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Abstract

Much of our current knowledge on shrimp immune system is restricted to the defense reactions
mediated by the hemocytes and little is known about gut immunity. Here, we have investigated
the transcriptional profile of immune-related genes in different organs of the digestive system
of the shrimp Litopenaeus vannamei. First, the tissue distribution of 52 well-known immune-
related genes has been assessed by semiquantitative analysis in the gastrointestinal tract
(foregut, midgut and hindgut) and in the hepatopancreas and circulating hemocytes of shrimp
stimulated or not with heat-killed bacteria. Then, the expression levels of 18 genes from key
immune functional categories were quantified by fluorescence-based quantitative PCR in the
midgut of animals experimentally infected with the Gramnegative Vibrio harveyi or the White
spot syndrome virus (WSSV). Whereas the expression of some genes was induced at 48 h after
the bacterial infection, any of the analyzed genes showed to be modulated in response to the
virus. Whole-mount immunofluorescence assays confirmed the presence of infiltrating
hemocytes in the intestines, indicating that the expression of some immune-related genes in gut
is probably due to the migratory behavior of these circulating cells. This evidence suggests the
participation of hemocytes in the delivery of antimicrobial molecules into different portions of
the digestive system. Taken all together, our results revealed that gut is an important immune
organ in L. vannamei with intimate association with hemocytes.
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1.

Introduction

Aquatic environments are rich in both organic and inorganic nutrients and harbor a dense and
diverse microbial community, including prokaryotes, protozoans, fungi and a wide range of
enveloped and nonenveloped viruses. These microorganisms are easily dispersed by water and
can interact with all multicellular organisms in symbiotic or pathogenic relationships. Penaeid
shrimp, like other invertebrates, defend themselves from invading microorganisms by the
combination of effective antimicrobial and antiviral responses mediated mainly by the
circulating immunocompetent cells, the hemocytes (Cerenius et al., 2010). The recognition of
the invader by soluble and/or cell surface pattern recognition proteins (PRPs) leads to hemocyte
mediated reactions, such as phagocytosis, nodule formation, encapsulation, tissue infiltration
(Jiravanichpaisal et al., 2006) and, in some cases, to the release of nucleic acid extracellular
traps (Robb et al., 2014). Besides, hemocytes are also involved in the production of humoral
factors, cytotoxic free radicals (reactive oxygen and nitrogen species) and antimicrobial
peptides (AMPs) (Tassanakajon et al., 2013). AMPs are major components of the innate
immune response and four gene-encoded AMP families have been characterized in shrimp:
penaeidins, crustins, anti-lipopolysaccharide factors (ALFs) and stylicins (Destoumieux-
Garzonet al., 2016 ).

Genomic and transcriptomic technologies have significantly improved our knowledge on
shrimp immunity and responses to infectious diseases affecting the farming industry
worldwide. However, most of studies have been focused on both cellular and humoral immune
responses occurring in the hemolymph (Tassanakajon et al., 2013). Whereas gut is an important
route for pathogen ingress, colonization and transmission, surprisingly little attention has been
paid to shrimp epithelial responses and intestinal immunity. Basically, the shrimp gut is a tube
(beginning at the esophagus and ending at the anus) divided into three main portions, the
foregut, midgut, and hindgut. Whilst both foregut and hindgut are lined with a chitinous cuticle,
the midgut is composed by a glandular (columnar) epithelium destitute of cuticle and lined with
a peritrophic membrane (McGaw and Curtis, 2013; Wang et al., 2012). Other important
component of the shrimp digestive system is the hepatopancreas, a digestive and endocrine
organ comparable to the liver in vertebrates. The hepatopancreas is a large gland occupying the
dorsal region of the cephalothorax, which is also considered as an important site for the
expression of immune-related genes in shrimp (Robalino et al., 2007; Zeng et al., 2013).

In this study, we have performed a gene expression analysis in the most important penaeid
species cultured worldwide, Litopenaeus vannamei, with the goal of characterizing the gut
molecular responses triggered by two unrelated pathogens, the Gramnegative Vibrio harveyi
and the White spot syndrome virus (WSSV). Firstly, the expression and distribution of well-
known immune-related genes were investigated in three portions of the gut (foregut, midgut
and hindgut) and in hepatopancreas in comparison to hemocytes (the main expression site of
shrimp immunerelated genes). Further, we showed that genes involved in both antimicrobial
and antiviral defenses were induced in the midgut in response to a Vibrio infection but not
against the WSSV. The presence of infiltrating hemocytes in the intestines, as revealed by
whole mount immunofluorescence staining, suggests that these cells participate in shrimp gut
immunity, likely through the delivery of antimicrobial molecules into different portions of the
digestive system.



2. Materials and methods
2.1. Animals, microbial challenges and tissue collection

Litopenaeus vannamei juveniles (10 + 2 g) were obtained from the Laboratory of Marine
Shrimp (Federal University of Santa Catarina, Brazil). Following acclimation (one week),
shrimp (n ¥ 5) were stimulated by the injection of 5 107 CFU/animal of heatkilled (70 C for
20 min) Vibrio harveyi ATCC 14126 under 100 mL sterile seawater (SSW). Naive
(unchallenged) animals (n %2 5) were used as control. At 48 h post-stimulation, hemocytes were
obtained as previously described (Goncalves et al., 2014) and the digestive organs (foregut,
midgut, hindgut and hepatopancreas) were harvested by dissection. Tissue samples were
washed in a Tris-saline solution (10 mM Tris, 330 mM NaCl, pH 7.4), homogenized in TRIzol
reagent (Thermo Fisher Scientific) and processed for RNA extraction and semiquantitative RT -
PCR analysis.

The experimental infections were performed with two unrelated shrimp pathogens: the Gram-
negative bacterium V. harveyi ATCC 14126 and the WSSV. For the bacterial infection, shrimp
were injected with 6 107 CFU/animal (under 100 mL SSW) of live V. harveyi ATCC 14126
(median lethal dose within 2 days, LD50/2) or with 100 mL SSW (injury control). For the viral
infection, shrimp were injected with 100 mL of a WSSV inoculum containing 3 102 viral
particles (median lethal dose within 15 days, LD50/15). The WSSV inoculum was prepared as
previously described (Goncalves et al., 2014). Control animals for the viral infection (injury
control) were injected with 100 mL of a tissue homogenate prepared from WSSV -free shrimp.
At 48 h post-injection, midguts were harvested by dissection, washed in Tris-saline solution,
pooled (3 pools of 5 animals per condition) and immediately processed for gene expression
analysis. Unchallenged animals (shrimp at time 0 h) were used as control for all experimental
conditions.

2.2. Reverse transcription-polymerase chain reaction (RT-PCR) analysis for tissue
distribution of gene expression

Total RNA was extracted by using TRIzol reagent (Thermo Fisher Scientific) according to the
manufacturer's instructions. RNA samples were then treated with DNase | (Thermo Fisher
Scientific) for 15 min at 37 C to eliminate contaminating genomic DNA. After DNase |
inactivation (10 min at 65 C), samples were precipitated with 0.3 M sodium acetate. RNA
amount and quality were assessed by spectrophotometric analysis and the integrity of total RNA
was analyzed by 0.8% agarose gel electrophoresis. Following heat denaturation (70 C for 5
min), reverse transcription was performed using 2 mg of purified total RNA with 50 ng/mL
oligo(dT)12-18 in a 20-mL reaction volume containing the RevertAid Reverse Transcriptase
(Thermo Fisher Scientific), according to the manufacturer's instructions. PCR reactions were
conducted in a 15-mL reaction volume using 1 mL of synthesized cDNA (diluted 1:10) as
template. Details of all primers used are listed in the Table S1. The PCR amplification protocol
consisted of an initial denaturation at 95 C for 10 min followed by 30 cycles of 95 C for 30 s,
57 C for 30 s, and 72 C for 30 s and a final extension step of 72 C for 10 min. The PCR products
were analyzed by electrophoresis in 1.5% agarose and stained by ethidium bromide. The
expression of the b-actin gene (LvActin) was used to normalize the RT-PCR data for



comparison. The heatmap was generated using MultiExperiment Viewer (MeV) analysis
software.

2.3. Fluorescence-based reverse transcription real-time quantitative PCR (RT-gPCR)

RT-qPCR amplifications were performed in the StepOnePlus Real-time PCR System (Thermo
Fisher Scientific) in a final volume of 15 mL containing 0,3 mM of each primer, 7,5 mL of
reaction mix (Maxima SYBR Green/Rox gPCR Master Mix 2 ; Thermo Fisher Scientific) and
1 mL of cDNA (diluted 1:20). Primer sequences are listed in Table S1. RT-gPCR assays were
submitted to an initial denaturation step of 10 min at 95 C followed by 40 cycles of denaturation
at 95 C for 15 s and annealing/extension at 60 C for 1 min. Melt curve analysis (60e95 C at a
temperature transition rate of 0.05 C/s) for each primer pair was performed to ensure primer
specificity with continuous fluorescence acquisition. The eukaryotic translation elongation
factor 1-alpha (LvVEF1a), the bactin (LvActin) and the ubiquitin/ribosomal L40 fusion protein
(LvL40) were used as reference genes for RT-gPCR data normalization using the 2 DDCq
method (Livak and Schmittgen, 2001). Differences in gene expression were considered
statistically significant at P < 0.05 (cutoff of 1.5-fold change in expression level) using one-
way ANOVA and Tukey's multiple comparison test.

2.4. Whole mount immunofluorescence staining

Midguts from naive (unchallenged) shrimp (n ¥ 5) were harvested by dissection, washed in
ice-cold Tris-saline solution and immediately fixed in 4% paraformaldehyde. The intestinal
content was gently scraped with a sterile object glass and the midguts were longitudinally
opened with a scalpel. Midguts were blocked in PBST solution (1 PBS, 1% BSA, 0.1% Triton
X-100) for 3 h at room temperature followed by 16 h incubation with rabbit antipenaeidin
polyclonal antibodies (10 mg/mL) (Destoumieux et al., 2000) at 4 C with gentle rocking.
Midguts were subsequently washed 3 times with PBS-T solution for 20 min at room
temperature and incubated with FITC-conjugated anti-rabbit secondary antibodies diluted at
1:500 and DAPI (Thermo Fisher Scientific) for 4 h at room temperature. Negative controls
consisted in replacing anti-penaeidin antibodies with PBS-T solution. The sections were
mounted and sealed. The experiments were repeated three times, and representative images
were taken by confocal microscope (Leica DMI6000 B Microscope). Routine hematoxylin and
eosin (H&E) staining was performed for histological examination with light microscopy

3. Results and discussion

3.1. The expression of genes from different immune functional categories is differentially
distributed in shrimp gut

To go further insight into the shrimp gut immunity, we have assessed the expression of 52 well-
known immune-related genes in the three portions of the gastrointestinal tract (foregut, midgut
and hindgut) and in the hepatopancreas, a digestive gland analogous to vertebrate liver. Since
hemocytes are the main site of expression of immune-related genes in penaeid shrimp
(Tassanakajon et al., 2013), we also considered circulating hemocytes from which most of these



genes have been initially characterized. We covered immune key functional categories with
genes involved in both antimicrobial and antiviral defenses: (i) antimicrobial peptides or AMPs,
(i) immune signaling pathways, (iii) proPO activating system, (iv) microbial recognition, (V)
RNAI pathway, (vi) cytokine-like and (vii) redox system (Table S1).

The first striking information given by the gene expression screening is that gut (foregut, midgut
and hindgut) and circulating hemocytes displayed closed expression patterns (Fig. 1A). Most
of the gene-encoded AMPs (penaeidins and ALFs) and the components of the RNAI and the
immune signaling pathways (Toll, IMD and JAK/STAT) showed to be constitutively
transcribed in those tissues. However, the highest expression level of those genes was clearly
observed in hemocytes (Fig. 1A). Genes involved in antimicrobial defenses were also found to
be constitutively expressed in the gut of the black tiger shrimp Penaeus monodon
(Soonthornchai et al., 2010). Like observed for L. vannamei, the expression of AMPs in the
digestive system of P. monodon was mainly detected in the anterior gut than in the
hepatopancreas (Soonthornchai et al., 2010).

The other striking observation was that hepatopancreas displayed a distinct expression pattern
with few expressed genes common with the three gut portions and hemocytes (Fig. 1; Table
S2). Genes exclusively expressed in hepatopancreas were in particular the invertebrate (i-type)
lysozyme, likely involved in digestive functions, and C-type lectins (LvLectin-1, LvCTL3 and
LVLT) known to be involved in carbohydrate binding and microbial recognition (Wang and
Wang, 2013). Only few genes, namely the interferon-like antiviral cytokine LvSVCL1 (a shrimp
Vago homolog), the glutathione S-transferase LvGST and the C-type lectin LVAV were
expressed in both gut and hepatopancreas but not in hemocytes. No expression of genes
involved in signaling pathways was observed in hepatopancreas that differs from insects where
fat body expresses those genes including AMPs (Imler and Bulet, 2005).

We further evaluated the transcriptional profile of the 52 immune-related genes in shrimp
stimulated by the injection of heat-killed V. harveyi. The global gene expression pattern
observed for each portion of the gut and for the hepatopancreas and circulating hemocytes of
unchallenged shrimp changed in response to the microbial stimulation (Fig. 1B; Table S2).
Interestingly, while the expression of some genes was only detected after the challenge, the
expression of others could be seen in unchallenged animals only.

This can be seen, for instance, in the foregut, where the expression of a2-macroglobulins
(Lva2M-1 and Lva2M-2) and of the RNAI pathway genes LvSidl, LvDcr2 and LvAgo2 was
only detected in Vibrio-stimulated shrimp and the expression of nLvALF1 was only detected
in unchallenged animals. Likewise, in both midgut and hindgut, the expression of genes from
distinct functional categories (AMPs, proPO activating system, microbial recognition,
cytokinelike ...) was also only detected upon the bacterial stimulation (Fig. 1). Following
challenge, the expression levels of different immune-related genes showed to be induced in the
gut of other shrimp species, confirming the importance of the digestive system in shrimp local
immune responses (Watthanasurorot et al., 2012; Yang et al., 2016).

Finally, LVNOS encoding a nitric oxide synthase was seen to be expressed exclusively in the
intestines (Fig. 1A). Many studies have highlighted the importance of the redox system in
different hostpathogen interactions (Ferrari et al., 2011). In Anopheles gambiae, the heme
peroxidase/NADPH oxidase 5 (HPX2/NOX5) system showed to be involved in nitric oxide
(NO) toxicity and, consequently, in the mosquito successful response to Plasmodium infections



(Oliveira et al., 2012). Up to date, little is known about the role of NO in shrimp epithelial
defenses, but recent works have evidenced that the production and scavenging of reactive
oxygen species (ROS) by dual oxidases and catalases, respectively, can play a critical role in
shrimp intestinal immunity and in the regulation of the gut microbiota (Yang et al., 2016, 2015).

3.2. Infiltrating hemocytes contribute to the expression of immunerelated genes in shrimp
midgut

In order to investigate the presence of hemocytes in shrimp gut tissues, midguts from naive
(unchallenged) animals were analyzed by whole mount immunofluorescence staining using
polyclonal antibodies raised against penaeidins, AMPs exclusively found in hemocytes (Munoz
et al., 2002 ~ ). Confocal images clearly confirmed the presence of penaeidin-expressing
hemocytes in the midgut epithelium (Fig. 2). No signals were observed in other cell types found
in the midgut, suggesting that the expression of some immune-related genes in the midgut, and
probably in all gastrointestinal tract and in the hepatopancreas, is due to hemocyte infiltration.
Furthermore, the non-detection of transcripts for other hemocyte-expressed genes such as the
glutathione peroxidase LvGPx (Fig. 1A) suggests that hemocytes display distinct migratory
behavior in shrimp tissues. Our results suggest that infiltrating hemocytes homed to digestive
tissues play a central role in shrimp gut immunity in a similar way as observed for both myeloid-
and lymphoid-derived immune cells in human intestines (Coombes and Powrie, 2008; Hirota
et al., 2013).

Taking into account the presence of hemocytes in the midgut, one can assume that the
expression of genes from some immunerelated categories (AMPs, immune cell signaling ...) is
only detectable because of these infiltrating cells and not because of shrimp gut tissues. Indeed,
penaeidins (Munoz et al., 2002 ~ ), ALF members from Group B (Somboonwiwat et al., 2008)
and the proPO enzyme (Soderh € all et al., 2003 € ) are exclusively produced by granular
hemocytes. However, we cannot rule out that shrimp gut tissues (such as gastric and intestinal
epithelia) are involved in the synthesis of immune-related molecules whose expression is also
found in hemocytes. For instance, in Crassostrea gigas oysters, the bactericidal/permeability-
increasing protein (Cg-BPI) is constitutively expressed in different surface epithelia of
unchallenged animals and induced in circulating hemocytes in response to bacterial challenge
(Gonzalez et al., 2007). Besides, the expression of the ALFPm7 gene, a novel member of Group
C ALFs recently identified in P. monodon, was mainly detected in stomach and lymphoid
organs than in hemocytes (Soonthornchai et al., 2016). In agreement with these findings, we
have showed in a previous study that the expression profile of some immune-related genes
(including Group C ALFs) during shrimp ontogenesis could be the result of different sites of
expression such as the digestive system (Quispe et al., 2016).

We cannot discard the hypothesis of the existence of specific tissue-resident hemocyte
populations in shrimp gut distinct from those found in the hemolymph. The presence of tissue-
specific subsets of a particular immune cell type was previously reported in mammals (Davies
and Taylor, 2015). However, only few works have been devoted to the localization of immune-
related gene expression in shrimp tissues by using physical mapping techniques such as in situ
hybridization and immunohistochemistry (Munoz ~ et al., 2002; Somboonwiwat et al., 2008).
The application of these techniques will be helpful to confirm the existence of specific tissue-
resident hemocytes in crustaceans, but also to verify if the shrimp midgut is also divided in



distinct functional domains, in terms of host gene expression profile and microbial colonization,
as observed for the midgut of flies (Royet and Charroux, 2013).

3.3. Genes involved in antimicrobial and antiviral defenses are induced in shrimp midgut in
response to Vibrio infection

From the first data obtained in the screening of gene expression, we have selected 14 genes
involved in shrimp antimicrobial (antimicrobial peptides: Litvan PEN1/2, Litvan PEN3, Litvan
PEN4, Litvan ALF-A, Litvan ALF-B, Litvan ALF-C, Litvan ALF-D and c-type lysozyme) and
antiviral defenses (RNAI pathway-related genes: LvDcrl, LvDcr2, LvAgol, LvAgo2, LvSidl
and LVTRBP1) and 4 genes that appeared to be modulated in gut in response to the heat-Kkilled
bacterial stimulation (Lva2zM-2, LvAV, LvSVC1 and LVNOS). Their expression levels were
quantified by fluorescence-based quantitative PCR (RT-qPCR) in the midgut at 48 h after
infections with two important pathogens for shrimp aquaculture, the Gram-negative V. harveyi
and the WSSV. We focused on the midgut because it lacks the cuticular lining found in the
other gut portions (foregut and hindgut) and, as observed for most insect vectors, it could
represent an important route of entry for many pathogens into the hemocel (Saraiva et al., 2016).

While the expression of three genes (Litvan ALF-A, Litvan ALF-C and LvDcr2) were up-
regulated in response to the Vibrio infection, the WSSV did not affect the expression of the
analyzed genes at 48 h post-infection (Fig. 3). Differences in gene expression patterns were
observed between the Vibrio-infected group and the aseptic injury control, indicating that the
modulation of those genes was triggered by bacterial molecular patterns and not by tissue
damage. Curiously, the expression of most genes showed to be modulated in shrimp midgut in
response to the microbial challenge, but not after the Vibrio infection (Fig. 1A; Fig. 3). In this
context, it is likely that the gene expression regulation observed in the midgut of shrimp
stimulated with heat-Killed bacteria was due to the recognition of microbe-associated molecular
patterns (MAMPs), while the expression pattern observed in response to the Vibrio infection
was probably the result of host-pathogen interactions.

The antimicrobial peptides Litvan ALF-A (2.3 fold-change) and Litvan ALF-C (3.1 fold-
change) showed to be induced in shrimp midgut after the Vibrio infection (Fig. 3). Interestingly,
both ALF genes showed to be directly involved in shrimp survival to infectious diseases. In L.
vannamei, RNAi-mediated knockdown of Litvan ALF-A increased the susceptibility of shrimp
to Vibrio penaeicida and to the fungal pathogen Fusarium oxysporum (de la Vega et al., 2008).
Besides, RNAI experiments also revealed an essential in vivo role of ALFPm6 (Group C ALF)
in the antimicrobial defense of P. monodon against V. harveyi (Ponprateep et al., 2012). Taken
together with our findings, ALFs appear to play a critical role in cellular and humoral
antimicrobial defenses but also in shrimp gut immunity. Indeed, the knockdown of the ALFPmM3
gene (Group B ALF from P. monodon) leads to the proliferation of bacteria in the
hepatopancreas and hemolymph, resulting in shrimp death (Ponprateep et al., 2012).
Furthermore, it has been shown that Group C ALFs, but not ALFs from Group A, participate
in the maintenance of the hemolymph microbiota of the kuruma shrimp Marsupenaeus
japonicus (Wang et al., 2014). In view of these results, it would be of particular importance to
investigate the role of the ALF diversity (Rosa et al., 2013) in the selection and maintenance of
the L. vannamei gut microbiota.



Like ALFs, LvDcr2 gene expression was also induced in shrimp midgut (1.6 fold-change) in
response to the bacterial infection (Fig. 3). Actually, Dicer-2 plays a central role in exogenous
small interfering RNA (siRNA) processing and, consequently, in shrimp antiviral defenses
(Labreuche and Warr, 2013). Until now, the role of RNAI pathway genes in shrimp response to
bacterial infections was not yet investigated and it is probably that these genes could also be
involved in the posttranscriptional regulation of genes involved in antibacterial defenses as
observed in insects (Wang et al., 2015).

All other immune-related genes analyzed in this study were not modulated at 48 h after
infections and probably this result is partly due to the time course response of each gene in
terms of gene expression regulation in the midgut. Likewise, it may be also due to the route of
infection. We have performed our experimental infections by intramuscular injection in order
to standardize a same inoculum load per animal, but natural infection routes, such as per os or
immersion, could trigger specific patterns of gene expression. In P. monodon, the expression
of AMPs and lectins showed to be modulated in the midgut following an immersion of shrimp
in a live bacterial suspension (Soonthornchai et al., 2010). Besides, it has been shown that
hemocytes massively migrate to shrimp tissues at the first 12e24 h after microbial infections
(Munoz et al., 2002 ~) and it is likely that in our experiment, modulation of hemocyteexpressed
genes in the midgut has occurred earlier (before the 48-h time period).

4. Conclusion

We provided here a gene expression atlas of the immune functions likely involved in penaeid
shrimp gut immunity. Results from our analyses showed that gut is an important site for the
expression of immune-related genes in the shrimp L. vannamei and that infiltrating hemocytes
can play an essential role in gut immunity in particular through the delivery of antimicrobial
molecules into different portions of the digestive system. Our results bring new insights into
the role of infiltrating hemocytes in the crosstalk between hemolymph-based and gut-based
immunities. Thus, the involvement of both antimicrobial- and antiviral-related genes in the
control of gut microbiota and in the response to pathogens could be assessed by
posttranscriptional gene silencing using the RNAI approach. The elucidation of the molecular
mechanisms driving shrimp gut response to major pathogens is a prerequisite for understanding
the role of the gut in preventing and controlling infectious diseases.

Acknowledgments

We are indebted to Laboratory of Marine Shrimp (Federal University of Santa Catarina - UFSC)
for providing the shrimp used in this study and to Carmen Simioni for her technical assistance
in the confocal laser scanning microscope at the Electronic Microscopy Central Laboratory
(LCME-UFSC). This work was supported by the Brazilian funding agencies CAPES (CIMAR
1974/2014) and CNPq (MEC/MCTI/CAPES/CNPqg/FAPs PVE 401191/2014-1). AS Silveira,
GM Matos and M Falchetti were supported by scholarships provided by CAPES and FS Ribeiro
by a post-doctoral fellowship from CNPq.



References

Cerenius, L., Jiravanichpaisal, P., Liu, H.P., Soderh € € all, 1., 2010. Crustacean immunity. Adv.
Exp. Med. Biol. 708, 239e259. Coombes, J.L., Powrie, F., 2008. Dendritic cells in intestinal
immune regulation. Nat. Rev. Immunol. 8, 435e446. https://doi.org/10.1038/nri2335.

Davies, L.C., Taylor, P.R., 2015. Tissue-resident macrophages: then and now. Immunology
144, 541e548. https://doi.org/10.1111/imm.12451. de la Vega, E., O'Leary, N., Shockey,
J.E., Robalino, J., Payne, C., Browdy, C.L., Warr, G.W., Gross, P.S., 2008. Anti-
lipopolysaccharide factor in Litopenaeus vannamei ( Lv ALF ): a broad spectrum
antimicrobial peptide essential for shrimp immunity against bacterial and fungal infection.
Mol. Immunol. 45, 1916e1925. https://doi.org/10.1016/].molimm.2007.10.039.

Destoumieux-Garzon, D., Rosa, R.D., Schmitt, P., Barreto, C., Vidal-Dupiol, J., Mitta, G.,
Gueguen, Y., Bachere, E., 2016. Antimicrobial peptides in marine invertebrate health and
disease. Philos.  Trans. R.  Soc. B Biol. Sci. 371, 20150300.
https://doi.org/10.1098/rstb.2015.0300.

Destoumieux, D., Munoz, M., Cosseau, C., Rodriguez, J., Bulet, P., Comps, M., ~ Bachere, E.,
2000. Penaeidins, antimicrobial peptides with chitin-binding activity, are produced and
stored in shrimp granulocytes and released after microbial challenge. J. Cell Sci. 113,
461e469. https://doi.org/10.1016/ j.bbagen.2015.12.010.

Ferrari, C.K.B., Souto, P.C.S., Fran¢a, E.L., Honorio-Franca, A.C., 2011. Oxidative and
nitrosative stress on phagocytes' function: from effective defense to immunity evasion
mechanisms. Arch. Immunol. Ther. Exp. Warsz. https://doi.org/10.1007/ s00005-011-0144-
Z.

Goncalves, P., Guertler, C., Bachere, E., de Souza, C.R.B., Rosa, R.D., Perazzolo, L.M., 2014.
Molecular signatures at imminent death: hemocyte gene expression profiling of shrimp
succumbing to viral and fungal infections. Dev. Comp. Immunol. 42, 294e301.
https://doi.org/10.1016/j.dci.2013.09.017.

Gonzalez, M., Gueguen, Y., Destoumieux-Garzon, D., Romestand, B., Fievet, J., Pugniere, M.,
Roquet, F., Escoubas, J.-M., Vandenbulcke, F., Levy, O., Saune, L., Bulet, P., Bachere, E.,
2007. Evidence of a bactericidal permeability increasing protein in an invertebrate, the
Crassostrea gigas Cg-BPIl. Proc. Natl. Acad. Sci. U. S. A. 104, 17759el7764.
https://doi.org/10.1073/pnas.0702281104.

Hirota, K., Turner, J.E., Villa, M., Duarte, J.H., Demengeot, J., Steinmetz, O.M., Stockinger,
B., 2013. Plasticity of Th17 cells in Peyer's patches is responsible for the induction of T cell-
dependent IgA responses. Nat. Immunol. 14, 372e379. https://doi.org/10.1038/ni.2552.

Imler, J.L., Bulet, P., 2005. Antimicrobial peptides in Drosophila: structures,Activities and gene
regulation. In: Mechanisms of Epithelial Defense. KARGER, Basel, pp. 1le2l.
https://doi.org/10.1159/000086648.

Jiravanichpaisal, P., Lee, B.L., Soderh € all, K., 2006. Cell-mediated immunity in arthropods:
hematopoiesis, coagulation, melanization and opsonization. Immunobiology 211, 213e236.
https://doi.org/10.1016/j.imbi0.2005.10.015.



https://doi.org/10.1038/nri2335
https://doi.org/10.1016/j.molimm.2007.10.039
https://doi.org/10.1098/rstb.2015.0300
https://doi.org/10.1038/ni.2552
https://doi.org/10.1159/000086648
https://doi.org/10.1016/j.imbio.2005.10.015

Labreuche, Y., Warr, G.W., 2013. Insights into the antiviral functions of the RNAIi machinery
in  penaeid shrimp.  Fish.  Shellfish  Immunol. 34, 1002e1010. https://
doi.org/10.1016/}.fsi.2012.06.008.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25, 402e408.
https://doi.org/10.1006/meth.2001.1262.

McGaw, 1.J., Curtis, D.L., 2013. A review of gastric processing in decapod crustaceans. J.
Comp. Physiol. B Biochem. Syst. Environ. Physiol. https://doi.org/10.1007/ s00360-012-
0730-3. Munoz, M., Vandenbulcke, F., Saulnier, D., Bachere, E., 2002. Expression and
distribution of penaeidin antimicrobial peptides are regulated by haemocyte reactions in
microbial challenged shrimp. Eur. J. Biochem. 269, 2678e2689.

Oliveira, G. d. A., Lieberman, J., Barillas-Mury, C., 2012. Epithelial nitration by a
peroxidase/NOX5 system mediates mosquito antiplasmodial immunity. Science 80 (335),
856e859. https://doi.org/10.1126/science.1209678.

Ponprateep, S., Tharntada, S., Somboonwiwat, K., Tassanakajon, A., 2012. Gene silencing
reveals a crucial role for anti-lipopolysaccharide factors from Penaeus monodon in the
protection against microbial infections. Fish. Shellfish Immunol. 32, 26e34.
https://doi.org/10.1016/j.si.2011.10.010.

Quispe, R.L., Justino, E.B., Vieira, F.N., Jaramillo, M.L., Rosa, R.D., Perazzolo, L.M., 2016.
Transcriptional profiling of immune-related genes in Pacific white shrimp (Litopenaeus
vannamei)  during ontogenesis.  Fish.  Shellfish  Immunol. 58, 103el07.
https://doi.org/10.1016/j.si.2016.09.024.

Robalino, J., Almeida, J.S., McKillen, D., Colglazier, J., Trent, H.F., Chen, Y.A., Peck, M.E.T.,
Browdy, C.L., Chapman, R.W., Warr, G.W., Gross, P.S., 2007. Insights into the immune
transcriptome of the shrimp Litopenaeus vannamei: tissuespecific expression profiles and
transcriptomic responses to immune challenge. Physiol. Genomics 29, 44e56.
https://doi.org/10.1152/ physiolgenomics.00165.2006.

Robb, C.T., Dyrynda, E.A., Gray, R.D., Rossi, A.G., Smith, V.J., 2014. Invertebrate
extracellular phagocyte traps show that chromatin is an ancient defence weapon. Nat.
Commun. 5, 4627. https://doi.org/10.1038/ncomms5627.

Rosa, R.D., Vergnes, A., de Lorgeril, J., Goncalves, P., Perazzolo, L.M., Saune, L., Romestand,
B., Fievet, J., Gueguen, Y., Bachere, E., Destoumieux-Garzon, D., 2013. Functional
divergence in shrimp anti-lipopolysaccharide factors (ALFs): from recognition of cell wall
components to antimicrobial activity. PLoS One 8, e67937.
https://doi.org/10.1371/journal.pone.0067937.

Royet, J., Charroux, B., 2013. Mechanisms and consequence of bacteria detection by the
Drosophila gut epithelium. Gut Microbes 4, 259e263. https://doi.org/ 10.4161/gmic.24386.
Saraiva, R.G., Kang, S., Simoes, M.L., Angler ~ 0-Rodriguez, Y.l., Dimopoulos, G., 2016.
Mosquito gut antiparasitic and antiviral immunity. Dev. Comp. Immunol. 64, 53e64.
https://doi.org/10.1016/j.dci.2016.01.015.



https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1126/science.1209678
https://doi.org/10.1016/j.fsi.2011.10.010
https://doi.org/10.1016/j.fsi.2016.09.024
https://doi.org/10.1038/ncomms5627
https://doi.org/10.1016/j.dci.2016.01.015

Soderhall, 1., Bangyeekhun, E., Mayo, S., Soderh € all, K., 2003. Hemocyte production € and
maturation in an invertebrate animal; proliferation and gene expression in hematopoietic
stem cells of Pacifastacus leniusculus. Dev. Comp. Immunol. Comp. Immunol. 27, 661e672.

Somboonwiwat, K., Bachere, E., Rimphanitchayakit, V., Tassanakajon, A., 2008. Localization
of anti-lipopolysaccharide factor (ALFPm3) in tissues of the black tiger shrimp, Penaeus
monodon, and characterization of its binding properties. Dev. Comp. Immunol. 32,
1170e1176. https://doi.org/10.1016/j.dci.2008.03.008.

Soonthornchai, W., Chaiyapechara, S., Klinbunga, S., Thongda, W., Tangphatsornruang, S.,
Yoocha, T., Jarayabhand, P., Jiravanichpaisal, P., 2016. Differentially expressed transcripts
in stomach of Penaeus monodon in response to AHPND infection. Dev. Comp. Immunol.
65, 53e63. https://doi.org/ 10.1016/j.dci.2016.06.013.

Soonthornchai, W., Rungrassamee, W., Karoonuthaisiri, N., Jarayabhand, P., Klinbunga, S.,
Soderh € all, K., Jiravanichpaisal, P., 2010. Expression of immune- € related genes in the
digestive organ of shrimp, Penaeus monodon, after an oral infection by Vibrio harveyi. Dev.
Comp. Immunol. 34, 19e28. https:// doi.org/10.1016/j.dci.2009.07.007.

Tassanakajon, A., Somboonwiwat, K., Supungul, P., Tang, S., 2013. Discovery of immune
molecules and their crucial functions in shrimp immunity. Fish. Shellfish Immunol. 34,
954e967. https://doi.org/10.1016/j.fsi.2012.09.021.

Wang, L., Li, F.,, Wang, B., Xiang, J., 2012. Structure and partial protein profiles of the
peritrophic membrane (PM) from the gut of the shrimp Litopenaeus vannamei. Fish.
Shellfish Immunol. 33, 1285e1291. https://doi.org/10.1016/ j.fsi.2012.09.014.

Wang, X.W., Wang, J.X., 2013. Diversity and multiple functions of lectins in shrimp immunity.
Dev. Comp. Immunol. 39, 27e38. https://doi.org/10.1016/ j.dci.2012.04.009.

Wang, X.W., Xu, J.D., Zhao, X.F., Vasta, G.R., Wang, J.X., 2014. A shrimp C-type lectin
inhibits proliferation of the hemolymph microbiota by maintaining the expression of
antimicrobial ~ peptides.  J. Biol. Chem. 289, 11779e11790. https://
doi.org/10.1074/jbc.M114.552307.

Wang, Z., Wu, D, Liu, Y., Xia, X., Gong, W., Qiu, Y., Yang, J., Zheng, Y., Li, J., Wang, Y.-
F., Xiang, Y., Hu, Y. Zhou, X. 2015. Drosophila Dicer-2 has an RNA
interferenceindependent function that modulates Toll immune signaling. Sci. Adv. 1,
e1500228. https://doi.org/10.1126/sciadv.1500228.

Watthanasurorot, A., Soderh € all, K., Jiravanichpaisal, P., 2012. A mammalian like €
interleukin-1 receptor-associated kinase 4 (IRAK-4), a TIR signaling mediator in intestinal
innate immunity of black tiger shrimp (Penaeus monodon). Biochem. Biophys. Res.
Commun. 417, 623e629. https://doi.org/10.1016/ j.bbrc.2011.12.019.

Yang, H.T., Yang, M.C., Sun, J.J., Guo, F., Lan, J.F., Wang, X.W., Zhao, X.F., Wang, J.X.,
2015. Catalase eliminates reactive oxygen species and influences the intestinal microbiota
of shrimp. Fish. Shellfish Immunol. 47, 63e73. https://doi.org/ 10.1016/j.si.2015.08.021.

Yang, H.T., Yang, M.C., Sun, J.J., Shi, X.Z., Zhao, X.F., Wang, J.X., 2016. Dual oxidases
participate in the regulation of intestinal microbiotic homeostasis in the kuruma shrimp


https://doi.org/10.1016/j.fsi.2012.09.021
https://doi.org/10.1126/sciadv.1500228

Marsupenaeus japonicus. Dev. Comp. Immunol. 59, 153e163.
https://doi.org/10.1016/j.dci.2016.01.024.

Zeng, D., Chen, X., Xie, D., Zhao, Y., Yang, C., Li, Y., Ma, N., Peng, M., Yang, Q., Liao, Z.,
Wang, H., Chen, X., 2013. Transcriptome analysis of pacific white shrimp (Litopenaeus
vannamei) hepatopancreas in response to taura syndrome virus (TSV) experimental
infection. PLoS One 8, e57515. https://doi.org/10.1371/ journal.pone.0057515.


https://doi.org/10.1016/j.dci.2016.01.024

Figure 1

(A) Heat map showing the expression profile of 52 immune-related genes in hemocytes (HE),
foregut (FG), midgut (MG), hindgut (HG) and hepatopancreas (HP) of naive (N) or heat-
killed Vibrio-stimulated (S) shrimp. The figure (not to scale) shown at the top of the heat
map indicates the anatomic location of the four digestive organs analyzed in this study. Gene
expression analysis was performed by semiquantitative RT-PCR using the b-actin gene
(LvActin) as an endogenous expression control. Each cell in the matrix corresponds to the
expression level of a given gene in an experimental condition (n ¥ 5 animals/condition) and
the intensity of the color (from white to red) indicates the magnitude of expression, based on
the color scale at the right top of the heat map. The full gene annotation is provided in
Supplemental Table S1.

(B) Venn diagrams showing the number of overlapping and unique genes whose expression
was detected in the five analyzed tissues of naive (unchallenged) and Vibrio-stimulated
shrimp. The list of the overlapping and the unique genes indicated in the Venn diagrams is
provided in Supplemental Table S2. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Figure 2

(A) A not-to-scale representation of the digestive system of penaeid shrimp. The midgut is
highlighted in red.

(B) Histological sections of midgut stained with hematoxylin and eosin (H&E).

(C) Scanning confocal microscopy images of the detection of infiltration hemocytes in the
midgut of naive (unchallenged) shrimp by whole mount immunofluorescence using anti-
penaeidin polyclonal antibodies. The white arrows indicate the presence of penaeidin-
expressing hemocytes in the midgut epithelium. The nuclei are stained in DAPI, blue.

(D) Primary anti-penaeidin antibodies were omitted for control staining. Bars ¥2 20 mm.




Figure 3

Relative expression profile of 18 immune-related genes in shrimp midgut at 48 h after
experimental infections with Vibrio harveyi ATCC 14126 (white bars) or WSSV (black
bars). Results are presented as mean + standard deviation of relative expressions (three
biological replicates) and statistical differences are indicated by asterisks (*) (one-way
ANOVA/Tukey, P < 0.05). V: V. harveyi ATCC 14126 (6 107 CFU/animal), S: sterile
seawater injury control, Wp: WSSV (3 102 viral particles/animal); W-: tissue homogenate
inoculum prepared from WSSV-free shrimp.
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