, FT = Flow

through, E = Elute.
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4. Protein-coating titration for ELISA

Before ELISA runs, a coating titration was performed to select an appropriate protein load. Total
proteins extracted from the gill and from the muscle were coated at zero, ten, twenty, fifty, and one
hundred micrograms per well and probed with AAL under the standard ELISA conditions. For
Gill, the absorbance rose sharply between zero and ten micrograms and reached a near-plateau by
twenty micrograms, with only minor additional gains at fifty and one hundred micrograms. For
muscle, a similar rise was observed, with a shallower increase between twenty and fifty
micrograms and minimal change thereafter (figure 5.9). On this basis, twenty micrograms per well
was selected for all subsequent assays. This load provided a strong signal while remaining within
the linear working range, reduced the risk of early saturation or hook effects, and conserved the

sample for replicate testing.
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Figure 5.9. Protein-coating titration for ELISA with AAL. Gill and muscle proteins were coated
onto ELISA plates at different concentrations and tested with AAL lectin. The signal increased

with protein concentration and reached a stable level above ~50 pg/well.
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S. Lectin profile in P. vannamei gill and muscle tissue

1. Immunohistochemistry

Lectin staining of muscle and gill tissues was performed under fixed exposure settings to allow
direct comparison between sections (Figure 5.10A for gill; Figure 5.10B for muscle). Intense
labeling by ConA and AAL was observed in both tissues, indicating abundant mannose- and
fucose-containing glycans. ConA, which recognizes terminal mannose or glucose residues,
showed a strong, continuous signal along muscle bundles and across gill lamellae, with
hepatopancreas sections also displaying clear ConA positivity under the same imaging parameters.
WGA, which binds N-acetylglucosamine, labeled both tissues and was consistently brighter in the
gill than in the muscle, with accentuation along lamellar epithelia and interlamellar regions. AAL
staining appeared as punctate to patchy domains in muscle and as discrete foci across gill lamellae,
consistent with fucose-bearing motifs distributed over the tissue surface. RCA yielded a lower, yet
reproducible signal in both tissues, compatible with the presence of B-galactoside structures such
as LacNAc. In contrast, UEA-I and SNA-I produced only minimal labeling that remained close to

background.

The overall intensity ranking was maintained across biological replicates: ConA was the
most intense signal, WGA and AAL were intermediate, with WGA stronger in gill than in muscle,
RCA was weak but detectable, and UEA-I together with SNA-I were minimal. Negative controls
processed in parallel without primary lectin, and secondary-only controls, remained at baseline,
supporting the specificity of the observed patterns. The spatial distribution of ConA and AAL in

gill (broad lamellar coverage with discrete foci) and the heightened WGA signal in gill relative to
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muscle agree with the quantitative lectin—ELISA profiles presented later, and with the glycan

compositions detected by mass spectrometry.
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Figure 5.10 Lectin histochemistry of shrimp tissues and inhibition of IHHNV-VLP binding.
Representative fluorescence images of gill (A) and muscle (B) sections stained with lectins ConA,
AAL, WGA, RCA, UEA-I, and SNA-I (green, Alexa Fluor 488). Binding of IHHNV-VLP pre-

incubated with corresponding lectins is shown in red (Alexa Fluor 594).



83

ii. ELISA

Lectin—-ELISA was conducted on immobilized lysates to quantify relative binding. The highest
absorbance values were obtained with ConA in the gill (1.411 + 0.021 O.D.) and muscle (0.882 +
0.046 O.D.). AAL and WGA yielded intermediate signals in gill (approximately 1.154—1.684 O.D.)
and lower but measurable signals in muscle (approximately 0.599-0.916 O.D.). RCA produced
weak binding in the gill (0.740 + 0.034 O.D.) and muscle (0.313 + 0.012 O.D.). UEA-I and SNA-
I remained at minimal levels (gill 0.224 + 0.054 and 0.179 + 0.016 O.D.; muscle 0.214 + 0.003
and 0.194 + 0.007 O.D., respectively). All lectins were assayed on the same plate with matched
blocking/washing conditions and a fixed substrate development time. Plate blanks and no-lectin
controls returned baseline readings, confirming that measured signals reflected lectin—glycan

interactions under the assay’s dynamic range (Figure 5.11A).

iil. Far-Western blot analysis

Far-Western blots were examined to relate lectin binding profiles to capsid recognition. When
membranes bearing gill and muscle proteins were probed with IHHNV-VLPs and developed with
streptavidin/HRP, discrete bands were detected in both tissues, with prominent signals observed
around ~150, ~100, ~75, ~40, ~35, and ~30 kDa. Membranes processed without the VLP probe
(streptavidin only) showed minimal background. The molecular-weight range of the VLP-reactive
bands overlapped the range in which strong lectin signals were observed in the same tissues,
indicating that glycan-bearing proteins highlighted by ConA, AAL, and WGA are represented
within the protein populations recognized by the capsid probe. Transfer, blocking, and exposure

parameters were held constant across membranes (Figure 5.11B).
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Figure 5.11 Lectin—ELISA profiling indicates mannose- and fucose-rich glycans in gill and muscle
(A) ELISA assay using different lectins binding to gill and muscle protein extracts, including
WGA, AAL, ConA, RCA, UEA-I, and SNA-I. (B) Far-Western blot analysis using biotin-

conjugated WGA, ConA, and AAL binding to gill and muscle protein extracts on PVDF

membrane
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6. MALDI-MS/MS identifies oligomannose-dominated /N-glycans and

fucosylated O-glycans

For initial trials of N- and O-glycan extraction from glycoproteins, gill and muscle tissues were
processed using both Triton X-100 and guanidine hydrochloride protocols. In the guanidine
extraction approach, mucins were enriched by ultracentrifugation, and the resulting material was
collected in fractions. Each fraction (20 pg) was loaded onto membranes for slot blot analysis.
Membranes were first probed with HRP-conjugated WGA lectin, which produced positive signals
across all tissues, with the strongest intensity detected in muscle. In parallel, PAS staining was
performed to confirm glycan-containing fractions (Figure 5.12). Fractions testing positive for both
WGA binding and PAS staining were selected for downstream N- and O-glycan release via
PNGase F digestion and B-elimination.

MALDI-MS analysis of these preparations initially revealed only oligomannose-type N-
glycans in both gill and muscle, while O-glycans were not detected (Figure 5.14). To improve
recovery, B-elimination was subsequently applied directly to tissue lysates treated with either
guanidine HCI or Triton X-100, without prior PNGase F digestion or C18 column purification.
Under these optimized conditions, mass spectrometric analysis yielded composition-level glycan
features consistent with the lectin-based results.

In gill tissues, O-glycans were clearly identified, with two predominant ions at m/z 953.4
(annotated as FuciHex:HexNAci-HexNAcitol) and m/z 1127.5 (annotated as Fuc:HexiHexNAc:-
HexNAcitol), indicating that fucosylated O-glycans represent major structural constituents (Figure
5.14). N-glycan profiles were dominated by oligomannose structures, with MansGlcNAc:

([M+Na]*, m/z 2396.3) as the base peak. Additional peaks were detected at m/z 2192.2, 1988.1,
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and 1784, corresponding to Mans, Mans;, and MansGIlcNAc:, respectively (Figure 5.13).
Furthermore, the detection of an ion at m/z 1590.9, annotated as Fuc:HexsHexNAcs, provided

evidence of core fucosylation within the N-glycan population.
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Figure 5.12 Slot blot analysis of fractionated tissue extracts probed with HRP-conjugated WGA,
showing positive signals in all tissues, with the strongest binding in muscle ( oversaturated white
bans) . PAS staining confirmed glycan-containing fractions. Fractions positive for both WGA and

PAS were selected for glycan release.
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Fig 5.13 MALDI-MS spectra of glycans released from muscle, gill, hepatopancreas, and stomach
. N-glycans were dominated by oligomannose structures, with MansGlcNAc: as the base peak and

accompanying ions crresponding to Mans—sGIcNAc: in muscle and gill (A,B). No specific N-

glycans were found on both stomach and hepatopancreas tissues (C,D).
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Fig 5.14 O-glycomic profiles of gill tissue analyzed by MALDI-MS(/MS). (A) MALDI-MS
spectrum of permethylated O-glycans from gill extracts revealed three predominant signals at m/z
882.3,953.4, and 1127.5. (B) MALDI-MS/MS sequence analysis of these ions is shown for m/z

882.3 (bottom), 953.4 (middle), and 1127.5 (top).
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7. Lectin inhibition of IHHNV-VLP binding

1. Immunohistochemistry

Lectin staining was carried out on gill and muscle sections to map surface glycans. Exposure and
camera gain were kept constant across slides to allow direct comparison. Secondary-only and no-
lectin controls stayed at baseline. In gill, ConA produced a strong, continuous signal along the
lamellae, with brighter caps at apical and marginal regions. AAL gave punctate foci distributed
across the lamellar surface. WGA labelled the epithelium and interlamellar spaces more intensely
than in muscle. RCA gave a low, scattered signal. UEA-I and SNA-I remained in the background.
In muscle, ConA delineated myofiber bundles and the sarcolemma outline with high intensity.
AAL yielded moderate, discrete puncta along fiber surfaces. WGA was present but weaker than
in the gill and was confined mainly to pericellular regions. RCA was faint but reproducible. UEA-
I and SNA-I stayed close to baseline under the same settings. The qualitative ranking was stable
across biological replicates: ConA was highest, followed by WGA and AAL (with WGA being
brighter in the gill than in the muscle); RCA was weak but detectable; UEA-I and SNA-I were
minimal. DAPI was used to mark nuclei and to orient sections; overlay images showed lectin
signals at cell surfaces rather than within nuclei. Panel lettering, scale bars, and imaging parameters
were kept uniform so that these micrographs can be read alongside the ELISA and Far-Western

results that follow.

ii. ELISA

Coated tissue proteins were pre-incubated with lectins at matched working concentrations and
exposure times prior to the addition of IHHNV-VLPs. The panel comprised ConA, AAL, WGA,

RCA, UEA-I, and SNA-I. Binding was quantified by the same indirect ELISA with fixed coating,
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blocking, washing, and development parameters, and absorbance was read at 452 nanometers. In
muscle lysates, pre-incubation with ConA, AAL, and WGA reduced the IHHNV-VLP signal,
whereas RCA, UEA-I, and SNA-I did not change the signal relative to no-lectin controls. In gill
lysates, pre-incubation with WGA, ConA, and AAL lowered the IHHNV-VLP signal, and RCA
also reduced binding in this tissue; UEA-I and SNA-I showed no effect. No-lectin wells and non-
inhibitory lectins remained at baseline, and plate blanks were low, indicating that the decreases
observed with ConA, AAL, and WGA (and with RCA in gill) reflected specific masking of

relevant glycan motifs rather than generalized surface blocking (figure 5.15).

After the verification of lectin competitive binding with ITHHNV-VLP by ELISA and
immunohistochemistry, far-western blot analysis was further performed to verify and visualize the
blocking of IHHNV-VLP by different lectins. (b) AAL show significantly strong inhibitory effect

on [HHNV-VLP binding (figure 5.16).
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Figure 5.15 Lectin-blocking ELISA: ConA, AAL, and WGA significantly inhibit IHHNV-VLP

binding, whereas UEA-I and SNA-I show no significant difference
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Figure 5.16 Lectin-blocking Far-western blot: AAL, WGA, ConA, significantly inhibit IHHNV-

VLP binding, whereas UEA-I and SNA-I show no significant difference
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8. Enzyme Digestion validation and effect on IHHNV-VLP binding

To verify enzyme activity, tissue lysates and an Sf9 insect-cell lysate were incubated overnight at
37 °C with the corresponding enzymes before being coated on ELISA plates. Activity of PNGase
F was assessed by measuring WGA binding; activity of alpha-mannosidase was assessed with
ConA; activity of alpha-fucosidase was assessed with AAL. A clear loss of lectin signal was
observed after each matched treatment. With ConA, absorbance decreased from approximately
0.27 to 0.06 for muscle, from approximately 0.16 to 0.06 for gill, and from approximately 0.30 to
0.12 for Sf9, consistent with removal of mannose-rich N-glycans by alpha-mannosidase. With
WGA, absorbance decreased from approximately 0.18 to 0.05 for muscle, from approximately
0.11 to 0.06 for gill, and from approximately 0.22 to 0.06 for Sf9 after PNGase F, consistent with
loss of N-glycan cores. With AAL, absorbance decreased from approximately 0.55 to 0.35 for
muscle, from approximately 1.30 to 0.75 for gill, and from approximately 0.85 to 0.55 for Sf9 after
alpha-fucosidase, consistent with removal of fucosylated motifs. Untreated controls retained the
highest signals and enzyme-treated counterparts showed reproducible decreases across replicates,
confirming that the enzymes were active under the stated conditions (Figure 5.17). After
validation, IHHNV-VLP binding was measured on enzyme-treated tissues. In gill, untreated wells
read near 0.86 optical density units, while periodate oxidation reduced the signal to about 0.07,
PNGase F to about 0.34, alpha-mannosidase to about 0.48, and alpha-fucosidase to about 0.52. In
muscle, untreated wells read near 0.78, with periodate near 0.06, PNGase F near 0.47, alpha-
mannosidase near 0.52, and alpha-fucosidase near 0.62. Thus, periodate produced the largest loss
of binding, while the removal of N-glycans by PNGase F and trimming by alpha-mannosidase
resulted in substantial losses, and alpha-fucosidase produced a smaller but consistent decrease.

Plate blanks and no-VLP wells remained low, and buffer-only or heat-inactivated enzyme controls
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did not alter the signal. These findings support a requirement for intact carbohydrate structures—
especially N-linked mannose-rich and fucosylated features—for maximal IHHNV-VLP binding

under the assay conditions shown
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Figure 5.17 (Top) Mannosidase (man), PNGase-F, and Fucosidase (Fuc) enzyme activity testing.

(bot) IHHNV-VLP binding on tissue, gill and muscle, pre-treated with different enzymes
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9. Monosaccharide blocking of IHHNV-VLP binding

1. Incubation time selection with fucose

IHHNV-VLP was pre-incubated with fucose for thirty minutes, one hour, two hours, three hours,
four hours, five hours, eight hours, sixteen hours, and twenty hours before ELISA. A progressive
fall in signal was observed in both tissues as the incubation time increased. In the muscle, the
absorbance declined from roughly 0.35 at thirty minutes to about 0.20 by eight hours and remained
near that level at sixteen and twenty hours. In gill, the absorbance decreased from approximately
0.47 at thirty minutes to about 0.30 by eight hours and reached about 0.26 by sixteen to twenty
hours. An incubation time of sixteen hours was therefore selected for subsequent blocking
experiments, as it lay beyond the point at which additional incubation produced little further

reduction (Figure 5.18A).

il. Blocking with fucose, mannose, and N-acetylglucosamine

After sixteen hours of pre-incubation with single monosaccharides, IHHNV-VLP was allowed to
bind to coated muscle, gill, and Sf9 extracts. In muscle, pre-incubation with fucose reduced the
mean absorbance from approximately 0.36 to about 0.20; mannose and N-acetylglucosamine
produced intermediate values of around 0.23 to 0.25. In gill, a more substantial effect of mannose
and N-acetylglucosamine was observed, with means ranging from 0.16 to 0.18, compared with a
baseline of around 0.51; fucose produced a reduction to approximately 0.25. In Sf9, mannose and
N-acetylglucosamine reduced the signal to approximately 0.23 to 0.26 from a baseline of 0.39,
whereas fucose produced little change, with a slight upward shift noted. Across tissues, plate

blanks and no-VLP wells remained at low levels.
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These results indicate that pre-occupancy of the capsid with simple sugars diminishes binding to
coated targets in a sugar- and tissue-dependent manner. Mannose and N-acetylglucosamine
produced the most consistent decreases in gill and Sf9, while fucose produced a substantial
decrease in muscle and a moderate reduction in gill but little effect in Sf9. The chosen sixteen-
hour pre-incubation time ensured that the observed reductions reflected near-maximal blocking

under the assay conditions (Figure 5.18B).
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Figure 5.18 (A) Binding of IHHNV-VLPs pre-incubated with fucose for varying incubation times
to muscle and gill tissues. (B) Binding activity of IHHNV-VLPs pre-incubated with different

glycans for 16 hours on muscle, gill, and SF9 cells.
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CHAPTER VI

DISCUSSION AND CONCLUSION

The present study provides new insights into the molecular mechanisms that govern the
tissue tropism of IHHNYV in Penaeus vannamei. By VLPs derived from IHHNV as a probe, we
were able to dissect how glycans mediate the first steps of virus—host interaction in shrimp tissues.
Our experiments consistently showed that IHHNV-VLPs bind preferentially to muscle and gill
tissues, and this specificity is strongly associated with the presence of mannose- and fucose-rich
glycans on these tissues. This finding not only confirms what many earlier histopathological
observations suggested that [HHNV tends to infect ectodermal and mesodermal-derived tissues
[63,64], but also extends our understanding by linking tissue susceptibility directly to molecular

glycan motifs.

1. Glycan signatures, tissue specificity, and evolutionary concerns

Differences in glycan composition largely explain the tissue selectivity observed in our
study. Glycomic profiling using lectin-based assays and MALDI-MS revealed that both gill and
muscle tissues are enriched in oligomannosylated and fucosylated N-glycans. By contrast,
hepatopancreas tissue expressed very low levels of fucosylated glycans, and this corresponded
with minimal IHHNV binding. The correlation between glycan abundance and viral binding
efficiency suggests a mechanistic link, where glycans act as the initial “landing pads” for the virus.
This concept aligns with observations from other viral systems. Many parvoviruses, including
canine parvovirus and adeno-associated viruses, rely on glycan moieties such as sialic acids or
heparan sulfate as primary attachment factors [22]. However, attachment alone is rarely sufficient;

productive infection typically requires secondary interaction with a protein receptor [36,37]. Our
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far-Western blot analysis supports this two-step model: VLPs interacted with multiple
glycoprotein bands of varying sizes, raising the possibility that IHHNV recognizes glycan-
decorated proteins as part of a larger receptor complex. The implication is that a combination of
factors dictates tissue tropism of IHHNV. Glycans provide the initial, relatively low-affinity but
high-avidity interaction that concentrates virions on susceptible tissues, while proteinaceous
receptors may then determine whether entry and replication occur. This layered model helps
explain why hepatopancreas, though part of the shrimp’s central organ system, is relatively
resistant to IHHNV: the absence of appropriate glycans reduces viral docking, and additional host

factors may be missing altogether.

Our findings resonate with glycan-binding phenomena reported in other crustacean viruses.
MrNV, for instance, has been shown to target fucosylated N-glycans in the gills of freshwater
prawns [65]. WSSV, one of the most devastating shrimp pathogens, exploits multiple glycan
motifs: its envelope protein VP24 binds chitin (poly-GlcNAc) in the digestive tract, while VP37
interacts with sulfated glycosaminoglycans (GAGs) on hemocytes [66,67]. Both interactions play
roles in determining the tissues WSSV can successfully infect. When we place IHHNYV in this
broader context, a pattern begins to emerge. Viruses that infect crustaceans often exploit
carbohydrate motifs that are abundant in exposed epithelial or immune-related tissues. Gills,
cuticle, and gut epithelia are repeatedly highlighted across different host—pathogen pairs. These
tissues serve as natural interfaces with the environment and are rich in structurally diverse glycans,
including chitin, mannose-rich N-glycans, and sulfated GAGs. From an evolutionary perspective,
viruses appear to have converged on these glycans as reliable cues for host entry.Another
interesting point of comparison is the degree of conservation of glycan motifs across species. Both

P. vannamei and M. rosenbergii display fucosylated N-glycans in their gills, and both are targeted
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by viruses that exploit these glycans. This raises the possibility that fucosylated N-glycans may
serve as a conserved viral attachment factor among crustaceans more broadly. At the same time,
the presence of mannose- and fucose-containing glycans in vertebrates, including humans [40],
without conferring susceptibility to shrimp viruses like IHHNV, underlines that glycan recognition

is necessary but not sufficient for productive infection [23, 59].

It is essential to emphasize that while glycans serve as critical attachment points, they are
not the sole determinants of host specificity. The fact that vertebrate cells display similar glycan
motifs but are not permissive for IHHNV infection illustrates the requirement for additional host-
specific factors. In parvoviruses, these secondary factors often include protein receptors that
trigger conformational changes necessary for viral uncoating. For example, adeno-associated virus
serotypes can attach to glycans but require integrins or growth factor receptors for successful entry

[22].

In the case of IHHNV, our data suggest that high-mannose and fucosylated glycans act as the first
docking sites. However, the far-Western blot showing VLP binding to multiple protein bands hints
at a more complex entry mechanism involving glycoproteins. Whether these proteins act as bona
fide entry receptors or as scaffolds for viral clustering remains an open question. Further proteomic
work will be necessary to identify the proteins that carry the glycan moieties recognized by

IHHNV.

One question that naturally arises is why viruses such as IHHNV have evolved to target
glycans as part of their infection strategy. Glycans are abundant, structurally diverse, and tissue-
specific [73]. They provide viruses with a reliable way to distinguish between different host tissues

and cell types. For viruses that lack large genomes or complex entry machinery, using glycans as
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attachment factors may be a cost-effective solution. Parvoviruses, including IHHNYV, fit this
description well: they are small, non-enveloped viruses with limited coding capacity, and they rely

heavily on host cell factors to complete their life cycle.

The downside of targeting glycans is that these molecules are not unique to shrimp; they
are also found in other organisms. As mentioned earlier, similar structures exist in many
organisms, which could lead to off-target interactions. The fact that IHHNV is restricted to
crustaceans despite the widespread presence of mannose and fucose suggests that additional host-
specific features possibly protein co-receptors or intracellular compatibility act as barriers to cross-
species infection. This dual requirement of glycan docking and host-specific entry factors may

serve as a safeguard, preventing shrimp viruses from spreading to non-crustacean hosts.

In summary, our results clearly demonstrate that the tissue tropism of IHHNV in P.
vannamei is closely related to the glycan composition of shrimp tissues, with high-mannose and
fucosylated N-glycans playing key roles as attachment factors. This mechanism aligns with a
broader pattern seen in crustacean virology, where viruses target carbohydrate motifs common in
epithelial and immune tissues. However, glycans do not tell the whole story; protein receptors and
downstream cellular factors are likely to play essential roles. The implications of this work extend
from molecular virology to practical aquaculture and even evolutionary biology. Understanding
the role of glycans not only helps explain why specific tissues are infected while others are spared,
but it also provides potential targets for developing antiviral agents and strategies. Future work
should build on this foundation by identifying the specific glycoproteins involved, testing glycan-
blocking compounds in aquaculture settings, and integrating glycomic data with proteomic and

genomic approaches to deepen understanding.
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2. Glycan recognition mechanisms in shrimp versus vertebrate systems

One of the notable aspects of this study is how the IHHNV—shrimp interaction resembles
but also differs from glycan-mediated viral infections in vertebrates. In mammals, viruses ranging
from influenza A to parvoviruses have long been known to use glycans as attachment factors.
Influenza, for example, exploits sialic acid residues on respiratory epithelial cells. Avian strains
prefer to bind a2,3-linked sialic acids, while human-adapted strains target 02,6 linkages [69]. This
single difference in glycan linkage preference explains why avian influenza strains infect birds

more effectively than humans, and why occasional cross-species infections can happen.

Similarly, parvovirus B19 uses the blood group P antigen (globoside), a glycosphingolipid
abundant on human erythroid progenitors, to initiate infection [37]. Adeno-associated virus
serotypes, which are non-pathogenic dependoparvoviruses, rely on heparan sulfate proteoglycans
and sialylated glycans as their initial receptors [22, 36]. In all of these cases, glycans provide the
virus with a convenient “handle” to attach to host cells. However, entry and productive infection

almost always require additional protein receptors [73].

The situation with shrimp appears to follow a comparable logic. Our data show that
IHHNV-VLPs bind mannose- and fucose-rich glycans in gill and muscle tissue, but
hepatopancreas, which lacks these motifs, is largely resistant. Just as sialic acid linkages guide
influenza tropism, the distribution of mannose and fucose residues in shrimp tissues appears to
dictate where IHHNV can attach [74]. Yet, as we also observed, binding alone does not equal
infection. The far-Western blot evidence points toward involvement of specific glycoproteins,
suggesting that IHHNV may require a secondary receptor perhaps analogous to integrins,

transferrin receptors, or other cell-surface proteins that parvoviruses use in vertebrates [75]. This
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comparative approach is important because it shows that, despite the evolutionary gap between
crustaceans and vertebrates, viruses in both groups have developed a similar two-step entry
process: glycans for initial attachment and proteins for triggering entry. This similarity highlights
the evolutionary value of glycans: they are plentiful, easy to access, and differ across tissues and

species, giving viruses a simple yet effective way to establish host specificity [68].

The exact sequence of events during IHHNV entry still needs clarification, but our findings
allow us to hypothesize based on similarities with other viruses. The initial step likely involves
low-affinity, high-avidity binding of the viral capsid to multiple host glycans [24]. Our far-Western
blotting results, showing interactions with multiple protein bands, suggest that IHHNV could
interact with a variety of glycoprotein complexes rather than a single, defined receptor. The
possibility that IHHNV recognizes both glycans and proteins cooperatively could explain why
tissue tropism is precise even though glycans like mannose and fucose are widely distributed
across many organisms. Future studies should focus on identifying these protein partners.
Glycoprotein enrichment, followed by mass spectrometry and combined with CRISPR/Cas
knockdown in shrimp cell lines (if such systems can be established), may help reveal host factors
beyond glycans [76]. Without this additional layer of understanding, the complete picture of

IHHNYV entry remains elusive.

3. Disease management implications

From an applied perspective, these findings offer several interesting possibilities for disease
management in shrimp aquaculture. If glycans play a crucial role in the early stages of viral
infection, then strategies that disrupt glycan—virus interactions could potentially reduce the risk of

infection. This concept is not new in virology: in human medicine, glycan-mimetic inhibitors and
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lectins have been explored as antiviral agents against HIV, influenza, and noroviruses (87,88). For
example, griffithsin (GRFT) and cyanovirin-N (CV-N) can neutralize HIV by binding to high-

mannose glycans on the viral envelope [77].

Translating this approach to shrimp, one could envision testing whether glycan-blocking
compounds reduce IHHNV binding to tissues in vitro. Indeed, sulfated galactans from Gracilaria
fisheri have been shown to enhance shrimp resistance to WSSV [70], which aligns with the VP37—
heparin binding mechanism described for that virus [67]. Similarly, exogenous lectins or glycan-
mimicking compounds could be tested against IHHNV [56, 57]. However, such strategies would
need to be carefully evaluated for toxicity, since glycans are also essential for normal host
physiology. The broader implication is that glycan-focused approaches could complement existing
biosecurity and selective breeding measures. They may not replace traditional strategies, but could
serve as additional lines of defense, especially in hatcheries where preventing early-stage
infections is critical. Understanding the glycan dependence of IHHNYV infection has important
implications for shrimp aquaculture. Shrimp farming, especially of P. vannamei, has experienced
repeated disease outbreaks, with viral pathogens being some of the main causes of losses.
Biosecurity measures, like water treatment, virus-free broodstock, and strict farm hygiene, are
currently the main strategies used. However, once viruses enter a system, there are few, if any,
treatment options. Glycan-targeted strategies might open new avenues for intervention. One option
is developing feed additives that block viral binding. For instance, polysaccharides from seaweeds,
such as sulfated galactans, have already been shown to protect shrimp against WSSV [54,55,61].
Similar methods could be tested against IHHNV, using compounds that either imitate

mannose/fucose structures or competitively prevent viral capsids from attaching to host glycans.
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Another option is selective breeding. If genetic variation exists in glycosylation pathways
among P. vannamei populations, it may be possible to identify shrimp lines with lower expression
of glycans targeted by IHHNV. Such traits could be incorporated into breeding programs alongside
other disease-resistance characteristics [78]. The main challenge will be balancing viral resistance
with the essential roles of glycans in shrimp physiology, including development and immunity
[42,47,68]. Unlike single-gene traits, glycosylation is a complex and often pleiotropic process,
making selective breeding more challenging [68]. Feed-based modulation of glycosylation
presents another theoretical approach. In vertebrates, diet can influence glycosylation patterns by
altering the availability of sugar precursors and metabolic pathways [79,80]. While the impact of
similar dietary interventions on glycosylation in shrimp remains largely unexplored, it represents
a promising area for future research. For instance, supplementation with mannose analogs or
inhibitors of fucosylation could theoretically reduce the number of viral binding sites. However,
the safety and feasibility of such approaches require careful evaluation. Despite these challenges,
glycan-targeted strategies could complement existing biosecurity measures. For example,
hatcheries might test prophylactic treatments based on glycan-blocking compounds during early
larval stages when shrimp are particularly vulnerable to infection [54,55,61,70]. Farms could
integrate such approaches with pathogen-free broodstock and improved diagnostic monitoring. By
expanding the available tools for disease management, the industry may reduce its reliance on
single strategies that often fail under sustained pressure. The knowledge gained from this study
also supports ongoing efforts to enhance diagnostic tools. If IHHNV specifically recognizes
mannose and fucose residues, assays that detect alterations in glycan expression could serve as
early indicators of susceptibility in shrimp populations. For instance, lectin-based diagnostics

could be developed to screen broodstock for glycan profiles linked to high or low susceptibility to
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IHHNYV [40,41,81]. This would help hatcheries make informed decisions about breeding lines,

providing an extra layer of protection against outbreaks.

The discovery that IHHNYV interacts primarily with mannose- and fucose-rich glycans in
P. vannamei fits into a broader evolutionary narrative: viruses across diverse taxa have repeatedly
converged on glycans as attachment factors. This convergence is remarkable because viruses are
typically highly diverse in terms of structure, genome organization, and replication strategies. Yet,
from influenza viruses in birds and humans to nodaviruses and parvoviruses in crustaceans,
glycans consistently appear as favored entry points [25,73, 82]. From an evolutionary perspective,
the explanation is simple. Glycans are universal. Every cell in every organism is covered with a
dense layer of glycan structures, forming what is often called the “glycocalyx.” These structures
are not random; they reflect both genetic programming and environmental factors. Importantly for
viruses, glycans systematically vary between tissues, developmental stages, and species. This
variation provides viruses with a ready-made molecular “barcode” that can be used to identify

suitable host cells [25,73].

In the case of IHHNYV, targeting mannose- and fucose-rich glycans in gills and muscle
provides a reliable route to ectodermal and mesodermal tissues. This strategy is evolutionarily
advantageous: gills are continuously exposed to the environment and present accessible
carbohydrate structures [40,63], while muscle offers a large biomass for viral replication once
infection is established. In contrast, endodermal tissues such as the hepatopancreas exhibit distinct
structural and glycan compositions, which may reduce viral attachment efficiency and contribute
to lower susceptibility [11,15]. This pattern mirrors observations in vertebrate viruses. Influenza

viruses, for example, rely on sialic acid linkages, where subtle differences in glycan specificity can
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drive major shifts in host range [26—28]. Similarly, parvoviruses demonstrate strong links between
receptor recognition and tissue tropism; the emergence of canine parvovirus involved adaptation
to host transferrin receptors, highlighting how receptor usage shapes host specificity. These
parallels suggest that, despite the evolutionary distance between crustaceans and vertebrates,
viruses are shaped by similar selective pressures. The repeated targeting of glycans reflects their
accessibility, diversity, and tissue specificity, making them ideal molecular cues for viral

attachment and entry.”

4. Cross-species considerations: why glycans are shared but infection is not

A key puzzle in glycan-based viral recognition is the paradox of conservation. Mannose,
fucose, GIcNAc, and sulfated glycosaminoglycans (GAGs) are not unique to shrimp but are widely
distributed across metazoans, including vertebrates [68]. Yet shrimp viruses such as IHHNV and
WSSV show no capacity to infect vertebrate hosts. This apparent contradiction can be explained
by the layered nature of virus entry. Glycans typically function as initial attachment factors,
concentrating virions on the cell surface through low-affinity, high-avidity interactions [21,59].
However, productive infection generally requires subsequent engagement with specific protein
receptors as well as compatibility with host intracellular machinery [21,23]. In the case of IHHNYV,
our far-Western blot data indicate that the virus interacts with glycoproteins in addition to glycans,
suggesting a cooperative recognition mechanism involving both carbohydrate and protein
components. These protein factors are likely to be shrimp- or crustacean-specific, thereby
restricting viral entry and replication to compatible hosts. This type of multi-layered host
restriction is well documented in virology, where receptor usage and intracellular compatibility

jointly determine host range and prevent cross-species transmission [23].
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This layered dependency is similar to what is observed in other viral systems. Human
parvovirus B19, for instance, attaches to the P antigen, which is also present in other mammals.
However, productive infection occurs almost exclusively in human erythroid progenitors because
secondary receptors and intracellular factors are species-restricted [37]. Similarly, avian influenza
viruses can bind to human epithelial cells that display a2,3-linked sialic acids, but efficient
replication requires additional host compatibility factors that are often absent [71]. In shrimp, the
presence of mannose- and fucose-containing glycans in vertebrates does not imply susceptibility
to IHHNV. The absence of compatible protein receptors and intracellular replication machinery
likely prevents the virus from crossing into non-crustacean hosts [23]. This has important
implications for biosecurity and public perception. While the aquaculture industry is concerned
about the spread of viruses between shrimp species, there is no realistic risk of transmission to
humans or other vertebrates, despite superficial similarities in glycan landscapes. The repeated
observation that crustacean viruses exploit glycans raises the question of why these structures are
such attractive evolutionary targets. One explanation is accessibility. Unlike protein receptors,
which may be masked or expressed at low levels, glycans form a dense and exposed glycocalyx
on the cell surface [68]. Viruses with small genomes, such as parvoviruses and nodaviruses, have
limited coding capacity and therefore rely heavily on host cell factors for entry and replication
[23]. Targeting glycans provides a simple yet effective strategy for initial attachment and host

recognition.

Another possibility is stability. Glycan biosynthesis pathways are essential for host survival
and are therefore less likely to undergo disruptive mutations compared to many protein receptors
[68]. For viruses, this stability provides a relatively consistent target for attachment [25]. In

contrast, protein receptors involved in immune recognition often evolve rapidly under selective
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pressure, making them less reliable for long-term viral adaptation [26]. However, reliance on
glycans also presents challenges for viruses. Because glycans are widely distributed across tissues
and species, viruses must employ additional mechanisms to avoid non-permissive interactions.
Glycan binding alone is typically insufficient for productive infection and must be coupled with
specific protein receptors and compatible intracellular environments [21,23]. In the case of
IHHNYV, the virus does not bind indiscriminately to all glycan-rich tissues but instead shows
specificity for gills and muscle while largely avoiding the hepatopancreas. This specialization
likely reflects coevolutionary dynamics, where viruses adapt to target glycans that are abundant in
accessible tissues yet associated with host factors that support replication. Comparative evidence
supports this view. MrNV has been shown to target fucosylated N-glycans in freshwater prawn
gills [65], while WSSV exploits multiple glycan interactions across host tissues, including chitin
in the gut and sulfated glycosaminoglycans on hemocytes [66,67]. Each virus appears to have
refined its glycan specificity through evolutionary selection to align with its replication strategy.
The result is a landscape in which crustacean viruses differ in their specific glycan preferences but

share a common reliance on carbohydrate-mediated attachment.

The evolutionary interaction between shrimp and their viruses can also be viewed from the
host perspective. Glycans are not static features but are shaped by host genetics and environmental
influences [68]. Shrimp populations under viral pressure may gradually alter glycan expression
patterns in ways that reduce susceptibility, analogous to the evolution of resistance-associated
variants in protein receptors in vertebrates. One possible mechanism is variation in glycosylation
enzymes across shrimp populations, which can lead to subtle differences in glycan composition
and structure [79]. Over time, natural selection or aquaculture breeding programs could favor

variants that reduce viral binding, contributing to the development of more resilient stocks [78].
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However, viruses may adapt in response by altering their capsid binding specificities, leading to a
dynamic coevolutionary process. Such host—virus arms races are well documented in vertebrate
systems, where reciprocal adaptation drives diversification of both host defenses and viral entry
mechanisms [83]. Although less studied in crustaceans, similar dynamics are likely to occur. Cross-
species comparisons among crustaceans provide additional insight. The presence of fucosylated
glycans in the gills of both P. vannamei and M. rosenbergii suggests that this trait is evolutionarily
conserved, likely due to its essential physiological roles [68]. Viruses such as IHHNV and MrNV
have independently adapted to exploit these conserved glycan features, indicating convergent
evolution toward carbohydrate-mediated attachment strategies [65]. However, differences in
secondary receptors and intracellular host factors likely explain why each virus remains restricted

to its specific host species.

Overall, the comparative and evolutionary perspective shows that while glycans are
common across organisms, viruses such as IHHNV exploit them in highly specific ways shaped
by coevolution with their hosts [73]. Glycan usage presents both an opportunity and a constraint
for viruses: it provides abundant and relatively stable attachment points but also requires precise
adaptation to avoid non-permissive interactions [21,23]. For hosts, glycans are essential
components of cellular function, making large-scale alterations costly; however, subtle variations
in glycosylation may still influence susceptibility to infection [73]. By placing IHHNV within this
broader evolutionary framework, we gain insight into why tissue tropism and host specificity are
structured as they are. The virus’s preference for mannose- and fucose-rich glycans in gills and
muscle reflects a recurring pattern observed across viral systems, from crustaceans to vertebrates.

At the same time, the inability of IHHNV to infect vertebrates underscores the importance of
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secondary, host-specific factors, such as protein receptors and intracellular compatibility, in

defining viral host range.

Conclusion

This thesis clarifies how IHHNYV initially connects with the Pacific white shrimp (Penaeus
vannamei). A safe virus-like particle (VLP) made from the IHHNV capsid was produced and
quality-checked, then used to study where and how it binds. The strongest binding occurred in gill
and muscle; hepatopancreas and stomach showed weaker signals. Binding to Sf9 insect cells was
also observed, suggesting some features are shared across species. Far-Western blots revealed
several bands in the gill and muscle, indicating that more than one host glycoprotein is likely
involved. Lectin tests were consistent: ConA (mannose), AAL (fucose), and WGA (GIcNAc)
produced clear signals, while UEA-I and SNA-I were weak. When surface sugars were removed
or altered (using PNGase F, alpha-mannosidase, alpha-fucosidase, or periodate), VLP binding
decreased. Pre-incubating the VLP with simple sugars also reduced binding in a tissue-dependent
manner. Mass spectrometry supported these findings by showing many high-mannose N-glycans,
core fucosylation, and fucosylated O-glycans, especially in the gill. Overall, the data support a
glycan-mediated, multivalent attachment model: mannose-, fucose-, and GlcNAc-rich motifs act
as the main target for IHHNV-VLP. This suggests practical options for hatcheries—such as sugar
decoys, safe seaweed polysaccharides, or gentle surface blockers—and outlines the next steps:
identifying the exact host ligands and protein receotir involved, as well as testing these measures

under farm conditions.
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Figure 6.1 Schematic representation of glycan-mediated interactions between IHHNV-VLP and
the host cell. Mannose- and fucose-containing glycans are proposed as the primary docking or
attachment targets for IHHNV-VLP. The specific protein receptors required for viral

internalization and subsequent replication remain to be identified.
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1.

Table Al. An extended dataset of lectin—glycan specificity

Appendix A. Extended Data Tables

Tissue Lectin Mean_OD SD OD
Gill UEA-I 0.224 0.054
Gill aal 1.154 0.064
Gill cona 1.411 0.021
Gill rca 0.740 0.034
Gill wga 1.684 0.110
Muscle UEA-I 0.214 0.003
Muscle aal 0.916 0.113
Muscle cona 0.882 0.048
Muscle rca 0.313 0.012
Muscle wga 0.599 0.017
SF9 UEA-I 0.629 0.039
SF9 aal 0.824 0.052
SF9 cona 0.937 0.058
SF9 rca 0.207 0.011
SF9 wga 1.931 0.054
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2. Table A2. Raw ELISA absorbance values (IHHNV-VLP binding)

Tissue OD Replicate
Hepatopancreas 0.300 1
Hepatopancreas 0.325 2
Hepatopancreas 0.254 3
Muscle 0.612 1
Muscle 0.685 2
Muscle 0.688 3
Gill 0.850 1
Gill 0.760 2
Gill 0.745 3
SF9 0.784 1
SF9 0.725 2
SF9 0.741 3
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Appendix B. MALDI-MS Spectra

Table B1. N-glycan peak assignment table (Gill and Muscle)

m/z (Observed) Composition Annotation
2396.3 MansGlcNAc: [M+Na]*, base peak
2192.2 MansGlcNAc: [M+Na]*
1988.1 Man,GlcNAc: [M+Na]*
1784.0 MansGlcNAc: [M+Na]*
1590.9 FuciHexsHexNAcs Core fucosylated N-glycan
Table B2. O-glycan peak assignment table (Gill tissues)
m/z (Observed) Composition Annotation
953.4 FuciHexiHexNAci-HexNAcitol O-glycan
1127.5 Fuc:HexiHexNAci-HexNAcitol O-glycan
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Appendix C. Experimental Protocols

1. Molecular Cloning and Expression of IHHNV Capsid Proteins

e The capsid gene (ORF3) of IHHNV was amplified using specific primers (see Appendix
Table D1 for primer sequences and conditions).

e PCR amplicons were ligated into pPGEM-T Easy vector and verified by sequencing.

e Verified ORF3 fragments were subcloned into pET-17b vector with a C-terminal
hexahistidine tag.

e Recombinant plasmids were transformed into E. coli BL21 (DE3), and expression was

induced with IPTG.

il. Protein Profiling by SDS—PAGE

e Protein samples (10-20 pg) mixed with Laemmli buffer and heated at 95 °C for 5 min.
e Proteins resolved on 12.5% polyacrylamide gels.
e Coomassie Brilliant Blue used for staining.

e Broad-range prestained markers used for reference.

iil. Transmission Electron Microscopy (TEM)

e VLP suspensions (5-10 pl) placed on carbon-coated copper grids.
e QGrids stained with 2% uranyl acetate.

o Images obtained using TEM at appropriate accelerating voltage.
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iv. ELISA Assays

96-well plates coated with recombinant IHHNV-VLP (100 ng/well), incubated overnight
at 4 °C.

Wells blocked with 5% BSA in PBS.

Tissue extracts or lectins added and incubated 1-2 h at room temperature.

Detection with HRP-conjugated antibody or lectin; developed using TMB substrate.

Absorbance recorded at 450 nm.

V. Lectin Profiling and Blocking Assays

Lectins tested: ConA, RCA, PNA, WGA, SNA, MAL, UEA-I, AAL.

Binding assays: Tissues or VLPs incubated with HRP-conjugated lectins; OD measured
at 450 nm.

Blocking assays: Samples pre-incubated with monosaccharides (mannose, galactose,
fucose) prior to lectin binding.

Binding inhibition calculated relative to untreated controls.

Vi. Glycomics and MALDI-MS Analysis

N-glycans: Released by PNGase F digestion.

O-glycans: Released by reductive B-elimination.

Purified using C18 cartridges before MS analysis.

Spectra acquired in positive-ion mode with DHB matrix.

Peak assignments based on theoretical glycan libraries; intensities normalized to base

peak.
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vil.  Enzymatic Digestion Stability Tests

Enzymes: Trypsin, chymotrypsin, pepsin.
Conditions: 30 mU enzyme, 37 °C, in appropriate buffer (TBS pH 7.8 or citrate buffer
pH 4.0).

Products analyzed by SDS—-PAGE; BSA used as digestion control.

viil.  Statistical Analysis

Data processed in Python (NumPy, Pandas, SciPy); visualized in GraphPad Prism or R.
One-way ANOVA used for multi-group comparisons, followed by Dunnett’s test (o =
0.05).

Results reported as mean + SD; p-values indicated in figures and tables.



