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Crayfish, as an invertebrate, relies only on the innate immune system to resist external pathogens. In this study, a
molecule containing a single Reeler domain was identified from red swamp crayfish Procambarus clarkii (named
as PcReeler). Tissue distribution analysis showed that PcReeler was highly expressed in gills and its expression
was induced by bacterial stimulation. Inhibiting the expression of PcReeler by RNA interference led to a sig-
nificant increase in the bacterial abundance in the gills of crayfish, and a significant increase in the crayfish

mortality. Silencing of PcReeler influenced the stability of the microbiota in the gills revealed by 16S rDNA high-
throughput sequencing. Recombinant PcReeler showed the ability to bind microbial polysaccharide and bacteria
and to inhibit the formation of bacterial biofilms. These results provided direct evidence for the involvement of
PcReeler in the antibacterial immune mechanism of P. clarkii.

1. Introduction

Invertebrates rely mostly on innate immunity to defend themselves
against microbial infection due to the lack of adaptive immunity [1]. In
general, invertebrates innate immune system is made up of humoral
immunity and cellular immunity [2]. Humoral immune responses
include synthesis and release of certain immune proteins, such as anti-
microbial peptides, whereas cellular immune reactions involve phago-
cytosis, encapsulation and nodulation [3]. These immune responses
together generate the defense mechanism against bacterial, fungal, and
viral infections in insects, crustaceans and other invertebrates [4,5].

Reeler domain was initially identified in the mouse extracellular
matrix protein Reelin. Reelin is a large glycoprotein containing 3461
amino acid residues [6]. Reelin contains 8 Reeler domains that bind to
lipoprotein receptors on neurons [7]. Studies in insects suggest that
Reeler domain-containing molecules may play a role in immune re-
sponses. The first characterized protein with a Reeler domain in insects
was a 19 kDa plasma protein from Locusta migratoria [8]. This protein is
abundant in the hemolymph of adult locusts, and its synthesis is posi-
tively regulated by larval hormones, but the specific function of this
protein has not been determined. A novel immune protein containing a

Reeler domain, named Noduler due to its involvement in nodule for-
mation [9], was identified from the Indian saturniid silkmoth Antheraea
mylitta, and its homologs have been cloned and identified from other
insects, such as Hyphantria cunea [10], Manduca sexta [11], Samia
cynthia ricini [12], Lonomia obliqua [13] and Bombyx mori [14]. The
homolog in silkworm genome, Reeler 1, is strongly induced in the he-
molymph, fat body and midgut by bacteria. Knockdown of Reeler 1 led
to decreased melanization in the hemolymph. When the silkworm was
infected with pathogens, the number of nodules formed in Reeler
1-knockdown larvae decreased, and this effect could be rescued by re-
combinant Reeler 1. These results suggest that Bombyx mori Reeler 1
may be involved in nodule formation and is an essential component of
the melanization cascade. Although Reeler domain containing proteins
have been cloned and reported in insects, their function in crustaceans is
largely unknown.

In the present study, we identified a protein containing a Reeler
domain from P. clarkii, and designed it as PcReeler. The expression
profiles of PcReeler upon bacterial challenge suggested its involvement
in host antibacterial response. The role of PcReeler was determined by
using RNAi and recombinant proteins. The findings that PcReeler
maintains the microbiota in gills and inhibits biofilm formation
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suggested that PcReeler is an important antibacterial effector in
P. clarkii.

2. Materials and methods
2.1. Animals and microorganisms

Healthy red swamp crayfish (P. clarkii, ~10 g) were collected from
an aquaculture farm in Huai’an, Jiangsu, China. The animals were
cultured in aerated water at 25°C in the laboratory for at least 7 days
before the experiments, and fed commercial diets daily. All animals were
randomly selected for study. The animal-related experiments were
approved by the Animal Ethical Committee of Shandong University
School of Life Sciences (SYDWLL-2021-98).

Aeromonas hydrophila, Staphylococcus aureus, Escherichia coli, and
Micrococcus luteus were cultured overnight at 37°C with rotation in Luria
broth medium (1% NaCl, 1% tryptone, 0.5% yeast extract), collected,
and resuspended in sterile PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
NaoHPO4, 2 mM KH3PO4 [pH 7.4]). The suspensions were serially
diluted and plated onto agar plates to determine the bacterial counts.
Other bacteria used in this study were isolated from the gills and he-
molymph of healthy crayfish.

2.2. Immersion infection and sample collection

P. clarkii were maintained in water containing bacteria (10°-107
colony forming units/ml, CFU/ml), and the crayfish gills were
completely submerged in a bacterium-containing environment. For he-
mocytes collection, at specific time points after immersion infection (0
h, 6 h, 12 h, 24 h, 48 h), crayfish hemolymph was extracted using a 5 ml
sterile syringe preloaded with pre-cooled anticoagulant (140 mM NaCl,
100 mM glucose, 30 mM trisodium citrate, 26 mM citric acid, 10 mM
EDTA, pH 4.6) at a ratio of 1:1. The hemocytes pellet was isolated by
centrifugation at 800 x g for 10 min at 4°C. Other tissues such as the
heart, hepatopancreas, gills, stomach and intestine were collected
simultaneously. Each sample was from at least 4 crayfish. Total RNA was
extracted using TRIzol (Invitrogen, USA), and used to synthesize the first
strand cDNA using a ReverTra Ace® Kit (Acebio, China) according to the
manufacturer’s instructions. The protein samples were prepared by
homogenizing the tissue in RIPA buffer (150 mM NacCl, 50 mM Tris-HCI,
1 mM EDTA, 0.5 mM PMSF, 0.1% SDS, 0.5% Nonidet P-40, pH 7.5) and
centrifuging the homogenate at 13,000 x g for 10 min at 4°C to collect

Table 1
Primers used in this study.
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the supernatant.

2.3. Expression profile analysis

Semiquantitative RT-PCR was performed to study the tissue distri-
bution of PcReeler mRNA using specific primers (PcReelerRTF/R) listed
in Table 1, following a conventional procedure: 94°C for 3 min; 30 cycles
of 94°C for 30 s, 54°C for 30 s and 72°C for 45 s; and a final 72°C for 10
min, using the EasyTaq PCR SuperMix (TransGen Biotech, China). PCR
products were analyzed using 1.5% agarose gel electrophoresis. p-actin
mRNA was amplified using its primers (f-actinRTF/R) as the internal
reference. Quantitative real-time RT-PCR (qRT-PCR) was performed to
determine the expression profiles of PcReeler mRNA after infection. PCR
was performed by using an iQ SYBR Green Supermix (Bio-Rad, USA)
using the CFX96 Real-time System (Bio-Rad, USA). The cycling condi-
tions were 95°C for 5 min; 40 cycles of 95°C for 10 s and 60°C for 45 s;
and melting from 65 to 95°C. The results were calculated using the
2724Ct method, and the expression level was normalized to that of
p-actin.

2.4. Bioinformatics analysis

The sequence of PcReeler was obtained by analyzing a transcriptome
sequencing dataset of the gill after bacterial infection. The signal peptide
was predicted using the SignalP 5.0 program (https://services.healthte
ch.dtu.dk/service.php?SignalP-5.0). The domain architecture was pre-
dicted using SMART (http://smart.embl-heidelberg.de/). The Reeler
proteins from other species were obtained from the National Center for
Biotechnology Information (NCBI) (https://blast.ncbi.nlm.nih.gov/Bla
st.cgi) by the blast tool for phylogenetic analysis. MEGA 6.0 was used
to produce the phylogenetic tree. The multiple sequence alignment was
performed with MEGA 6.0 and GENDOC software.

2.5. Expression of recombinant PcReeler and antiserum preparation

The sequence encoding the PcReeler mature peptide was amplified
using the specific primers listed in Table 1 and ligated into the pET30a
(+) plasmid. The recombinant vector was transformed into Escherichia
coli Rosetta (DE3) strain for expression under induction with 0.2 mM
isopropyl-p-D-thiogalactopyranoside (IPTG) for 5 h at 37°C. The pro-
teins were expressed as soluble proteins, and were purified by affinity
chromatography using Ni-NTA His-Binding Resin (Merck, Germany).

Primers Sequence (5'—3')

(qQ)RT-PCR

PcReelerRTF TTGTTGACGGTGATTGTGGT

PcReelerRTR CTACCGACCCTTCAGGCA

p-actinRTF AAACTTTCAACACTCCCGCTATG

p-actinRTR CGAACGATTTCTCGCTCTGC

16S rDNARTF ACTCCTACGGGAGGCAGCAGT

16S rDNARTR TATTACCGCGGCTGCTGGC

RNAi

PcReelerSilF GCGTAATACGACTCACTATAGGTCTCCGCAGCCAAAGTACCATTTAA
PcReelerSilR TTAAATGGTACTTTGGCTGCGGAGACCTATAGTGAGTCGTATTACGC
PcReelerSi2F GCGTAATACGACTCACTATAGGCACACTAACTCAACCGCCAAGTTCA
PcReelerSi2R TGAACTTGGCGGTTGAGTTAGTGTGCCTATAGTGAGTCGTATTACGC
CtrlSilF GATCACTAATACGACTCACTATAGGGGGAGTTGTCCCAATTCTTGTT
CtrlSilR AACAAGAATTGGGACAACTCCCCCTATAGTGAGTCGTATTAGTGATC
CtrlSi2F AAGGAGTTGTCCCAATTCTTGCCCTATAGTGAGTCGTATTAGTGATC
CtrlSi2R GATCACTAATACGACTCACTATAGGGCAAGAATTGGGACAACTCCTT
16S rDNA primer

27F AGTTTGATCATGGCTCAG

1492R ACCTTGTTACGACTT

Recombinant expression

PcReelerExF TACCCCGGAGGCGCGCCATT

PcReelerExR AAAATGCCTACACTCCTTAA
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Purified proteins were dialyzed in PBS thoroughly and stored at —80°C
before use. A tag (termed rTag) expressed by the empty vector was
prepared and processed simultaneously. The purified protein (1 mg/ml)
was thoroughly mixed with an equal volume (1.5 ml) of complete Fred’s
adjuvant (Sigma-Aldrich, USA) to immunize the New Zealand white
rabbit. This process was repeated after 25 days with incomplete adju-
vant rather than complete adjuvant. After the second immunization, the
titer and specificity of the antiserum were tested, and then rabbit was
sacrificed for bleeding to obtain the antiserum.

2.6. RNA interference

The oligonucleotides containing the T7 promoter and the small
interfering RNA (siRNA) sequence (Table 1) were commercially syn-
thesized and used as templates to synthesize siRNA, using the in vitro T7
Transcription Kit (Vazyme, China). The siRNA specific for GFP sequence
was synthesized as a control. Specific siRNAs (30 pug) were injected into
the crayfish hemocoel at the abdominal segment, and the control group
was injected with an equal amount of control siRNA. The RNA inter-
ference (RNAI) efficiency was determined using qRT-PCR at 24 h, 48 h
and 72 h after siRNA injection.

2.7. Quantitation of bacteria using qPCR for the 16S rDNA

The gills from crayfish were homogenized in PBS. The genomic DNA
from the homogenate was extracted following the instruction of the
Genomic DNA Extraction Kit (Toyobo, Japan). The bacterial abundance
in crayfish gills were determined by qPCR with universal primers for
bacterial 16S rDNA listed in Table 1. The p-actin was used as an internal
reference for calibration. Data were analyzed using the 272 method,
expressed as the ratio of 16 s rDNA to p-actin. Each sample was from 1
crayfish, and each group consisted of at least 10 samples.

2.8. Survival analysis

Thirty healthy crayfish were randomly selected to inject with an
equal dose of siPcReeler or ctrl siRNA, and raised in water containing
A. hydrophila. Crayfish death was recorded every day for a period of 6
days. In addition, to generate an overexpression-like effect, 30 pg of
recombinant protein (rReeler) was injected into crayfish, and the control
group was injected with the same dose of rTag.

2.9. Carbohydrate-binding assay

The binding activity of rPcReeler to LPS, PGN or zymosan was
analyzed using enzyme linked immunosorbent assay (ELISA). Briefly,
the 96-well plates were coated with LPS, PGN or zymosan, with 4 pg of
carbohydrates per well. The plates were incubated at 37°C overnight,
followed by incubation at 60°C for 30 min and then blocked with 5%
BSA in TBS at 37°C for 2 h. Next, rPcReeler or the rTag was added into
the wells with serial doses, and the mixture was maintained at room
temperature for 3 h. After TBS washing, bound proteins were detected
by adding mouse anti-His-tag Abs (1:1000 dilution; Zhongshan Golden
Bridge Biotechnology, China) at 37°C for 2 h. After washing three times
with TBS, alkaline phosphatase conjugated horse anti-mouse secondary
Ab (1:10,000 dilution; Zhongshan Golden Bridge Biotechnology, China)
added into the wells and incubated at 37°C for 1 h. Finally, 50 pl of p-
nitrophenyl phosphate (1 mg/ml in 10 mM of diethanolamine with 0.5
mM of MgCly) was added to each well for visualization for 30 min at
25°C. The absorbance at 405 nm was detected using a BioTek plate
reader (BioTek, USA). The results were presented as the mean + SD
derived from three independent repeats.

2.10. Bacterial binding assay

Bacteria (10® CFU/ml) were incubated with 20 pg of rPcReeler and
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0.5 mM CacCl, for 2 h with gentle shaking at 25°C. After centrifugation at
12,000 x g for 10 min, the bacteria were collected and washed three
times with TBS. Finally, the bacterial pellet was collected and analyzed
by Western blot using anti-His-tag Abs.

2.11. 16S rDNA sequencing

Total microbial DNA was extracted from crayfish gills using a Pow-
erFecal DNA Isolation Kit (Qiagen, USA) according to the manufac-
turer’s instructions. The quality of DNA was verified by agarose gel
electrophoresis. Commercial sequencing and analysis were performed
by OE Biotech (Shanghai, China).

2.12. Isolation and identification of microbiota components

The gills were homogenized in sterile PBS. The hemolymph was
collected with a sterile syringe. The homogenate or hemolymph were
spread on agar plates and incubated overnight at 30°C. The single colony
on the plate was picked, and inoculated to LB medium for overnight
culture. The 16S rDNA of each bacteria was amplified by PCR using
bacterial universal primers (27F and 1429R, listed in Table 1), and
sequenced. The sequences were analyzed by BLAST to determine the
species.

2.13. Biofilm detection

The bacteria (10° CFU/ml, 20 pl) were inoculated into sterile 96-well
plates containing 160 pl of LB medium before adding 20 pg of rPcReeler
or rTag. The mixture was maintained at 37°C for 24-48 h. The medium
was discarded, and the 96-well plate was washed with sterile PBS to
remove unabsorbed bacteria. Methanol (200 pl) was added to fix the
biofilm for 15 min. After discarding the methanol, 200 pl of 0.1% crystal
violet solution (Sangon Biotech, China) was added to the wells for
staining for 30 min. Unbound crystal violet was removed by washing,
and 150 pl of 30% glacial acetic acid was added to the well to fully
dissolve the crystal violet for 30 min. The absorbance at 620 nm was
then determined by using the BioTek microplate reader.

2.14. Confocal laser scanning microscopy

The bacteria (10® CFU/ml, 20 pl) were added into the 6-well plate
containing 2 ml LB medium. rPcReeler or rTag were added to the final
concentration was 10 mM, 5 mM, 2.5 mM. The mixture was incubated at
30°C for 24-48 h. The medium was discarded, then washed with PBS.
Acridine orange (2 mg/ml, Sangon Biotech, China) was used to stain the
attached bacteria for 15 min, followed by wash with distilled water. The
morphology of the biofilm was observed using a spinning disk confocal
microscope (SDCM) (Spin SR10, Olympus, Japan).

3. Results
3.1. Identification and expression profiles of PcReeler

The open reading frame (ORF) of PcReeler was 456 bp and encoded a
polypeptide of 151 amino acids (Fig. 1A). The domain analysis showed
that PcReeler contained a single Reeler domain and signal peptide
(Fig. 1B). The molecular weight and isoelectric point of the mature
PcReeler were 14.1 kDa and 6.10, respectively. Phylogenetic analysis of
PcReeler and other Reeler proteins suggested that PcReeler was more
closely related to its homologs from Pollicipes pollicipes and Dermacentor
silvarum (Fig. 1C). Multiple sequence alignments showed that some
residues were conserved among the Reeler family, suggesting the
possible importance of them for Reeler proteins (Fig. 1D).

The expression profiles of PcReeler were studied to check whether it
was involved in the innate immune response of crayfish. As shown in
Fig. 2A, PcReeler transcripts were mostly localized in gills, an important
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Fig. 1. Sequence analysis of PcReeler. (A) Sequence of the open reading frame of PcReeler. The number of nucleotides and amino acids were indicated at left. The
signal peptide was indicated in red font. Mature peptides were shown in blue font. (B) The domain architecture of PcReeler. (C) Phylogenetic analysis of Reeler
proteins. The neighbor-joining tree was built using MEGA 6.0 with 1000 bootstraps. (D) Multiple sequence alignment of representative Reeler proteins. The
alignment was performed with MEGA 6.0 and GENDOC software. The accession numbers of these sequences were shown in (C) (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article).

immune organ of crayfish. Lower expression of PcReeler was detected in
hemocytes, heart, hepatopancreas, stomach, and intestine. To determine
whether PcReeler expression was influenced by bacterial challenge, its
expression after S. aureus and A. hydrophila stimulation in gills was
detected. The results showed that the expression level of PcReeler mRNA
was significantly induced after bacterial immersion infection, and the
induction was sustainable for at least 48 h (Fig. 2B). We also examined
the expression profiles of PcReeler protein. As shown in Fig. 2C, the
expression of PcReeler protein was relatively high in the gills and

stomach of crayfish. The PcReeler protein level in gills was also signif-
icantly induced after immersion infection with A. hydrophila (Fig. 2D).
Based on the above data, we suppose that PcReeler may play an
important role in the antibacterial immunity of crayfish.

3.2. PcReeler maintains the gill microbiota homeostasis

In order to study the function of PcReeler, RNAi was performed to
knock down its expression. As shown in Fig. 3A, the expression of the
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Fig. 2. The expression profiles of PcReeler. (A) Tissue distri-
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tribution of PcReeler protein. The expression was examined by
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expression profiles of PcReeler protein in gills after immersion
infection by A. hydrophila. Data shown were the representative
from three independent repeats.

gills

PcReeler gene was significantly suppressed by siPcReeler injection, and
this silencing effect lasted for at least 72 h. We also investigated the
efficiency of RNAi at the protein level. The results showed that the
PcReeler protein level was also inhibited after siPcReeler injection
(Fig. 3B).

Because PcReeler is abundantly expressed in crayfish gills, we
detected whether there was any change in bacterial abundance in gills
after RNAi. The results showed that in the absence of exogenous bac-
terial infection, the abundance of total bacteria in the gills was signifi-
cantly increased after PcReeler knockdown (Fig. 3C). We further
determined the effects of PcReeler knockdown on gill microbiota
composition by sequencing bacterial 16 s rDNA. As shown in Fig. 3D,
silencing the expression of PcReeler significantly increased the o-di-
versity of the microbiota. At the phylum level, the proportion of Bac-
teroidia in gills decreased. However, the proportion of proteobacteria
increased, and the abundance of other bacteria did not change signifi-
cantly compared with the control group (Fig. 3E). At the genus level, the
proportions of Hydrogenophaga and Vibrio increased, while the abun-
dance of other bacteria decreased (Fig. 3F). This indicated that in the
absence of exogenous bacterial stimulation, inhibition the expression of
the PcReeler disrupted the homeostasis of the bacterial community
structure in crayfish gills.

3.3. PcReeler plays a protective role against external infection

In order to reveal whether knockdown of PcReeler affects host de-
fense against exogenous bacteria, we explored the changes in the gills
bacteria load after PcReeler knockdown and immersion infection. As
shown in Fig. 4A, the abundance of total bacteria in the crayfish gills
significantly increased when external A. hydrophila was introduced into
the living environment after PcReeler knockdown. Correspondingly, we
counted the death of crayfish from the first day after siPcReeler injection.
The results showed that, compared with the control group, the mortality
of crayfish was significantly increased after siPcReeler injection (Fig. 4B).
The survival rate of crayfish in the siPcReeler-injected group was only
about 10% at the 6th day of infection, while in the control group, the
survival rate exceeded 50%. We further carried out morphological
observation on crayfish gills, which showed that, compared with the
control group, the color of the gills becoming yellow or black when the
RNAi-crayfish were treated by immersion infection (Fig. 4C). These data
collectively suggested that PcReeler played a key role to resist external
infection in crayfish.

To study the change of microbiota in gills after infection, the high-
throughput sequencing of 16 s rDNA was performed. As shown in
Fig. 4D, the phenotype prediction result showed that, after PcReeler
knockdown, the proportion of bacteria with potential pathogenicity
increased significantly. The microbiota composition was also analyzed.
At the phylum level, the proportion of Bacteroidetes and Proteobacteria
significantly increased, compared with the control group, while the
proportion of most other bacteria decreased (Fig. 4E). Meanwhile, at the
genus level, the proportions of Chryseobacterium, Acinetobacter, Escher-
ichia-Shigella and Delftia were all significantly up-regulated. The varia-
tion of microbiota composition might be related to the disruption of
commensal microbiota homeostasis, or due to the increased colonization
of external bacteria. The above results further suggested that inhibition
of PcReeler expression resulted in altered microbiota structure in gills
and disruption of homeostasis.

3.4. PcReeler interacts with bacteria and polysaccharides

In order to explore how PcReeler functions in the antibacterial im-
munity of crayfish, we expressed and purified the recombinant protein
(rPcReeler) (Fig. 5A). We tested whether rPcReeler can bind microbial
polysaccharides. The results showed that rPcReeler could interact with
LPS, PGN and zymosan in a dose-dependent manner (Fig. 5B). Since LPS
and PGN are the main components of the cell walls of Gram-negative
and Gram-positive bacteria, we tested the binding ability of rPcReeler
to bacteria. As shown in Fig. 5C, rPcReeler can bind to Gram-negative
bacteria, including A. hydrophila and E. coli, and to Gram-positive bac-
teria, including S. aureus and M. luteus. From the above results, we
suppose that rPcReeler may interact with bacteria by binding poly-
saccharide to exert its antibacterial function. In order to demonstrate the
effect of exogenous recombinant protein on the antibacterial immunity
of crayfish, we injected rPcReeler into crayfish for overexpression. As
shown in Fig. 5D, after bacterial infection, the survival rate of the
overexpression-crayfish was continuously higher than that of the control
group. These results suggested that rPcReeler could significantly reduce
the crayfish mortality, and further confirmed the protective role of
PcReeler in crayfish antibacterial immunity.

3.5. PcReeler inhibits the formation of bacterial biofilms

To further reveal the antibacterial mechanism of PcReeler, we iso-
lated a variety of commensal bacteria from the gills and hemolymph of
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healthy crayfish, including Citrobacter freundii, Bacillus cereus, V. mim-
icvs, Acinetobacter haemolyticus, Comamonas aquatica, Acinetobacter tan-
doii, B. wiedmanii, A. veronii, Shewanella seohaensis, B. paramycoides and
Acinetobacter johnsonii. Because biofilm is a biological phenomenon in
which bacteria adapt to the natural environment and is conducive to
bacterial survival, we guessed whether the antibacterial immune func-
tion of PcReeler was related to its effect on bacterial biofilm formation.
As shown in Fig. 6A, the biofilm formation of both A. hydrophila and
A. johnsonii was significantly inhibited by the presence of rPcReeler. We
then examined the effect of rPcReeler on the biofilm formation of other
commensal bacteria. As shown in Fig. 6B, rPcReeler showed inhibitory
effects on the growth of biofilms of most commensal bacteria, though
the inhibitory effect on different bacteria varied. In order to verify this
result obtained by using crystal violet staining, we observed the growth

of biofilms of A. johnsonii, B. wiedmanii, A. hydrophila, A. tandoii and
B. paramycoides under a confocal microscope. The results showed that
the growth of bacterial biofilms was inhibited in the presence of
different concentrations of rPcReeler (Fig. 8C). However, for different
bacteria, the inhibitory effect of rPcReeler was not completely dose-
dependent. Collectively, these data suggested that rPcReeler may exert
an antibacterial effect by inhibiting the growth of bacterial biofilm.

4. Discussion

Gill is an important tissue for aquatic animals to interact with
external environment. For example, fish gills, the mucus-secreting
organ, are lined by epithelial cells with mucus-producing cells, and
are important sites of innate immune defense [15]. Both Atlantic salmon



M.-L. Zhang et al.

>

gills B

Fish and Shellfish Inmunology Reports 4 (2023) 100094

ok gills
6000 -
&L T
< o© g
Z E
@ 40001 o o g
= ° %o
° 7]
g w0 £
T 20001 ° 8 -
@ . p=
o 201— siPcReeler
O'_I_I_
\ 0 T r :
e 0 2 4 6
'90?‘ time post A. hydrophila immersion (d) Ctrl siPcReeler
o\
. i 100 Phylum W Proteobacteria [ Cyanobacteria
pOtentla”y patthemC *° [ Bacteroidetes B Nitrospirae
® 0.8- sk 8 80 B Actinobacteria B Armatimonadetes
e 5 Firmicutes B Gemmatimonadetes
g 0.7 % T 60 [l Verrucomicrobia Epsilonbacteraeota
=] _g B Deinococcus-Thermus M Hydrogenedentes
Qo
© 0.6 g 40 W Patescibacteria Candidatus_Saccharibacteria
g é unclassified B Tenericutes
T 0.5 3 20 Chloroflexi B WPs-2
[0)
04 o B Planctomycetes B BRC1
0.4 T T 0 B Acidobacteria B Chlamydiae
Ctrl  siPcReeler Ctrl siPcReeler @ Fusobacteria
Genus
100 B Chryseobacterium % Quadrisphaera B Burkholderiaceae_unclassified
xX - Acinetobacter B Alphaproteobacteria_unclassified Shewanella
8 80 - B Escherichia-Shigella M Leucobacter B Burkholderiales_unclassified
& — Delftia B Dechloromonas B Verrucomicrobiaceae_unclassified
2 60 = I Flavobacterium Proteocatella B Proteiniclasticum
=]
g B Lacihabitans B Gemmobacter B Luteolibacter
o 40 M Comamonas Pedobacter Bl Others
..% | } Hydrogenophaga B Novosphingobium
0] 20 Pseudorhodobacter B Luteimonas
o M Pseudomonas B Taibaiella
0 Acidovorax M Betaproteobacteria_unclassified

Ctrl  siPcReeler

B Thermomonas

Dyadobacter

Fig. 4. Function of PcReeler to resist external infection. (A) The change in total bacterial abundance after RNAi and infection. Crayfish was injected with siRNA, and
maintained in water containing A. hydrophila. The genomic DNA of the gill was collected after 5 d. The total abundance of bacteria were determined by detecting 16S
rDNA using qPCR. **, p < 0.05. (B) Survival assay after RNAi and infection. Crayfish as treated as described above, and the death was recorded every day. The data
was analyzed using Mantel-Cox in GraphPad-Prism. Each group consisted of 30 crayfish. (C) Morphological changes of gill filaments of crayfish after RNAi and
infection. The crayfish were injected with siRNA and maintained in water containing A. hydrophila. The morphology of gill filaments was observed and photographed
after 6 d. Each gill filament was from one crayfish. (D) Phenotype prediction of bacteria after RNAi. The phenotype was predicted through BugBase by using the 16 s
rDNA sequencing data. (E-F) Diagram of the relative bacterial abundance at the phylum (E) and genus (F) level after PcReeler knockdown and immersion infection
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article).

and Salmo trutta have a systemic mucus response to amoebic gill disease
[16,17]1, whereas Oncorhynchus mykiss showed only a localized response
in gills [18,19]. Therefore, there is complex immune defense mecha-
nisms in the gills of aquatic animals to help the body resist the invasion
of pathogens. In this study, we found that the PcReeler was highly
expressed in the gills of crayfish. Its expression was induced by bacteria
immersion, and it played a role to maintain the microbiota homeostasis
of gills. These findings would be helpful to develop strategies for disease
prevention and control in aquaculture.

A. hydrophila is widely present in nature, especially in water, and has
caused serious disease of aquatic animals. In this study, crayfish were
stimulated by immersion infection by which the gills of crayfish were
fully contacted with A. hydrophila in the water. Compared with

intramuscular injection, this mode of infection can be closer to the state
of bacterial stimulation in nature. After inhibiting the expression of
PcReeler, the gills of the infected crayfish turned yellow and black,
which intuitively proved that pathogenic microorganisms can invade
the body through the gills in the water. Usually, in the absence of
pathogens, the number of commensal microorganisms in the gills is
tightly regulated to achieve a dynamic equilibrium state. The interaction
between the host and its microbiota is critical for maintaining homeo-
stasis [20]. In this study, inhibiting the expression of PcReeler increased
the total abundance of bacteria, disrupted the homeostasis of the gill
microbiota, and in particular, led to a significant increase in the abun-
dance of Proteobacteria. Proteobacteria is currently the largest phylum
in the bacteria, including many pathogenic bacteria such as E. coli, V.
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cholerae and Salmonella. LPS is present in the outer membranes of these
bacteria [21]. In studies of human intestinal disease, a link has been
established between LPS-induced persistent inflammatory responses and
the development of metabolic disorders [22,23]. Decreased expression
of PcReeler also increased the relative abundance of Vibrio in the Pro-
teobacteria phylum. Vibrio species are widespread in aquatic ecosys-
tems, some of which can form pathogenic or symbiotic interactions with
eukaryotic hosts [24]. The successful colonization of Vibrio species may
result in the occurrence of host inflammatory responses and disruption
of microbiota homeostasis, which are often associated with human and
aquatic animal diseases [25,26]. Therefore, based on these results, we
speculate that the inhibition of PcReeler expression leads to increase in
the relative abundance of certain potentially pathogenic bacteria in
crayfish gills and destroys the structure of the original microbiota. This
consequence suppresses the host immunity and increases the risk of
disease. When PcReeler expression is affected, the pathogenic microor-
ganisms might easily enter the body through the gills and enter the
circulatory system. This may lead to accelerated spread and replication
of bacteria throughout the host.

The ability to form biofilms is one key feature for bacteria to survive
and spread in changing environments. Biofilm is a beneficial manner of
life for microorganisms, promoting colony growth and survival by
providing nutrients and protection from antimicrobial agent [27]. Bio-
films begin to form when bacteria enter the organism and attach to
surfaces. Flagella-mediated movement often facilitates the initial stages
of biofilm formation by enhancing the movement towards and along the
epithelial surface [28]. Since bacterial adhesion to tissues is part of the
infection process, the formation of bacterial biofilms can have an
important impact on host infectious diseases [29]. This study demon-
strates that PcReeler exerts antibacterial immunity by affecting the
formation of bacterial biofilms in gills. PcReeler inhibits the aggregation

and growth of pathogenic microorganisms, reducing their ability to
infect host. Failure of biofilm formation of pathogenic microorganisms
would reduce the ability of bacteria to adhere to tissues, limit the
damage of invading bacteria to gills epithelium, and finally greatly
reduce the risk of disease in crayfish.

The physical and chemical properties of the biofilm matrix compo-
nents (protein, polysaccharide matrix, etc.) determine the formation of
biofilm. In this study, we proved that PcReeler can bind to a variety of
polysaccharide molecules, and speculated that PcReeler may inhibit the
formation of bacterial biofilms by interacting with bacterial poly-
saccharides. One of the most distinctive features of biofilms is the
presence of highly tolerant and persistent cells in their communities, and
therefore, high resistance to drugs such as antibiotics [30]. Therefore,
our discovery that the ability of PcReeler to inhibit biofilm formation
also provides a new option for the development of aquatic fishery drugs
and even human antibacterial drugs.

In summary, a Reeler domain containing protein from the gills of
P. clarkii was identified. PcReeler maintains the homeostasis of micro-
biota in gills and reduces the risk of disease. Moreover, PcReeler plays an
important antibacterial role by inhibiting the formation of bacterial
biofilm and possibly by suppressing the adhesion and colonization of
bacteria. This study provides new insights into the antibacterial immune
mechanism of the gills in crayfish.
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