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ABSTRACT

Introduction: The evolution of lymphoid organs is a complex topic in the animal kingdom. A presumptive
invertebrate lymphoid organ (Oka) was previously reported in shrimp based on its morphological and
histological observations. However, whether it truly functions as a lymphoid organ akin to those in ver-
tebrates remains uncertain.

Objective: This study aims to characterize the cell composition of Oka at single-cell resolution and its
function similarity with vertebrate lymphoid organs.

Methods: Single-nucleus RNA-seq and cross-species analysis were conducted to identify the major cell
types in Oka of the whiteleg shrimp L. vannamei. The spatial expressions of the key genes were detected
by in-situ hybridization and immunohistochemical analyses. Cytotoxic activity against heterologous cells
was examined using fluorescence microscopy and flow cytometry.

Results: Oka comprised diverse cell types including ECM-producing cells, macrophage-like cells, lympho-
cyte precursor-like cells, capsular cells, hemocytes, SLC-rich cells, epithelial cells and progenitors.
Notably, typical vertebrate macrophage markers (NLRP3, LAMP2 and LGMN) and ZAP-70, a marker of T
lymphocytes/natural killer (NK) cells were expressed in the macrophage-like cells. The lymphocyte
precursor-like cells, characterized by the expression of YBX3 and SOX4, were further distinguished by
the up-regulated expression of CD39, CD49d, and CD133 homologues following WSSV infection. These
two cell types were observed to migrate into the lymphoid organ spheroid during structural remodeling
of the Oka following WSSV infection. Functionally, Oka cells of shrimp also exhibited cytotoxic activity
against heterologous cells.
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Conclusion: The presence and WSSV infection-induced aggregation of ZAP-70 positive cells in Oka of
shrimp and its cytotoxic activity against heterologous cells suggest that shrimp Oka might perform sim-
ilar function as the lymphoid organ in vertebrates. The present results will not only provide evidence to
confirm the function of Oka in shrimp, but also greatly widen the knowledge about the origin and evo-

lution of lymphoid organ in the animal kingdom.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of Cairo University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Multicellular organisms have evolved complex defense mecha-
nisms to ensure survival against infections. Persistent pathogen
pressure drives the evolutionary emergence of specialized immune
cells, tissues and organs that facilitate effective immune responses.
Lymphoid organs are important regulators that govern lymphocyte
development and immune responses [1]. Mammals have evolved
the specialized primary and secondary lymphoid organs or tissues,
which serve as the functional cornerstone of adaptive immunity.
Primary lymphoid organs, such as thymus and bone marrow, pro-
vide specialized microenvironments to foster the generation of B
and T lymphocytes. The secondary lymphoid tissues, including
spleen, lymph nodes, and mucosa-associated lymphoid tissue
(MALT) etc. specialize in the coordination of immune responses [2].

The emergence and diversification of lymphoid organs or tis-
sues constitute a compelling evolutionary topic across metazoans.
The primary lymphoid organs emerge in early vertebrates, while
the appearance of secondary lymphoid tissues exhibit species-
specific variability [3]. The development of B cell is conserved
within hematopoietic niches across all vertebrates. Hematopoietic
tissues usually exhibit gut-associated localization, such as the lam-
prey typhlosole, the shark Leydig’s organ, and the epigonal organ in
cartilaginous fishes [4]. The ancient primary lymphoid organ thy-
mus governs T cell development and occupies pharyngeal or cervi-
cal regions across vertebrates [5]. Mucosal surfaces serve as pivotal
interfaces with the external environments. Their constant expo-
sure to pathogens drives the evolution of specialized mucosal-
associated lymphoid tissues (MALTs). Teleost deploys multiple
MALTs to protect their barrier surfaces, including the gut-
associated (GALT), the skin-associated (SALT), the nasal-
associated (NALT), and gill-associated lymphoid tissues (GIALT)
[6]. Owing to the absence of somatically diversified antigen recep-
tors and well-differentiated lymphocyte lineages, invertebrates are
generally regarded as lacking lymphoid organs.

In crustaceans, a lymphoid organ (Oka) was reported with
lymph-like cells surrounded by lymphoid interstitial tissues [7].
It comprises a pair of lobes surrounded by connective tissues. Each
lobe contains numerous tubules with central lumens, endothelial
cells and matrix cells. Haemal sinuses occupy the inter-tubular
spaces [8]. Constitutively, various immune-related molecules,
including antimicrobial peptides and the prophenoloxidase system
molucules, are expressed in Oka [9]. Viral infection to shrimp trig-
gers structural remodeling within this organ, that is the formation
of cell aggregates termed lymphoid organ spheroid (LOS) [10]. It
exhibits morphological and pathological similarities to lymphoid
tissues like nemausean lymphoid organ in fish [11]. However,
whether it truly functions as a lymphoid organ similar to those
in vertebrates remains uncertain and warrants investigation.

The advent of single-cell and single-nucleus RNA sequencing
(scRNA-seq & snRNA-seq) technology enable to resolve transcrip-
tional landscapes at single-cell resolution. This technology has
been widely employed to characterize the cell lineage heterogene-
ity in various crustacean tissues, including hepatopancreas, hemo-
cytes, and hematopoietic tissues [12-15]. Here, we performed
snRNA-seq on the presumptive lymphoid organ (Oka) of the mar-
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ine invertebrate Litopenaeus vannamei, and characterized the
immune functions of major cell types to trace its functional simi-
larity with vertebrate lymphoid organs. The study identified 16
types of cells in Oka, among which macrophage-like cells
(37.20%), ECM producing cells (26.87%) and lymphocyte
precursor-like cells (7.45%) occupied the majority. White spot syn-
drome virus (WSSV) infection induced cell migration and aggrega-
tion in Oka were detected by in-situ hybridization and
immunohistochemical analyses. The cytotoxic activity of Oka cells
was characterized via functional assay. Our study indicates that
Oka in shrimp exhibits similar functions with lymphoid organs in
vertebrates, which provides critical insights into the evolutionary
origins of lymphoid organ in the animal kingdom.

Materials and methods
Experimental animals and viral challenge

Healthy shrimp with an average body weight of 13.0 + 1.1 g
were acclimated for 7 days in aerated seawater (25 + 1 °C) prior
to tissue collection and WSSV challenge. WSSV particles were pre-
pared according to the method described by Sun et al. [16]. The
virus particles at a final concentration of 3000 copies per individual
was diluted in 10 pL sterilized phosphate buffered saline (PBS). The
diluted viruses were administered via abdominal injection (seg-
ments IlI-IV) to the shrimp in the WSSV group. At 24 h post-
infection (hpi), the Oka from 20 infected individuals were pooled
as one sample for WSSV group. At the same time, the Oka from
20 healthy individuals without any treatment were pooled as a
control sample. The samples were immediately preserved in liquid
nitrogen for snRNA-seq.

Single-nucleus extraction, encapsulation and sequencing

SnRNA-seq procedures, including nucleus isolation, droplet
encapsulation, library synthesis and processing of sequenced raw
data, were conducted by Gene Denovo (Guangzhou, China) follow-
ing established protocols. In brief, nucleus suspensions of shrimp
Oka were processed using the Chromium Single Cell 3’ Gel Bead-
in Emulsion, Library and Gel Bead Kit (10 x Genomics) to generate
the barcoded snRNA-seq libraries according to the manufacturer’s
protocol. Then, the library quantification was conducted using
KAPA Library Quantification Kit (KAPA Biosystems) and Agilent
Bioanalyzer 2100. Finally, library sequencing was performed on
[llumina HiSeq 4000 with paired-end configuration (Read 1:
26 bp, read 2: 98 bp).

SnRNA-seq data processing and analysis

Raw sequencing data were processed using Cell Ranger Suite
(v6.1) for demultiplexing, barcode/UMI correction, and gene quan-
tification. Initial demultiplexing of Illumina base calls to FASTQ
files was performed with bcl2fastq, followed by quality assessment
using FastQC. Reads were aligned to the L. vannamei genome (NCBI
TaxID: 6689) via STAR aligner. Then, the low-quality sequences (in-
valid barcodes/UMIs, PCR duplicates) were filtered using Cell Ran-
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ger “count” module. Low-quality cells were excluded using Seurat
(v4.0.4) with stringent thresholds (genes/cell > 3,000, UMIs/cel
1 > 12,000, and mitochondrial gene content > 15%).

Canonical correlation analysis (CCA) was used to normalize the
gene-barcode matrix prior to UMAP visualization. A graph-based
clustering algorithm identified 16 transcriptionally distinct cell
clusters in Oka based on expression pattern of marker genes.
Cluster-specific gene enrichment was determined through median
expression profiling across all cells in each cluster. Gene set enrich-
ment analysis (GSEA) was performed to characterize the antiviral
responses in healthy versus WSSV-infected Oka with criteria
(NES < -1 or NES > 1, FDR < 0.25, p < 0.05). Differentially expressed
genes (DEGs) were identified with criteria (p < 0.01, log2FC > 0.36,
and detection rate in target cluster > 25%). The identified DEGs
were visualized through Seurat-generated heatmaps.

Monocle 2 (v2.6.4) was used to reconstruct differentiation tra-
jectories using differentiation and cell fate-related genes based
on the previously identified cell clusters and DEGs. Major cells in
Oka-0h were assigned as start point and cells were ordered in
the two reduced dimensions to visualize the trajectory of cells in
Oka upon viral infection. Bioinformatic analysis was conducted,
and related images were generated using Omicsmart (http://
www.omicsmart.com) and OmicShare Tools [17].

AlphaFold3 models

The tertiary structures of human ZAP-70 and its homolog in
shrimp (LvZAP-70) were predicted using the AlphaFold3 server
[18] under default parameters. The highest-confidence models
(ranked as model 0) from five predicted conformations considering
the pLDDT scores were selected for structural visualization by
Pymol 2.5.0.

In-situ hybridization

T7 promoter-linked primers (Supplementary Table S1) were
used to amplify the DNA templates of cluster-specific markers for
antisense/sense probes synthesis. The DNA templates were puri-
fied using MiniBEST DNA Fragment Purification Kit (Takara, Japan)
followed by electrophoretic validation (1.5% agarose). Digoxygenin
(DIG)-labeled riboprobes were generated via in vitro transcription
using TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher
Scientific, USA) with DIG RNA Labeling Mixture (Roche, Germany).
Probe integrity was confirmed through Nanodrop 2000 quantifica-
tion (Thermo Fisher Scientific, USA) and electrophoretic analysis
before storage at —80 °C.

The Oka samples from healthy and WSSV-infected shrimp were
fixed in 4% paraformaldehyde at 4 °C for 24 h. They were then
dehydrated in 75%, 80%, 95% and 100% ethanol. The samples were
cleared with xylene and embedded in paraffin wax. The sections
(7 pm) were prepared, then deparaffinated in xylene and rehy-
drated in diluted ethanol series from 95% up to RNase-free water.
Then, the rehydrated sections underwent hybridization with anti-
sense riboprobes (1 ng/uL each) according to the general protocol
of DIG RNA labeling kit (Roche, Germany). Finally, the signals were
visualized through Nikon Eclipse 80i microscope (Nikon, Japan)
after reaction with NBT/BCIP Stock Solution (Roche, Germany).
The same amount of sense riboprobes was used for control sections
under the same procedure.

Immunohistochemical detection

The above sections were deparaffinated in xylene, rehydrated
through a graded ethanol series, starting from 95% and proceeding
to distilled water. The antigen was retrieved by refolding in sodium
citrate-hydrochloric acid buffer. Then, the slides were blocked with
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3% bovine serum albumin (BSA) in PBS at room temperature for
1 h. They were subsequently incubated with 1:200 diluted rabbit
anti-ZAP-70 monoclonal antibody (99F2, Cell Signaling Technol-
ogy, USA) at 4 °C overnight. The slides were then washed with
PBS containing 0.05% Tween-20 (PBST). The sections were incu-
bated with 1:500 diluted Alexa Fluor 488-labeled goat-anti-
rabbit secondary antibody (HA1121, Huabio, China) at room tem-
perature for 1 h. Then, the slides were washed again with PBST
and mounted with coverslips using antifade mounting medium
with DAPI (P0131, Beyotime, China). Finally, the signals were visu-
alized under a laser confocal scanning microscopy (LSM 900, Carl
Zeiss, Germany).

RNA interference (RNAi)

Pairs of primers with T7 promoter sequence (Supplementary
Table S1) were used to clone DNA fragment of LvZAP-70 and
enhanced green fluorescent protein (EGFP) genes for double-
stranded RNA (dsRNA) synthesis. The synthesis and purification
of dsRNA were conducted as previously described [19]. Different
dosages of dsRNA were injected into each shrimp to optimize its
silencing efficiency. Ninety shrimp with an average body weight
of 8.4 + 0.2 g were randomly separated into dSEGFP and dsZAP70
group, and each group contained 45 shrimp. After detecting the
silencing efficiency, the dosage of 0.50 ng/g LvZAP-70 dsRNA was
used for RNAIi experiment in the dsZAP70 group. Shrimp in the
dsEGFP group received the same amount of EGFP dsRNA. At 48 h
post dsRNA injection, Oka tissues from two groups were harvested
for further extraction and incubation, respectively.

Cytotoxicity assay of Oka cells

Heterologous cells including HEK293T cells, S2 cells and Sf9
cells were selected to carry out the cytotoxicity assay. HEK293T
cells were maintained in DMEM supplemented with 10% FBS at
37 °C/5% CO,. Drosophila S2 cells were maintained in SFX-
Insect™ medium supplemented with 10% FBS at 27 °C. Sf9 cells
were maintained in Sf-900™ Il SFM medium at 27 °C. Primary cul-
ture cells of shrimp Oka were prepared as adherent monolayers in
12-well cell plates at 27 °C using a kind of culture medium devel-
oped in our lab. The culture medium mainly contains the modified
L-15 medium supplemented with 15% FBS and 10% shrimp muscle
extract. For co-culture assays, 2 x 10° non-adherent Drosophila S2
cells were introduced to Oka cell monolayers and incubated at
27 °C for 24 h in the co-culture group. The cell culture plates were
gently shaken to collect supernatant containing S2 cells after incu-
bation. The harvested S2 cells were washed three times with PBS
and stained with propidium iodide (PI, C1062M, Beyotime, China)
for 20 min at room temperature. Cell viability was quantified via
flow cytometry (FACSAria II, BD, USA), with PI-high populations
(intensity >2 x 10%) designated as dead cells according to the
pre-test result. S2 cells cultured identically without Oka cells were
served as negative control.

Oka and partial muscle tissues (0.5 g each) from healthy shrimp
were homogenized separately in ice-cooled sterile PBS (3 mL/g tis-
sue) using mechanical disruption. Half of the Oka homogenate
underwent heat inactivation at 70 °C for 1 h with intermittent
shaking, while the muscle homogenate and the remnant of Oka
homogenate were maintained at 4 °C. All homogenates were cen-
trifuged at 8,000 rpm at 4 °C for 30 min. Then the supernatants
were filter-sterilized (0.22 pm) and stored at —80 °C until subse-
quent applications. Oka tissues from shrimp in dsEGFP and
dsZAP70 groups were homogenized and filter-sterilized as previ-
ously described without heat inactivation. Heterologous cells were
seeded in 12-well cell culture plates under standardized densities.
For the healthy Oka extract, heterologous cells of each type were


http://www.omicsmart.com/
http://www.omicsmart.com/
http://Alexa+Fluor

M. Sun, S. Li, Y. Liu et al.

divided into four treatment groups: one receiving 10% (v/v) sterile
PBS (negative control group), another was added with 10% muscle
extract (muscle extract group), a third was added with 10% heat-
inactivated Oka extract (heated Oka extract group), and the fourth
was added with 10% native Oka extract (Oka extract group). For the
Oka extract following gene knock-down, heterologous cells of each
type were divided into three treatment groups: one receiving 10%
(v/v) sterile PBS (negative control group), another was added with
10% Oka extract of shrimp from dsEGFP group (Oka extract in
dsEGFP group), and the third was added with 10% Oka extract of
shrimp from dsZAP70 group (Oka extract in dsZAP70 group). Fol-
lowing 24-hour incubation, cells were washed with PBS and
stained using the Cell Viability/Cytotoxicity Assay Kit (C2015, Bey-
otime, China). Live and dead cell distributions were observed via
fluorescence microscopy, while quantitative cell death assessment
for S2 and Sf9 cells was performed by flow cytometry using PI
staining following the established protocols.

Plasmid construction and transfection

The open reading frame (ORF) of LvZAP-70 was amplified using
specific primers (Supplementary Table S1) and inserted into the
pEF1a/Myc-his vector (Youbio, China) using In-Fusion HD Cloning
Plus (Clontech, Mountain View, CA, USA). Jurkat, Clone E6-1 cells
were cultured in RPMI 1640 medium supplemented with 10%
FBS at 37 °C/5% CO,. Plasmids were transfected into Jurkat cells
using ProteanFect Max Transfection Kit (Nanoportal Biotech,
China) according to the manufacturer’s instructions. At 48 h post
transfection, the cells were harvested for subsequent RNA extrac-
tion and detection.

Quantitative Real-time PCR (qPCR) and RT-PCR detection

Tissue collection, RNA extraction, and cDNA synthesis were
described previously [19]. qPCR was performed to profile the spa-
tiotemporal expression of LvZAP-70, human ZAP-70, CD69, CD25,
and IL-2 (Supplementary Table S1) across different samples. Ampli-
fication specificity was verified through melting-curve analysis.
Human GAPDH and shrimp 18S rRNA (Supplementary Table S1)
were employed as internal references for cDNA normalization of
Jurkat cells and shrimp tissue samples, respectively. RT-PCR was
conducted to analyze the expression of LvZAP-70 in Jurkat cells
after transfection as previously described [19]. The amount of
cDNA templates from Jurkat cells was quantified using human
GAPDH as an internal reference gene. An equal amount of cDNA
from different Jurkat cells was used for detecting the expression
pattern of LvZAP-70 transcripts. The PCR products were detected
by electrophoresis on 2% agarose gel.

Statistical analysis

Data were expressed as mean + SEM derived from three biolog-
ical replicates. Statistical comparisons between groups were con-
ducted using independent sample t-tests in SPSS 19.0 (IBM, USA),
with significance thresholds set at *p < 0.05 and **p < 0.01.

Results
SnRNA-seq clustering of major cell types in Oka

Histological observation indicated that WSSV infection led to
structural remodeling in shrimp Oka at 24 hpi, notably the forma-
tion of LOS in comparison with Oka from healthy shrimp (Supple-
mentary Fig. S1). To resolve cellular heterogeneity in Oka, we
performed snRNA-seq analysis using 10 x Genomics platform on
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the cell nuclei isolated from Oka of healthy shrimp (Oka-Oh) and
those from WSSV-infected shrimp at 24 hpi (Oka-24h-WSSV)
(Fig. 1A). After quality control, a total of 27,049 cells (13,265 cells
from Oka of healthy shrimp sample and 13,784 cells from Oka of
WSSV-infected shrimp sample) were classified into 16 transcrip-
tionally distinct clusters (Supplementary Fig. S2A), ranging in size
from the maximal cluster 0 (26.84%) to the minimal cluster 15
(0.19%).

Annotations of marker genes were used to define the cell types
and their potential functions in Oka (Fig. 1B). Six clusters (cluster O,
1,2, 5,7, and 13) were annotated based on the known functions of
top five marker genes. Cluster 0, enriched in elastin (cross-linked
protein for ECM elasticity regulation) [20] and extensin (cross-
linking glycoprotein for structural reinforcement) [21,22], was des-
ignated as ECM-producing cells. Cluster 1 and 2, were classified as
macrophage-like cells based on the high expressions of
macrophage-associated markers, such as Solute Carrier Family 46
Member (SLC46A, a dominant cGAMP importer in macrophages)
[23], Legumain (LGMN, a phagocytic proteinase primarily in macro-
phages) [24,25], and NOD-like receptor protein 3 (Nlrp3, an inflam-
masome component in macrophages). TRIM9-1 is a marker of
cluster 5, which is specifically expressed in the lymphoid tubules
of Oka [19]. Combined with their spatial distribution (Supplemen-
tary Fig. S3), cluster 5 was designated as capsular cells. Cluster 7
was identified as hemocytes based on the presence of hemocyte-
specific markers, including transglutaminase (TGMN) and
prophenoloxidase-3 (PPO3) [26,27]. The marker genes involved in
mitotic processes, including transforming acidic coiled-coil-
containing protein 3 (TACC3), centrosome-associated protein E
(CENPE), Cyclin B3 (CCNB3), and abnormal spindle-like
microcephaly-associated protein (ASPM), highly expressed in cluster
13. Further analysis revealed that most cells in cluster 13 stayed at
the mitosis phase (with a higher percentage of G2 and M phases)
(Supplementary Fig. S4). Therefore, cluster 13 was identified as
progenitor cells.

For clusters with unknown marker gene functions, we refer-
enced their vertebrate homologs to define the cell subsets [14].
We summarized the top 50 differentially expressed genes (DEGs)
for each cluster, identified their vertebrate homologs, and analyzed
their expression across major human cell types using the Human
Cell Atles database [28]. In addition to the known markers used
to annotate cluster 1 and 2 as described above, we further utilized
their top 50 marker genes for validation. In cluster 1 and 2, we
identified additional macrophage marker homologs, including
palmitoyl-protein thioesterase 1 (PPT1), Insulin-Like Growth Factor 2
Receptor (IGF2R), carboxypeptidase vitellogenic-like (CPVL), phospho-
lipase A2 (PLA2), multiple EGF like domains 10 (MEGF10), and solute
carrier family 22 member 3 (SLC22A3) (Tables S2, S3) [29,30]. Given
the high correlation between these subsets (Supplementary
Fig. S2B, correlation: 0.995), we merged cluster 1 and 2 as a single
cell type, categorized as macrophage-like cells. In cluster 4, we
detected several homologs of lymphocyte-associated genes,
including Y-box binding protein 3 (YBX3), SRY-box transcription fac-
tor 4 (SOX4), and lysosomal trafficking regulator (LYST) (Table S4).
YBX3 is a known marker of pre-B cell differentiation [31]. LYST reg-
ulates lytic granule dynamics in cytotoxic T-cells and natural killer
(NK) cells by controlling granule size, number and exocytosis [32].
SOX4 governs T cell maturation and development via binding to
the T cell enhancer motif (5'-AACAAAG-3’ motif) [33,34]. Since
invertebrates lack differentiated B cells, T cells, or other adaptive
immunity-related lymphocytes, cluster 4 likely represents pro- or
pre-lymphocyte homologs. Thus, we designated this cluster as
lymphocyte precursor-like cells. The majority of DEGs in cluster
8 belonged to the solute carrier (SLC) family (Table S5), thus we
named them as SLC-rich cells. When comparing the top 50 DEGs
of cluster 11 with human homologs, we identified several genes,
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(snRNA-seq) analysis. The position of Oka within shrimp was marked with arrows, and its morphological features under different conditions were shown. (B) A dot plot
displaying representative marker genes for each cluster. The gene names and their NCBI GenelDs are listed at the bottom, while the clusters and their annotated cell types are
listed on the left. Dot size represents the fraction of cells in the cluster that express each gene, and colors indicate the mean expression in expressing cells relative to other

clusters. (C) A Uniform Manifold Approximation and Projection (UMAP) plot illustrating the major cell types identified in s
for each treatment are shown in a stack chart (top) and UMAP plots (middle and bottom). (E) Changes of cell proportions b
FDR < 0.05.

including reelin, laminin, hemicentin 1, plexin A1 (Table S6), that are
specifically expressed in human endothelial cells (e.g., lymphatic
endothelial cells). Combined with their spatial distribution (Sup-

plementary Fig. S3), clust
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nRNA-seq dataset. (D) Proportions of the cell types
etween these groups using scProportion tools with

er 11 was annotated as epithelial cells.

The remaining clusters lacked definitive immune-related homo-
logs and were thus categorized as unknown cells.
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Based on the annotation of top 50 DEGs, we constructed a cel-
lular atlas of Oka in penaeid shrimp (Fig. 1C). ECM-producing cells
and macrophage-like cells account for the majority of the cell pop-
ulations in Oka (Fig. 1D), which aligns with its previously reported
tissue architecture and immune functions.

In order to know the immune response of different clusters in
Oka, we analyzed the variations of cell numbers in different clus-
ters of Oka when shrimp was infected by WSSV. We found that
the proportions of cells in cluster 0, 3, 4, 6, 11, and 12 decreased
significantly, whereas those in cluster 1, 7, 8, 10, and 14 increased
significantly following WSSV infection (Fig. 1E, Supplementary
Fig. S5).

Immunological function characterization of different clusters

Based on previously reported shrimp immune-related genes
[35-37], we analyzed their expression levels in the above identi-
fied 16 clusters to further elucidate their diverse immunological
functions.

Phagocytosis acts as a pivotal defense mechanism for clearing
bacterial and viral pathogens. Given the multitude of molecules
involved in this complex process, pinpointing the predominant
phagocytic cluster in Oka is challenging. However, several
phagocytosis-related genes exhibited relatively high expression
levels in clusters 1 and 2 (Fig. 2A). In eukaryotic cells, intra- and
extracellular macromolecules are primarily degraded by lysosomal
components and associated enzymes [38]. Abnormal lysosomes
can seriously impair the antiviral capability of shrimp [39]. Analy-
sis of DEGs revealed that cluster 1 exhibited a significantly ele-
vated expression of lysosome related genes (Fig. 2B), including
lysosomal associated membrane protein 1 (lamp1), Ilgmn, cathepsin
(CST), cluster of differentiation antigen 63 (CD63), sphingomyelin
phosphodiesterase 1 (SMPD1). These findings suggested that the
tissue-specific macrophage-like cells in Oka might possess a robust
ability for engulfing and degrading foreign materials.

Programmed cell death (PCD) is a complex process essential for
maintaining cellular homeostasis and mediating immune defense.
In crustaceans, apoptosis, necroptosis, autophagy-dependent cell
death, and ferroptosis are critical PCD events for defense to patho-
gen [35]. Autophagy is a process that renews specific cellular com-
ponents through degradation by autophagic lysosomes. It can lead
to cell death under certain conditions. GABA type A receptor-
associated protein (GABARAP), a hallmark of canonical autophagy,
was specifically expressed in cluster 8 in Oka (Fig. 2C). Some
autolysosomal components (which are shared with lysosome)
showed relatively higher expression in cluster 1. NOD-like receptor
(NLR)-mediated apoptosis participates in the antibacterial and
antiviral immunity in shrimp [40]. Several caspases and NLR path-
way related genes were highly expressed in cluster 2 and 8 (Fig. 2D
and Supplementary Fig. S6). Ferroptosis, an iron-dependent cell
death, plays a crucial role in lipid peroxidation and immune
responses [41]. SLC40A1 (also known as ferroportin-1), acyl-CoA
synthetase long-chain family 4 (ACSL4), glutathione synthetase
(GSH2), and several other ferroptosis related genes were highly
expressed in cluster 8 (Fig. 2E). Various necroptosis-related genes
exhibited high expression levels in cluster 1, 8 &13 (Fig. 2F).

The Toll and immune deficiency (IMD) pathways are two major
signaling cascades mediating humoral immune responses in
shrimp. Upon recognition of pathogens by pattern recognition
receptors, downstream signaling transduction is triggered to acti-
vate the transcription of immune effectors. Key components of
these two pathways, including the receptors (toll-7 and toll-9),
the ligand Spdtzle (Spz), and the transcription factors relish (Rel)
and dorsal, were highly expressed in cluster 5, 7 and 11 (Fig. 2G).
Antimicrobial peptides (AMPs) are pivotal effectors of invertebrate
immunity, and most of them are produced in hemocytes and Oka
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in shrimp. Expression profiles revealed that crustin Ila and stylicines
were highly expressed in cluster 7, while anti-lipopolysaccharide
factors (ALFs) were highly expressed in cluster 5 (ALF8, ALF-AVR)
and cluster 9 (ALF4, ALF6) (Fig. 2H). Melanization, a prophenoloxi-
dase (PPO) activation cascade comprising pattern recognition pro-
teins, several serine proteases and their inhibitors, is critical for
wound healing and clearance of invading pathogens. We found
that most PPO-related genes were relatively highly expressed in
cluster 7, including the zymogen PP3, the activators prophenoloxi-
dase activating factors 2 (PPAF2), prophenoloxidase-activating
enzyme (PPAE), and the inhibitor Kunitz-type protease inhibitor
(KTPI) (Fig. 21). The high expression of the PPO-activation system
in these cells aligns with their identification as hemocytes. The
Vago-JAK-STAT pathway is an analog of interferon (IFN)-induced
antiviral signaling in arthropods [42]. The homolog of IFN, compo-
nents of JAK-STAT pathway, and IFN-stimulated genes were
expressed across various types of Oka cells, with relatively higher
expression levels in cluster 5 and 7 (Fig. 2]). These data collectively
indicated that cluster 5 and 7 might play key roles in mediating
humoral immune responses in shrimp.

Macrophage-like cells migrated from lymphoid tubules to LOS
following WSSV infection in Oka

Oka functions as a primary phagocytic tissue in penaeid shrimp,
and our data revealed the presence of macrophage analogs within
this tissue. Following WSSV infection, the proportion of
macrophage-like cells increased (Fig. 1D, E), highlighting their
essential roles in antiviral defense. We further analyzed the molec-
ular features, spatial distribution and antiviral responses of
macrophage-like cells. The homologs of conserved macrophage
markers, including CD36 and galectin-3, were highly expressed in
macrophage-like cells (Table S7). Cross-species comparisons
revealed that both conserved macrophage markers (Fig. 3A) and
evolutionary/species-specific macrophage markers (Supplemen-
tary Fig. S7) across multiple vertebrates were predominantly
expressed in macrophage-like cells. Previous identified inverte-
brate homologs of human macrophages [14] were mainly
expressed in macrophage-like cells (Supplementary Fig. S8A).
These results further suggested the existence of tissue-specific
macrophage-like cells in Oka. However, subtle differences in
immune function distinguished the subpopulations, and we desig-
nated them as macrophage-like cell 1 (cluster 1) and macrophage-
like cell 2 (cluster 2) (Supplementary Fig. S9). Enrichment analysis
revealed that genes related to the engulfment and degradation of
foreign materials, particularly lysosomal components were highly
expressed in macrophage-like cell 1. In contrast, genes involved
in cytokine receptor-mediated signaling transduction, including
subunits of G-proteins and NF-kB/STAT transcription factors were
highly expressed in macrophage-like cell 2 (Fig. 3B).

To characterize the spatial distribution and function of
macrophage-like cells during viral infection, we performed in-situ
hybridization on Oka from healthy and WSSV-infected shrimp. As
previously described, the Oka of shrimp comprised numerous lym-
phoid tubules, which contained three major cell types: endothelial
(En) cells in the inner layer, stromal (St) cells in the middle layer,
and capsular (Cp) cells in the outer layer under histological obser-
vation (Supplementary Fig. S1). In-situ hybridization revealed that
the positive signals for cluster 1 and 2 markers were similarly
located in the middle layer of the lymphoid tubules in Oka of
healthy shrimp. Following WSSV infection, these positive signals
translocated to cell aggregation in the inter-tubular space, the loca-
tion of LOS in Oka (Fig. 3C).

Pseudotime analysis using Monocle 2 was performed to recon-
struct the differentiation trajectory of macrophage-like cells fol-
lowing WSSV infection. WSSV infection induced a novel
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Fig. 2. Landscape of immune-related genes expression in each cluster of shrimp Oka. (A-J) Heatmap displaying the normalized expression of representative DEGs related to
“phagocytosis” (A), “lysosome” (B), “autophagy” (C), “Nod-like receptor (NLR) signaling” (D), “ferroptosis” (E), “necroptosis” (F), “Toll and Imd signaling” (G), “antimicrobial
peptides (AMPs)” (H), “prophenoloxidase (PPO) activation cascade” (I), and “interferon (IFN) and IFN-stimulated genes” (J) across various cell clusters in Oka. Color gradient

represents the expression levels in each cluster.

differentiated branch in macrophage-like cell 1 (Fig. 3D). A total of
127 DEGs were identified between the two branches, which were
visualized in a heatmap with twelve key immune regulators in
the WSSV-induced branch highlighted (Fig. 3E). Following WSSV
infection, antiviral genes including Fas2, ZNFX1, Gyc76c, RAB11FIP5,
MCOLNS3, Lyz1, CD63, CTSB, Lamp1, Vago5, ALF, and Crustin IIa, were
significantly upregulated in macrophage-like cell 1 (Fig. 3F). These
results suggested an active antiviral response aimed to dealing
with the invading virus within the macrophage-like cells of Oka.
GSEA analysis of macrophage-like cells showed that two path-
ways including cell adhesion molecules and lysosome were signif-
icantly enriched in macrophage-like cells following WSSV infection
(Fig. 3G, Fig. 3H, Supplementary Fig. S8B, C). Among the cell adhe-
sion molecules, all DEGs including integrins, neuroligins, tiel, kielin/
chordin-like protein (KCP), and Fas2, were significantly upregulated
following WSSV infection (Supplementary Fig. S8B). Most DEGs in
the lysosome pathway, including Dnase 2, CTSB, and LGMN, were
upregulated following WSSV infection, which is consistent with
the results of pseudotime analysis (Supplementary Fig. S8C). WSSV
could reprogram the host metabolism and hijack it for viral repli-
cation via AMPK pathway [43]. We summarized the expression
changes of key genes involved in AMPK signaling and glycolysis
across different clusters following WSSV infection. AMPK, hypoxia
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inducible factor (HIF), and glycolytic enzymes, including pyruvate
kinase (PK), phosphoglycerate 2 mutase 2 (PGAM2), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were signifi-
cantly downregulated following WSSV infection, whereas phos-
phatase 2A (PP2A), an inhibitory regulator of AMPK, was
significantly upregulated within macrophage-like cells (Supple-
mentary Fig. S10). These findings suggested that the
macrophage-like cells in Oka likely plays a critical role in the
antiviral immunity of shrimp.

Characterization of a ZAP-70 homolog and its role during viral
infection in Oka

Among the DEGs in cluster 1, we identified a homolog of T-cell
receptor zeta-chain-associated protein kinase 70 kDa (ZAP-70).
ZAP-70 is a cytoplasmic protein tyrosine kinase that plays a critical
role in initiating T-cell responses via antigen receptors [44]. The
functional domains of shrimp ZAP-70 (LvZAP-70) exhibited high
similarity to human ZAP-70 with high pLDDT scores proving the
reliability of model prediction (Fig. 4A, Supplementary Fig. S11).
Jurkat cells transfected with LvZAP-70 significantly activated the
expression of human CD69, CD25, and IL-2, without upregulation
of endogenous ZAP-70 expression (Fig. 4B), indicating the func-
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Fig. 3. Identification of macrophage-like cells in Oka of shrimp and their immune function during WSSV infection. (A) Distribution of conserved macrophage markers across
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tional analogy between LvZAP-70 and human ZAP-70. LvZAP-70
was highly expressed in Oka and significantly upregulated at
24 h following WSSV infection (Supplementary Fig. S12), indicating
that the LvZAP-70 is involved in the host response to WSSV
infection.

As shown in the UMAP map and bubble plots, the LvZAP-70 was
dominantly expressed in cluster 1, with relatively high expression
levels in cluster 2, 5, 9, 10, and 12. However, its expression level in
cluster 1 showed no significant difference following WSSV infec-
tion (Fig. 4C, Supplementary Fig. S13). Given that cells in cluster
1 aggregated following WSSV infection, we hypothesized that
WSSV infection might induce aggregation of LvZAP-70 signals. In-
situ hybridization revealed that LvZAP-70 positive signals were
located in the lymphoid tubules in Oka of healthy shrimp, primar-
ily in stromal cells of the middle layer (Fig. 4D), which aligned with
the spatial distribution of macrophage-like cells. LvZAP-70 positive
signals were aggregated to form large clusters in LOS following
WSSV infection (Fig. 4D). The data indicated that WSSV infection
induced translocation of LvZAP-70 positive cells in Oka. Immuno-
histochemical assay of LvZAP-70 further confirmed that aggrega-
tion of LvZAP-70 positive cells in LOS following WSSV infection
(Fig. 4E, Supplementary Fig. S14).

We further compared the expression differences between
LvZAP-70 positive and LvZAP-70 negative cells. The LvZAP-70 posi-
tive cells highly expressed homologs of several CD markers in ver-
tebrate lymphocytes, including CD16, (D45, and CD100
(Supplementary Table S7). Several genes involved in cell prolifera-
tion, antigen presentation and inflammation (e.g., RBM10, ICAM-1,
PTPN2, Rnf13, TrxG, ZC3H11A, ADAM17, Erap1, and ANKRD13) were
highly expressed in LvZAP-70 positive cells (Supplementary
Fig. S15). Furthermore, phagocytosis-related genes exhibited
higher expression levels in LvZAP-70 positive cells in Oka of both
healthy (Fig. 4F) and WSSV-infected shrimp (Fig. 4G), suggesting
that LvZAP-70 positive cells in Oka might possess strong phagocytic
capabilities. The presence of LvZAP-70 positive cells and their
infection-induced aggregation in Oka are similar to the character-
istics of pharyngeal mucosal lymphoid organ in zebrafish and other
teleost [11], indicating that a putative lymphoid organ existed in
crustaceans.

Cytotoxic activity of Oka cells against heterologous cells

ZAP-70 is a marker gene for T lymphocytes/NK cells. Given the
absence of well-differentiated T lymphocyte in shrimp, a more
plausible hypothesis is that NK-like cells might exist in Oka of
shrimp. Considering that the LvZAP-70 positive cells are hard to
separate at present, we used whole Oka cells for cytotoxicity detec-
tion. We found that co-culture with primary culture Oka cells
induced significantly higher death rate of S2 cells (Fig. 5A). In the
co-culture group, the rate of dead S2 cells was 5.08 + 0.29%, which
was significantly higher than that in the control group (2.08 + 0.2
2%) (p < 0.01). Furthermore, tissue extract of Oka could also
increase the death rate of heterologous cells, including HEK293T
cell, Sf9 cell, and S2 cell. For HEK293T cells, the cell number in
Oka extract group was significantly lower (Supplementary
Fig. S16), and the conversion of adherent cells to suspension cells
was observed in this group after PBS washing (Fig. 5B). Fluores-
cence microscopy observation showed more dead HEK293T cells
in Oka extract group than those in the controls (Fig. 5B). For Sf9
cells, the death rate in Oka extract group (9.97 + 0.30%) was signif-
icantly higher than those in controls (negative control, 1.43 + 0.15%
; muscle extract, 1.37 + 0.21%; heated Oka extract, 1.73 + 0.23%)
(p < 0.01) (Fig. 5C, Fig. 5D). For S2 cells, the conversion of most
adherent cells to suspension cells were also observed in the Oka
extract group (Supplementary Fig. S17). The death rate in Oka
extract group (3.80 = 0.70%) was significantly higher than those
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in controls (negative control, 0.50 + 0.10%; muscle extract, 0.50 + 0
.10%; heated Oka extract, 0.40 £ 0.01%) (p < 0.01) (Fig. 5E). Knock-
down of LvZAP-70 significantly suppressed the cytotoxic activity of
Oka cells against heterologous cells, including Sf9 cells and S2 cells
(Fig. 5F-H). For Sf9 cells, the death rate in the dsEGFP group (9.2
5 + 0.13%) was significantly higher than those in the negative con-
trol (1.18 + 0.15%) and dsZAP70 group (2.15 = 0.24%) (p < 0.01)
(Fig. 5G). For S2 cells, the death rate in the dsEGFP group (3.15+ 0
.17%) was also significantly higher than those in the negative con-
trol (0.43 + 0.05%) and dsZAP70 group (1.05 + 0.10%) (p < 0.01)
(Fig. 5H). Additionally, NKG2C and granzyme A were expressed in
cluster 1, 2, and 9 of Oka cells (Supplementary Fig. S18). These find-
ings provided evidence for the presence of NK-like cells in Oka of
shrimp.

Identification of lymphocyte precursor-like cells in Oka

Cluster 4 was identified as an analog of lymphocyte ancestor,
owing to the expression of marker genes involved in pre-B cell dif-
ferentiation and T cell maturation. We further performed cell type
annotation using SingleR with human and murine immune cell ref-
erences [45,46], revealing that cluster 4 showed the highest corre-
lation with mammalian common lymphoid progenitor-derived
cells, including B cells, T cells, NK cells and dendritic cells (Supple-
mentary Fig. S19A, S19B). Cross-species analysis showed that evo-
lutionary or species-specific lymphocyte (B cell and T cell) markers
in vertebrates were predominantly expressed in cluster 4 and 13
(Supplementary Fig. S20). Furthermore, we analyzed the molecular
features and spatial distribution of cluster 4. KEGG enrichment
analysis of DEGs revealed high expression of ribosome-related
genes in cluster 4 (Fig. 6A), including various ribosomal proteins
(Fig. 6B, Supplementary Fig. S19C).

In-situ hybridization revealed that the positive signals of cluster
4 were scattered throughout the Oka of healthy shrimp (Fig. 6C).
Notably, several reported WSSV receptors, including rab7 and lami-
nin receptor (Lamr) [47,48], were highly expressed in cluster 4
(Supplementary Fig. S19D), suggesting that this cluster might par-
ticipate in viral recognition and engulfment. At 24 hpi, these posi-
tive signals aggregated in LOS (Fig. 6C), which were similar to those
of macrophage-like cells and ZAP-70 positive cells.

Among the WSSV-responsive DEGs in cluster 4, several homo-
logs of human CD molecules were significantly upregulated,
including CD133, CD49d, CD45, CD39, and CD21 (Fig. 6D, Supple-
mentary Table S7). Besides, several DEGs that are involved in
DNA replication and cell proliferation, including DNA ligase 1, cyclin
T, zinc finger protein 628 (ZFP628), and protein tyrosine phosphatase
megakaryocyte (PTP-MEG, also called PTPN9), were upregulated fol-
lowing WSSV infection (Fig. 6D). Additionally, cell cycle-related
DEGs, including glycogen synthase kinase-38 (GSK3p), cullin 1,
CREB-binding protein (CREBBP), Smad3, Abl, were significantly
upregulated following WSSV infection (Fig. 6E). The results indi-
cated that WSSV infection might induce dynamic processes analo-
gous to cell proliferation and differentiation in cluster 4.

Discussion

The emergence of lymphoid structures represents a pivotal
adaptation in immune system evolution, facilitating lymphocyte
development and antigen-specific responses across metazoans.
The evolution of such structures is a complex topic in the animal
kingdom. Although a presumptive invertebrate lymphoid organ
(Oka) has been reported in shrimp based on its structural charac-
teristics, whether it truly functions as a lymphoid organ akin to
those in vertebrates remains uncertain. In contrast to the extensive
diversification of immune cell types across metazoan evolution,
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Fig. 5. Cytotoxic activity of Oka cells against heterologous cells. (A) Death rate of S2 cells after 24 h co-culture with the primary Oka cells detected via flow cytometry. “-”
represents the control group, and “+” represents the co-culture group. Data shown as mean * SE, and p < 0.01. (B) Microscopy observation of cytotoxic activity of Oka cells
against HEK293T cell. Alive HEK293T cells exhibited green fluorescence and dead cells exhibited red fluorescence after staining with the cell viability/cytotoxicity assay Kit.
Bar = 20 pm. (C) Microscopy observation of cytotoxic activity of Oka cells against Sf9 cells. Alive cells were stained with green fluorescence and dead cells were stained with
red fluorescence. Bar = 20 um. (D, E) Death rate of Sf9 (D) and S2 (E) cells detected via flow cytometry. Treatments were the same as (C). Data shown as mean * SE, and
p < 0.01. (F-H) Role of LvZAP-70 in cytotoxic activity of Oka. (F) Inhibition efficiency of LvZAP-70 dsRNA. Expression levels of LvZAP-70 in the Oka of dsEGFP and dsZAP70
groups at 48 h post dsRNA injection. (G, H) Death rate detection of Sf9 (G) and S2 (H) cells treated with Oka extracts from dsEGFP and dsZAP70 groups via flow cytometry.

Data shown as mean + SE, and p < 0.01. dsEGFP, shrimp injected with EGFP dsRNA; dsZAP70, shrimp injected with LvZAP-70 dsRNA.

some specific proteins evolved at markedly slower rates [49]. Thus,
cell-specific functional proteins are key to defining the cell subsets
[14]. In the present study, we performed snRNA-seq on Oka, and
conducted cross-species comparative analyses of immune cell
markers between shrimp and vertebrates to elucidate evolutionary
conservation patterns in invertebrate-vertebrate immunity. Histo-
logical and ultrastructural analyses showed the structural charac-
teristics of shrimp Oka: lymphoid tubules (endothelial, stromal
and capsular cells) and interstitial haemal sinuses packed with
hemocytes [50]. The tubules are encased within a fibrous ECM net-

work that confers structural integrity to the organ [8]. Our results
suggested that stromal cells in Oka harbored abundant
macrophage-like cells, while capsular cells in the outer layer of
lymphoid tubules mediated humoral immune responses (Supple-
mentary Fig. S3). Circulating foreign particles in hemolymph might
be filtered and engulfed for degradation by macrophage-like cells
within stromal cells of Oka. Subsequent presentation of processed
pathogen-associated molecular patterns (PAMPs)/antigens acti-
vates humoral immune cascades in adjacent capsular cells, induc-
ing AMP production for targeted pathogen elimination. Endothelial

<

Fig. 4. Identification of ZAP-70 homolog in Oka of shrimp and its function during WSSV infection. (A) Modeling prediction and alignment of human ZAP-70 and its homolog in
shrimp (LvZAP-70). The predicted tertiary structures of first SH2 domain (orange), second SH2 domain (purple), and kinase domain (yellow) of LvZAP-70, along with intact
human ZAP-70 (green), are shown and labeled. (B) Overexpression of LvZAP-70 activated human T cells without upregulation of human ZAP-70. The expression of LvZAP-70
was detected by RT-PCR (left). The relative expressions of human ZAP-70, CD69, CD25, IL-2 were detected by qPCR (right). Human GAPDH was used as an internal reference
gene. Jurkat cells transfected with pEF10-LvZAP-70 was set as pEF10-LvZAP-70 group, and the cells transfected with pEF1a empty vector was set as control. (C) Bubble plot
showing the expression level and proportion of LvZAP-70 in each cluster of Oka. Dot size represents the fraction of cells in the cluster that express LvZAP-70, and intensity
indicates the mean expression in expressing cells relative to other clusters. (D) Spatial distribution of LvZAP-70 positive cells in healthy (top) and WSSV-infected (bottom) Oka
via in-situ hybridization. Probes: LvZAP-70 riboprobes. Antibody: Anti-Digoxigenin-AP, Fab fragments. The positive signals were dominated located in the lymphoid tubules
(LT) of healthy Oka and the lymphoid organ spheroid (LOS) of WSSV-infected Oka. Bar = 20 um. (E) Immunohistochemical localization of LvZAP-70 positive cells in Oka from
healthy (top) and WSSV-infected shrimp (bottom). The LvZAP-70 positive signals were dominated located in the lymphoid tubules (LT) of healthy Oka and the lymphoid
organ spheroid (LOS) of WSSV-infected Oka. Bar = 50 um. (F, G) Heatmap displaying expression profiles of phagocytosis-related DEGs between whole LvZAP-70-positive and -
negative cells in healthy (F) and WSSV-infected (G) Oka.
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Fig. 6. Identification of lymphocyte precursor-like cells in Oka of shrimp. (A) UMAP displaying the distribution of lymphocyte precursor-like cells (cluster 4) in Oka. (B) A
heatmap showing the normalized expression of representative DEGs related to “ribosome” across various cell clusters of Oka. (C) Spatial distribution of lymphocyte
precursor-like cells in healthy (top) and WSSV-infected (bottom) Oka. Probes: ncbi_113818382 riboprobes. Antibody: Anti-Digoxigenin-AP, Fab fragments. The positive
signals were dominated located in the lymphoid tubules (LT) of healthy Oka and the lymphoid organ spheroid (LOS) of WSSV-infected Oka. Bar = 20 um. (D) Volcano plots of
DEGs in cluster 4 between healthy and WSSV-infected shrimp. (E) Heatmap displaying expression profiles of cell cycle-related DEGs in cluster 4 between healthy and WSSV-

infected shrimp.

cells included a subset of ECM-producing cells, while the remain-
ing ECM-producing cells, together with epithelial cells, formed
the outmost fibers surrounding the lymphoid tubules (Supplemen-
tary Fig. S3). As the second most abundant cellular component in
Oka, further investigation into the heterogeneity of ECM-
producing cells may provide additional insights into the function
of epithelial cells in this tissue. Except for previously characterized
cell types, snRNA-seq profiling identified novel cell lineages in Oka,
including progenitor cells, lymphocyte precursor-like cells, and
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SLC-rich cells, which may offer new perspectives on its immuno-
logical functions. Viral challenge induced LOS formation in Oka,
with lymphocyte precursor-like and macrophage-like cells as the
primary cellular constituents of this structure.

Phagocytosis is a critical mechanism for multicellular organ-
isms to clear the invading pathogens. Vertebrates maintain large
populations of tissue-resident macrophages with specialized func-
tions, yet the functional conservation of such tissue-resident ana-
logs in invertebrates remains unclear. Macrophage-like
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phagocytes have been identified in circulating hemocytes of
shrimp [14]. In the present study, a population of tissue-specific
macrophage-like cells were identified in Oka of shrimp. This popu-
lation constitutes the largest proportion of Oka cells, which is con-
sistent with the high phagocytic ability of Oka in shrimp [51]. In
vertebrate lymphoid tissues, macrophages utilize highly developed
endocytic compartments to clear microbes and apoptotic cells,
mediate cellular adhesion, produce cytokines, and present antigens
[52]. In shrimp Oka, endocytic and lysosomal components were
highly expressed in macrophage-like cells, indicating their poten-
tial parallel functions in microbial clearance and antigen presenta-
tion similar to vertebrate macrophages. Following viral infection,
macrophage-like cells in Oka migrated from the middle layer of
lymphoid tubules into LOS. A high apoptotic rate has been
observed in LOS [53], but whether these macrophage-like cells in
Oka engaged in engulfing viral particles or virus-infected apoptotic
host cells remains unclear. In macrophage-like cells, WSSV infec-
tion induced the transcription of numerous antiviral genes, includ-
ing Fas2, ZNFX1, Gyc76C, RAB11FIP5, and MCOLN3. Fas2, an
immunoglobulin superfamily adhesion molecule, mediates cell-
cell adhesion during tissue morphogenesis [54,55]. ZNFX1, an
interferon-inducible dsRNA sensor, activates MAVS-dependent sig-
naling cascades to orchestrate antiviral immune defenses [56].
Gyc76C, a transmembrane guanylate cyclase receptor, triggers
antimicrobial peptide synthesis to support humoral immune
responses [57]. RAB11FIP5 can be elevated by viral infection and
consequently regulates the NK cell function [58]. MCOLN3, a
calcium-permeable channel, modulates autophagosome biogenesis
[59]. The upregulation of cell adhesion molecules in macrophage-
like cells, such as integrins and Fas2, is similar to the mechanism
evolutionarily conserved with leukocyte trafficking in vertebrates
[60]. Vertebrate macrophages also exhibit strong capacity to pro-
duce cytokines and recruit immune cells via chemokine signaling
[61]. In Oka, lymphocyte precursor-like cells and macrophage-
like cells translocated into LOS following WSSV infection. The dis-
covery provides critical insights into the evolutionary origins of
macrophages and lymphoid tissue specialization. However, several
questions regarding these tissue-specific macrophage-like cells
remain unresolved, including the antigenic specificity of their
phagocytic activity, the molecular mediators of their intercellular
migration, and functional analogs of cytokine signaling pathways,
which will be promising avenues for further investigation.
ZAP-70 serves as a conserved biomarker for T/NK cells [44] and
has been used to delineate the lymphoid architecture in zebrafish
and other teleost [11,62]. Here, we identified a ZAP-70 homolog
predominantly expressed in Oka, and overexpression of this homo-
log in Jurkat cells led to T cell activation. In teleost, pathogen chal-
lenge induces the aggregation of ZAP-70 positive cells within
lymphoid organs, where these immunologically active clusters
directly participate in host defense [11,62]. Similarly, WSSV infec-
tion induced significant aggregation of LvZAP-70 positive cells into
large clusters within Oka. These LvZAP-70 positive cells exhibited
elevated expressions of vertebrate lymphocyte-associated CD
homologs, including CD16, CD45, and CD100. CD16 is a low-
affinity immunoglobulin Fc receptor expressed on NK cells, medi-
ates antibody-dependent cellular cytotoxicity (ADCC) [63]. CD45
is a transmembrane protein tyrosine phosphatase ubiquitously
expressed on leukocytes, which modulates immune cell activation
[64]. CD100 is a semaphorin-family protein predominantly
expressed in activated T cells and hematopoietic lineages, which
can facilitate activation and maturation of B cell and dendritic cell
[65]. Furthermore, LvZAP-70 positive cells showed enhanced
expression of immunoregulatory genes, including ADAM17, ERAP1,
ANKRD13, PTPN2, ICAM-1, RNF13, and RBM10. ADAM17 is a trans-
membrane metalloproteinase critical for inflammatory regulation
and tissue homeostasis, which mediates ectodomain shedding of
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key immunomodulators (e.g. TNFa, IL-6R, TNF-R, L-selectin, and
ICAM-1) [66]. ERAP1 is an endoplasmic reticulum-localized zinc-
dependent aminopeptidase, which coordinates antigen processing
through peptide trimming and presentation onto MHC molecules
[67]. ICAM-1 is a canonical immunoglobulin superfamily adhesion
receptor, which can facilitate leukocyte recruitment to the inflam-
mation sites [68]. These data revealed that LvZAP-70 positive cells
in Oka might participate in the antiviral immune defense in
shrimp.

To date, canonical TCR components, antigen-specific receptors
or adaptive immune machinery have rarely been identified in crus-
taceans and other invertebrates. Therefore, the function of LvZAP-
70 positive cells in shrimp Oka is unclear. Several putative ortho-
logues of NK cell receptors and ligands were identified in shrimp
[69]. A more plausible explanation is that shrimp might possess
NK-like cells, which are known to express ZAP-70. Cellular cytotox-
icity reflects the ability of cells to kill other cells, which is a key
effector mechanism of the immune system against viral infections.
NK cells are the major cytotoxic innate lymphocytes that can lyse
virally infected cells [70]. ZAP-70 is responsible for cytotoxic gran-
ule release and activation of cytotoxicity in NK cells [71]. Non-
specific cytotoxic cells (NCC) in teleost are considered as
evolutionary precursors of NK cells, which exhibit similar killing
effects against heterologous cells [72,73]. Regarding the absence
of antigen-specific receptors in shrimp, the cytotoxic analysis of
Oka cells supported the possible existence of NK-like cytotoxicity
rather than adaptive immunity in the vertebrate sense. NK cells kill
target cells by releasing cytotoxic particles containing perforin and
granzymes [74]. Granzyme A is the main components of these par-
ticles to induce the death of target cells [75]. In the present study,
homologs of granzyme A and NKG2C were identified in Oka. Knock-
down of LvZAP-70 significantly suppressed the cytotoxic activity of
Oka cells against heterologous cells. These data provide evidence
that LvZAP-70 positive cells shared molecular and functional paral-
lels with NK-like cells, supporting the hypothesis that Oka func-
tions as a lymphoid organ in shrimp. We noticed that Oka
exhibited distinct cytotoxic activities against different vertebrate
and insect cells. This probably correlate to different species-
specific susceptibilities of the used cells. Further investigation is
necessary to identify the immunological effectors and functional
pathways associated with the ZAP-70 homolog in crustaceans.

Besides the LvZAP-70 positive cells, lymphocyte precursor-like
cells were identified in Oka. Across-species analysis revealed that
these cells showed high correlation with vertebrate lymphocytes,
and markers of the vertebrate B and T lymphocytes were predom-
inantly expressed in these cells. In Naive T cells, a large number of
idling ribosomes enable rapid translational switch to initiate T cell
activation program following stimulation [76]. In the present
study, high expression of ribosome-related genes was observed
in lymphocyte precursor-like cells of Oka. DNA ligase 1 catalyzes
the process to complete DNA replication and repair [77]. PTP-
MEG (PTPN9) regulates zebrafish erythropoiesis and proliferation
by activation of STAT proteins [78]. In this study, above genes
involved in DNA replication, cell cycle, and cell proliferation were
significantly upregulated following WSSV infection. CD133
(Prominin-1) is a conserved stem cell biomarker in lymphoid tis-
sues [79]. CD49d (integrin o4) regulates leukocyte adhesion,
migration, and survival [80]. CD45 is a lymphocyte common anti-
gen and critically regulates immune cells activation [64]. CD39
governs functions of regulatory T cells (Tregs) and conventional
CD4*/CD8* T lymphocytes [81,82]. Complement receptor CD21,
predominantly expressed on B cells, mediates B cell activation
and antigen presentation [83]. Homologs of these CD molecules
were upregulated in lymphocyte precursor-like cells of Oka. Func-
tionally, the lymphocyte precursor-like cells aggregated together
with LvZAP-70 positive cells following viral infection. The results
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suggest that WSSV infection could induce dynamic processes anal-
ogous to lymphocyte progenitor proliferation and lymphocyte dif-
ferentiation in these lymphocyte precursor-like cells.

In addition to cellular analogs, the structural organization of
Oka mirrors fundamental features of vertebrate lymphoid tissues
(Supplementary Fig. S1), indicating evolutionary parallels in
immune system architecture. A defining characteristic of struc-
tured lymphoid aggregates, such as the lymph nodes, Peyer’s
patches, or tonsils, is the spatial arrangement of immune cells
within a reticulated stromal framework, which facilitates immune
cell interactions [84]. Analogously, the Oka in shrimp features
reticular fibers surrounding its lymphoid tubules [8] and vascular
networks. This is very similar to those in teleost lymphoid tissues,
which enables efficient immune cell trafficking [11]. Similar to the
nemausean lymphoid organ in teleost, the presence of LvZAP-70
positive cells in Oka of shrimp and their pathogen-responsive
aggregation suggested conserved mechanisms between these
structures. Lymphoid tissue lining the gut tube is a universal fea-
ture of vertebrates. Primary lymphoid tissue in some species
resides in the typhlosole, an invagination of the gut wall [85]. In
sharks, gut-associated lymphoid structures are located in two spe-
cialized regions: the Leydig’s organ near the esophageal junction,
and the spiral valve in the posterior intestine [86]. The Oka in
shrimp is positioned ventrolateral at the junction of the anterior
stomach and foregut (Supplementary Fig. S1) [87]. Antigen-
driven hyperplasia was observed in shark GALT [88], and similarly,
shrimp Oka enlarges in response to pathogen exposure [89,90].
Collectively, the Oka in shrimp shares key hallmarks with verte-
brate lymphoid organs, including anatomical location, pathogen-
induced structural remodeling, and the presence of molecular
homologs and functional similarity of NK-like cytotoxicity.

The origin, migration and evolution of cells in Oka are key sci-
entific questions worth exploring. Vertebrate lymph organs have
mesoderm-dominated origins with minor contributions from
endoderm [91]. To our knowledge, there are still no reports on
the developmental origin of cells in Oka. Here we identified pro-
genitor cells with probable proliferating ability in Oka. This type
of cells might be one of the origins of Oka cells. However, it is still
unclear which type or which types of cells are differentiated from
progenitor cells. Although other stem cells such as those in
hematopoietic tissue (HPT) have been reported in shrimp [92],
no evidence shows the association between them and the cells in
Oka. In vertebrates, a large amount of microvasculature and lym-
phatic capillary benefit the traffic and homing of immune cells
[93]. In shrimp, the circulatory system is open. The circulating
hemolymph is pumped from the heart via subgastric artery into
Oka, and the foreign materials in hemolymph are filtered within
Oka [51]. Based on our results, immune cells in Oka might translo-
cate from the lymphoid tubules into nearby haemal sinuses to
remove the foreign materials through the formation of LOS. At pre-
sent, researchers believe that invertebrates do not possess true
lymphoid tissues or adaptive immune cells. In addition to Oka in
crustaceans, mollusks and echinoderms have evolved specialized
lymphoid-like tissues. These tissues include hematopoietic tissue,
white body in mollusks, and axial organ, Tiedemann’s bodies in
echinoderms [94,95]. They function in cell recruitment, pathogen
clearance, and localized immune responses. However, the lack of
sufficient comparative analysis of lymphoid-like tissues in other
invertebrate taxa limited our understanding on the evolution of
lymphoid-like tissues across animal kingdom.

Conclusion

In summary, we performed snRNA-seq on the invertebrate lym-
phoid organ (Oka) in L. vannamei, and characterized the immune
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functions of major cell types to trace its evolutional commonality
with vertebrate lymphoid organs. We identified tissue-specific
macrophage-like cells and lymphocyte precursor-like cells in
Oka, which migrated into aggregates following WSSV infection.
Additionally, a homolog of the conserved lymphocyte marker
ZAP-70 colocalizes in LOS with macrophage-like cells and lympho-
cyte precursor-like cells following WSSV infection. Functional anal-
yses provide evidence to confirm that Oka functions as a lymphoid
organ in shrimp. However, further investigations are needed to
resolve several questions, including the proliferative capacity of
Oka cells, the ontogenetic origin of the organ, the functional roles
of SLC-rich cells, and the mechanistic interplay between ZAP-70
homologs and antiviral effectors.
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