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Abstract

Antheraea pernyi (Guérin-Méneville 1855) is an important resource for silk, food, and biohealth products; how-
ever, exogenous pathogens largely affect the commercial application potential of this species. Since the gut
is a key organ for the digestion and absorption of nutrients as well as for immune defense, we used com-
parative transcriptome analysis to screen for a gut-specific molecular tool for further functional research in
A. pernyi. In total, 3,331 differentially expressed genes (DEGs) were identified in the gut compared with all
other pooled tissues of A. pernyi, including 1,463 upregulated genes in the gut. Among these, we further
focused on a lipopolysaccharide-induced tumor necrosis factor-a factor (LITAF) gene because of its high gut-
specific expression and the presence of a highly conserved SIMPLE-like domain, which is related to the im-
mune response to pathogenic infections in many species. The cDNA sequence of ApLITAF was 447-bp long
and contained a 243-bp open reading frame encoding an 80-amino acid protein. Immune challenge assays
indicated that ApLITAF expression was significantly upregulated in the gut of A. pernyi naturally infected
with nucleopolyhedrovirus (NPV) or fed leaves infected with the gram-negative bacterium Escherichia coli
(Migula 1895) and the gram-positive bacterium Bacillus subtilis (Ehrenberg 1835). Cell transfection showed
that ApLITAF localized to the lysosome. Collectively, these results suggested that ApLITAF played a role in the
immune response of A. pernyi and could facilitate the future research and breeding application in this species.

Keywords: Antheraea pernyi,lipopolysaccharide-induced tumor necrosis factor-a factor-like gene,immune response, differentially
expressed gene, gut-specific gene

Antheraea pernyi (Guérin-Méneville 1855) is an economically im-
portant lepidopteran insect that is valuable for silk production, food
consumption, and biomedical applications (Li et al. 2017, Silva
et al. 2019). The larvae of A. pernyi are commercially cultivated
on Quercus leaves outdoors, where they inevitably are exposed to
a wide array of pathogens, including bacteria, viruses, fungi, and
microsporidia (Hillyer 2016, Sun et al. 2017). Many of these patho-
gens infect A. pernyi through an oral transmission route during the
ingestion of leaves. Once these pathogens successfully colonize the
gut of A. pernyi, resulting in detrimental effects, infections are rapidly

transmitted, leading to outbreaks of silkworm disease and ultimately
causing serious economic losses. Because the gut of A. pernyi is re-
garded as the first line of defense against various orally transmitted
pathogens (Liu et al. 2020b), inhibition of the invasion, replication,
and transmission of pathogens in the gut would be an appropriate
strategy for enhancing the disease resistance capacity of A. pernyi.
Many tissue-specific proteins, including lipase-1 (Ponnuvel
et al. 2003), serine protease-2 (Nakazawa et al. 2004), NADPH
oxidoreductase (Selot et al. 2007), and serine protease-36 (Liu et al.
2017), have been shown to have strong digestive or immune activity
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in the gut of Bombyx mori (Linnaeus 1758). Transgenic expression
of lipase and peptidoglycan recognition protein genes in the gut of
B. mori is an effective disease-resistance strategy against exogenous
pathogens (Jiang et al. 2013, Zhao et al. 2018). Although the innate
immune mechanisms of these two silkworms are highly similar (Sun
etal. 2016, Wang et al. 2018, Jiang 2021), and some immune-related
genes have already been identified in A. pernyi (Kausar et al. 2018,
Liu et al. 2018, Zhang et al. 2019), it is difficult to achieve disease-
resistance breeding in A. pernyi because of a lack of gut-specific
molecular tools.

Microarray-based gene expression data have been used to iden-
tify tissue-specific genes in B. mori (Xia et al. 2007, Park et al. 2010).
Despite the lack of genome-wide microassays specific to A. pernyi,
the recent chromosome-scale genome assembly of A. pernyi (Duan
et al. 2020) may facilitate the development of useful molecular
tools based on the genome-wide screening of tissue-specific gene
expression using low-cost, advanced comparative transcriptome
sequencing techniques.

Lipopolysaccharide-induced tumor necrosis factor-o.  factor
(LITAF) was first identified in human cell lines (Myokai et al. 1999)
and was subsequently shown to be involved in innate immune response
in many species (Moriwaki et al. 2001, Smith et al. 2012, Wang et al.
2012, Jeongetal. 2015, Liu et al. 2020a). Members of the LITAF family
typically contain the PPXY motif in the N-terminus and SIMPLE-like
domain (SLD) in the C-terminus. Some LITAF family members, which
lack the PPXY motif, can interact with PPXY-containing LITAFs to
colocalize at late endosomes/lysosomes (Eaton et al. 2013). Therefore,
in this study, we screened for a gut-specific LITAF gene in A. pernyi
by identifying differentially expressed genes (DEGs) in the gut and
other tissues. We functionally analyzed the LITAF gene in A. pernyi
with an immune challenge experiment using three types of pathogens:
nucleopolyhedrovirus (NPV), the gram-negative bacterium Escherichia
coli, and the gram-positive bacterium Bacillus subtilis. Our findings
provided a new tool for future research to better understand the inter-
actions between A. pernyi and exogenous pathogens, identify resist-
ance mechanisms, and ultimately expand the commercial application
of this economically valuable species.

Materials and Methods

Insects and Tissue Samples

The larvae of the Yuda strain were fed on fresh Quercus leaves out-
doors in the oak silkworm base of Henan Institute of Sericulture
Science, Zhengzhou, China. The gut and other pooled tissues from
three fifth-instar larvae were prepared for comparative transcrip-
tome sequencing. Each sample was evaluated using three biological
replicates. Tissues of the two sexes were also dissected separately
from five individuals for the analysis of gene expression.

Comparative Transcriptome

Total RNA was extracted from the gut and the remaining pooled
tissues (rest-PT) using TRIzol Reagent (Invitrogen, USA) and fur-
ther purified using RNeasy mini kits (Qiagen, Australia). RNA con-
centration was measured using a Qubit 2.0 Flurometer (Invirogen).
Two micrograms of RNA per sample was applied for sequencing
library preparation using a VAHTS mRNA-seq V2 Library Prep
Kit (Vazyme, China). Briefly, RNA samples were purified using
mRNA Capture Beads to remove ribosomal RNA. The purified
RNA was fragmented using Frag/Prime Buffer at 94°C for 8 min,
followed by a hold at 4°C. The fragmented mRNA was immediately
reverse-transcribed with random primers, followed by second-strand

synthesis to produce cDNA fragments. Subsequently, the ends of
double-stranded cDNA were repaired and cleaned using End Prep
Mix and DNA Clean Beads, respectively. The resulting double-
stranded cDNA was ligated with adaptors and cleaned again. The
cleaned double-stranded cDNA was amplified and purified to yield
the final sequencing library. After the assessment of library quality
using a Bioanalyzer 2100 system (Agilent), the library was sequenced
on the Illumina HiSeq 2500 platform (Illumina), generating 150 bp
paired-end reads.

Read quality was controlled using the Trimmomatic v0.36 pro-
gram, with default settings (Bolger et al. 2014). Qualified reads were
used for a comprehensive assembly using Trinity v2.4.0 with default
parameters (Haas et al. 2013), followed by transcript alignment and
quantification with Bowtie2 v2.3.2 (Langmead and Salzberg 2012)
and Salmon v0.8.2 (Patro et al. 2017) software, respectively. The
DEGSeq R package (release 1.30.1) was used to identify significant
DEGs between the gut and rest-PT according to a corrected P-value
of 0.05 and log, fold-change of =1 (Love et al. 2014).

The DEGs identified in the gut of A. pernyi were annotated
using the NCBI BLAST+ v2.60 tool (Altschul et al. 1997) with an
e-value threshold of 1le-5 against the CDD (Marchler-Bauer et al.
2013), KOG (Tatusov et al. 2000), PFAM (Finn et al. 2016), UniProt
(UniProt-Consortium 2019), NR, and NT (http://ncbi.nlm.nih.gov/)
databases (Supp Table S1 [online only]). The resulting UniProt an-
notations were converted into Gene Ontology annotations. The
automatic Kyoto Encyclopedia of Genes and Genomes (KEGG) an-
notation server KASS (Moriya et al. 2007) was used to infer signifi-
cantly enriched KEGG pathways with default parameters.

Reverse Transcription Polymerase Chain Reaction
(RT-PCR) Expression Analysis

Total RNA was extracted from the head, integument, gut, silk glands,
Malpighian tubules, hemocytes, and remaining mixed tissues from
the two sexes using TRIzol reagent (Invitrogen). The cDNA templates
were synthesized using a BeyoRT Il cDNA Synthesis Kit with gDNA
Eraser (Beyotime, China). RT-PCR was performed using 2x EasyTaq
PCR SuperMix (+dye) (TransGen, China) to detect the expression
levels of selected genes with high and exclusive expression in the gut
using the primer sets and annealing temperatures shown in Supp
Table S2 (online only). The housekeeping ribosomal protein gene of
A. pernyi (ApL32) was used as a reference gene to standardize the
variance among samples. The PCR conditions were as follows: 95°C
for 3 min; 30 cycles of 95°C for 135 s, annealing temperature for 20 s,
and 72°C for 1 min; final extension for 5 min at 72°C.

Rapid Amplification of cDNA Ends Cloning and
Sequence Analysis
Random amplification of cDNA ends was carried out as described
previously (Duan et al. 2013b) for the two terminal regions of the
Apm8 gene, which showed gut-specific expression in A. pernyi and
was annotated to have potential immune function. All fragments
were sequenced and assembled for the full-length mRNA of ApmS8.
The open reading frame (ORF) of full-length mRNA was ana-
lyzed using ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/).
The amino acid sequence was derived and predicted for a consensus
domain using SMART (http://smart.embl-heidelberg.de/). The de-
duced amino acid sequence was searched against the NR database
for related homologs using the Blastp algorithm. Multiple sequence
alignment of the deduced protein with related homologs was per-
formed using ClustalW (Thompson et al. 2002). The phylogenetic
relationships were determined using the neighbor-joining method
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in the MEGA program (Kumar et al. 2018) with 1,000 bootstrap
replications. Based on these results, Apm8 showed high homology
to LITAF, and was therefore designated ApLITAF and subjected to
further molecular and functional characterization.

Immune Challenge

Fifth-instar newly molted larvae of A. pernyi were starved for 1 d
and then used for the immune challenge experiment. To simulate
natural infection, fresh Quercus leaves were briefly submerged in
solutions of E. coli and B. subtilis (1 x 10° cells/mL) and then used
to feed the hungry larvae, respectively. Larvae were maintained sep-
arately in individual partitions, and each larva was fed the same
amount of leaves. After all of the leaves had been eaten, the larvae
were transferred to healthy leaves, and the time was started. The
guts were dissected at 8 and 14 h postinfection (hpi) and frozen in
liquid nitrogen for RNA extraction. The guts of fifth-instar larvae
naturally infected with NPV based on physical symptoms were also
dissected for RNA extraction. The cDNA templates were prepared
as described above for quantitative PCR. Each assay was carried out
in triplicate. Student’s ¢-test was invoked to assess the significant dif-
ference. The primer sets for the A. pernyi actin and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) genes were used as the refer-
ences for relative quantification.

Lyso-Tracker Red and 4',6-diamidino-2-phenylindole
(DAPI) Staining in Cells Expressing ApLITAF

The ORFs of the ApLITAF and enhanced green fluorescent protein
(EGFP) genes were amplified from the A. pernyi gut cDNA and
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the pBac[3xp3 EGFP afm] construct (Duan et al. 2013a), respect-
ively. The two fragments were assembled together into the vector
1180A3-ser1pA by homologous recombination using NEBuilder
HiFi DNA Assembly Master Mix (NEB, USA), producing
1180A3ApLITAFEGFPser1pA (named 1LITAF-G), a fused expres-
sion vector of ApLITAF with EGFP.

1LITAF-G was transfected into BmN cells, a B. mori ovary cell
line (Pan et al. 2010). The cells were then stained with Lyso-Tracker
Red (Beyotime, China) for 1 h at 72 h posttransfection. Cells were
washed three times in phosphate-buffered saline and then incubated
with 30% DAPI (Beyotime, China) for 15 min at 28°C. Following
three washes in phosphate-buffered saline, the cells were fixed for
20 min in 4% paraformaldehyde (Solarbio, China). The cells were
mounted with an antifade mounting medium (Solarbio, China)
and directly observed under a TE2000-E laser confocal microscope
(Nikon, Japan).

Results

Screening for Gut-specific Candidate Genes

RNA sequencing and data processing identified 3,331 DEGs be-
tween the A. pernyi gut and other pooled tissues (rest-PT; Supp
Table S1 [online only]), including 1,468 upregulated and 1,868
downregulated genes in the gut (Fig. 1A and Supp Fig. S1 [online

only

Considering the possible difference between the results of
transcriptomic analysis and the actual expression characteristics of
some genes, three criteria were applied to further screen candidate
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Fig. 1. Large-scale transcriptome screening of gut-specific candidate genes in A. pernyi. (A) Hierarchical clustering of the differentially expressed genes (DEGs)
between the gut and remaining pooled tissues (rest-PT). (B) RT-PCR analysis of the expression of 12 potentially gut-specific DEGs. ApL32 was used as an internal
control. Primer sets are shown in Supp Table S2 (online only), and the details of gene numbers are given in Supp Table S3 (online only). Lanes: 1 and 2, head;
3 and 4, integument; 5 and 6, gut; 7 and 8, silk glands; 9 and 10, Malpighian tubules; 11 and 12, hemocytes; 13 and 14, remaining mixed tissues. Odd and even

numbers indicate female and male tissues, respectively.
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genes: (1) they were included in the 1,468 upregulated gene set, (2)
they had higher read counts in the gut, and (3) they had not been
sequenced and had zero read counts in the rest-PT. After filtering,
the remaining genes were sorted by their read counts, and the top 12
genes (Supp Table S3 [online only]) were selected to further detect
their expression in different tissues of female and male A. pernyi.
RT-PCR showed that five genes (ApmS, Apm6, Apm7, Apm10, and
Apm12) were not expressed in any tissue, and two genes (Apml
and Apm3) had relatively high expression levels in the gut compared
with those in the other tissues (Fig. 1B). Three of these genes (Apm4,
Apm8, and Apm11) were exclusively expressed in the gut.

Functional annotation suggested that Apm4, ApmS8, and Apm11
were members of the oxidoreductase, LITAF, and carboxylic esterase
families, respectively (Supp Table S2 [online only]). Because mem-
bers of the LITAF family have been reported to participate in the in-
nate immune response against exogenous pathogens in many species
(Moriwaki et al. 2001, Smith et al. 2012, Wang et al. 2012, Jeong
et al. 2015, Liu et al. 2020a), we designated ApmS8 as ApLITAF and
focused on this gene for subsequent experiments.

Sequence Analysis of ApLITAF

To determine the characteristics of the ApLITAF sequence, its
full-length mRNA was first cloned using RT-PCR and then 5’- and
3’-RACE (Fig. 2). The assembled mRNA sequence of ApLITAF con-
tained 447 nucleotides, with a 72-bp 5’-untranslated region, a 132-
bp 3’-untranslated region, and a 243-bp ORF encoding 80 amino
acid residues. A BLAST search of the ApLITAF mRNA sequence
against the complete A. pernyi genome showed that ApLITAF was
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Fig. 2. Detailed information of the gut-specific ApLITAF gene. (A) The gene
model of ApLITAF, corresponding to Apm8in Fig. 1B.The black boxes show
the 5’- and 3’-untranslated regions.The gray box is the open reading frame. (B)
Nucleotide and deduced amino acid sequences of ApLITAF.The start codon
ATG and termination codon TAA are boxed. The numbers of nucleotides
are shown to the left of the sequence. The shaded amino acids represent a
modified RING-finger domain, which is interrupted by a hydrophobic stretch
and designated as the SLD domain in Fig. 3.

located on chromosome 2 (chr2) and contained three exons (Fig.
2A). The calculated molecular mass of 8,901 Da indicated that
ApLITAF encoded a small-molecule protein.

Alignment of the ApLITAF amino acid sequence with its homo-
logs showed striking sequence identity with the C-terminus of LITAFs
from insects, Mollusca, and vertebrates (Fig. 3). The C-terminus of
ApLITAF also contained an SLD domain, including all three repre-
sentative motifs (a CXXC motif, hydrophobic stretch, and HXCXXC
motif), whereas the N-terminus of LITAF was missing in ApLITAF,
including the typical PPXY motif.

To assess the evolutionary relationship between ApLITAF and
LITAFs in Mollusca, vertebrates, and other insects, a phylogenetic tree
was constructed (Fig. 4). The results revealed that LITAF members
could be classified into three clearly separated clades. The first clade was
formed by dipteran and lepidopteran LITAFs, which were also clearly
divided. ApLITAF clustered in the Lepidoptera group, indicating its
closer evolutionary origin with other lepidopteran LITAFs.

Expression of ApLITAF in the Gut of A. pernyi After
Immune Challenge

To determine whether the ApLITAF protein was involved in bi-
otic stress, the expression of ApLITAF in the gut of A. pernyi was
examined using quantitative PCR. Challenge of fifth-instar larvae
with E. coli and B. subtilis by oral infection led to considerably
upregulated expression of ApLITAF (Fig. 5A), although the in-
duction strength varied according to the pathogen type. At 8 hpi,
ApLITAF expression was not induced by E. coli, but was signifi-
cantly triggered by B. subtilis. At 14 hpi, both E. coli and B. subtilis
significantly induced Ap LITAF upregulation, although the extent of
change was greater with B. subtilis.

NPV is the most dangerous pathogen for A. pernyi sericulture.
NPV-infected A. pernyi showed circular pus blotches of various sizes
on the integument (Fig. 5B), ultimately leading to death. In NPV-
infected B. mori, the gene expression of actin was affected, whereas
that of GAPDH was relatively steady (Guo et al. 2016). Accordingly,
we used both these reference genes to assess the expression levels of
ApLITAF in larvae naturally infected with NPV. The results showed
that the expression of ApLITAF was significantly increased under
the two reference conditions (Fig. 5C and 5D).

ApLITAF Localizes in Lysosome

The cellular localization of some proteins can often reveal their po-
tential biological functions. Therefore, to determine the subcellular
localization of ApLITAF, we transiently transfected 1LITAF-G into
BmN cells; green fluorescence indicated the cellular localization.
ApLITAF exhibited a punctate staining pattern, which overlapped
with the pattern of the lysosome marker Lyso-Tracker Red (Fig. 6).
Therefore, we concluded that ApLITAF localized to the lysosome in
BmN cells.

Discussion

A. pernyi plays an important role in the development of sericul-
ture. However, every year, silkworm diseases cause serious economic
losses. Oral infection is the main mechanism through which ex-
ogenous pathogens colonize A. pernyi. Therefore, the gut is the most
important organ to target for preventing the invasion, replication,
and transfer of pathogens. Although the complete A. pernyi genome
has been published (Duan et al. 2020), additional disease-resistance
research on this economically important insect has been limited by a
lack of useful molecular tools.
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GmLITAF ---MNIAP---NGEK);T FLsWE Qs-
EhLITREF ---MNIAR---NGEKRS FL®WRE QG-
CfLITAF-s TFVTSARAP---NWGENET FLSWE VN-
CfLITAF-1 VTIVVSTIVTP--MEGS FGLWE LG-
VtLITAF ---MNISP---NGE F QG-
RalboLITAF TYVHTIVTAPQVGE F RG-
RaeLITAF-s TYVHTIVARPQVGE F RG-
RaeLITAF-1 QPTTVIISSPNVGE F KE-
RalbiLITAF YVQ--NVTRECVGE F HR-
CcLITAF QPTLVAVQLFRE-- ILCRAVTAFV DRI
CgLITAF QPTLVAVQLFRE-- WACRITAFV DRI
TgLITREF QPIVLQQHIMRYGE v RRI
SgLITAF QPTYPVICHFRE-- I\ NRM
RfLITREF QPAVINVCCFRE-- \Y NRM
HSLITAF QTVYVQHPIT-FLD L KRL
MnLITAF QTIVYVQQPVS-FYD L KRL
RnLITAF QTVYVQQPIS-FYD L KRL
X1LITRF QTVYVQQRMT-LYD L KRI
GQLITAF QTVYVQCPVVLFYD L KRL
DrLITAEF QTVYVCPGLV-EFEGN F cVHEKRF
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Fig. 3. Multiple sequence alignment of ApLITAF with its homologs from insects, Mollusca, and vertebrates. The black line indicates the conserved SLD domain.
The red line shows the hydrophobic stretch. The two motifs (CXXC and HXCXXC) are marked using red capitals. The PPXY motifs in the N-terminus are shown

in green boxes. ApLITAF, Antheraea pernyi LITAF; BmLITAFE, Bombyx mori XP_021204897.1; BmLITAF-X1, Bombyx mori XP_021204685.1; BmLITAF-X2, Bombyx

mori XP_004927943.1; BmaLITAF, Bombyx mandarina XP_028028595.1; SILITAF, Spodoptera litura XP_022829186.1; PmLITAF, Papilio machaon KPJ20400.1;
TnLITAF-X1, Trichoplusia ni XP_026746530.1; TnLITAF-X2, Trichoplusia ni XP_026746536.1; HaLITAF-s, Helicoverpa armigera XP_021193243.1; HaLITAF-I,

Helicoverpa armigera XP_021195218.1; PxLITAF, Papilio xuthus KPI91185.1; GmLITAF, Galleria mellonella XP_031763557.1; AhLITAF, Aphantopus hyperantus

XP_034825472.1; OfLITAF-s, Ostrinia furnacalis XP_028171762.1; OfLITAF-I, Ostrinia furnacalis XP_028171761.1; VtLITAF, Vanessa tameamea XP_026491413.1;

AalboLITAF, Aedes albopictus XP_029721827.1; AaeLITAF-s, Aedes aegypti XP_001652694.2; AaeLITAF-I, Aedes aegypti XP_001652693.2; AalbiLITAF, Anopheles

albimanus XP_035774144.1; CcLITAF, Cipangopaludina chinensis AEX08893.1; CgLITAF, Crassostrea gigas ABO70331.1; TgLITAF, Tegillarca granosa QFP12293.1;
SgLITAF, Solen grandis AEW43450.1; AfLITAF, Azumapecten farreri ABI79459.1; HsLITAF, Homo sapiens AAH00053.1; MmLITAF, Mus musculus NP_064364.1;
RNLITAF, Rattus norvegicus NP_001099205.1; XILITAF, Xenopus laevis NP_001089805.1; GgLITAF, Gallus gallus NP989598.1; DrLITAF, Danio rerio NP_001002184.1.
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Fig. 4. Neighborjoining phylogenetic tree of ApLITAF with its homologs from
insects, Mollusca, and vertebrates. Numbers represent the bootstrap values
(percentages) from 1,000 replicates. The LITAF from A. pernyiis marked with
a solid circle.
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In this study, we screened out a LITAF-like gene with gut-specific
expression in A. pernyi through large-scale, low-cost transcriptome
analysis and demonstrated its significant response patterns to the
gram-negative bacterium E. coli, gram-positive bacterium B. subtilis,
and NPV. Gut-specific genes have been identified and used for disease
resistance research in domesticated silkworms (Jiang et al. 2013,
Zhao et al. 2018). To date, no gut-specific genes in A. pernyi have
been identified and exploited. Here, we found that ApLITAF may
have applications in the development of a useful molecular tool in the
breeding of novel strains with large-scale disease-resistance capacity.

The characteristics and immune function of LITAFs have been
extensively demonstrated in many other species (Supp Fig. S2 [on-
line only]), including humans (Moriwaki et al. 2001), mice (Han
et al. 2007), Crassostrea gigas (Park et al. 2008), Litopenaeus
vannamei (Wang et al. 2012), Anopheles gambiae (Smith et al. 2012),
Brachionus koreanus (Jeong et al. 2015), and Tegillarca granosa (Liu
et al. 2020a); however, to the best of our knowledge, the character-
istics and immune functions of LITAFs in silkworms have not been
reported previously. Here, the full-length mRNA of the LITAF gene
was first cloned in A. pernyi using sequence analysis. Multiple se-
quence alignment revealed that the C-terminus of LITAFs was vari-
able, but showed some common features among species, including
the CXXC and HXCXXC motifs and the hydrophobic stretch in
the SLD domain. The phylogenetic tree further provided evidence
that the encoded protein clustered into the Lepidoptera group of the
LITAF family. These observations prompted us to conclude that this
mRNA was transcribed from a LITAF gene.

The specific expression of ApLITAF in the digestive and
immune-related organ (i.e., the gut), as the key route for the
pathogen to invasion, indicates its potential role in biotic stress in
A. pernyi. The significant upregulation of Ap LITAF upon immune
challenge by different pathogens suggested that the functions
of the LITAF family were highly conserved and that ApLITAF
may play important roles in A. pernyi immunity. However, the

Fig. 5. Expression pattern of ApLITAF in the gut of A. pernyi orally infected with three types of pathogens. (A) Changes in the expression of ApLITAF induced
by the gram-negative bacterium E. coli and the gram-positive bacterium B. subtilis. (B) Phenotypic changes occurring at the later stage of natural infection with
NPV. (C) ApLITAF upregulation induced by NPV using ApActin as the control. (D) ApLITAF upregulation triggered by NPV; ApGAPDH served as the control.

**¥P < 0.001, Student’s t-test.
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Fig. 6. Cellular localization of ApLITAF. The fused protein of LITAF and EGFP is shown in green. A lysosome marker (Lyso-Tracker Red) was applied to live cells
at 72 h post-transfection (hpt) to visualize the lysosome (red). The nucleus was visualized using DAPI staining (blue).

underlying mechanisms mediating the expression of this protein
in response to different pathogen types remain unclear. Infection
by gram-negative bacteria usually activates the Imd pathway,
whereas the Toll-like receptor (TLR) pathway typically responds
to gram-positive bacteria (Jiang 2021). The lipopolysaccharide-
induced TLR pathway (LPS/TLR2,4/MyD88) can promote LITAF
phosphorylation and nuclear translocation in mouse macrophages
(Tang et al. 2006), indicating that ApLITAF may be a member
of the TLR pathway in A. pernyi. However, MyD88 was not ex-
pressed in the gut of A. pernyi (Sun et al. 2016); accordingly, fur-
ther studies are needed to identify the pathway through which
ApLITAF participates.

LITAFs generally localize along secretory and lysosomal deg-
radation pathways, which are mediated by the PPXY motif in
the N-terminus of the protein (Eaton et al. 2011). However, the
N-terminus of ApLITAF is very short and has no PPXY motif.
Similar LITAFs were also identified in Anopheles gambiae (AgLL3;
Supp Fig. S2 [online only]) and frog virus 3 (FV3_75L; Supp Fig.
S3 [online only]). AglLL3 plays an important role in limiting
Plasmodium infection (Smith et al. 2012), whereas FV3 is a virus
that infects Xenopus laevis. The interaction between FV3_75L
and X. laevis LITAF, mediated through their SLD domains, can
alter the subcellular localization of FV3_75L from the early to late
endosomes (Eaton et al. 2013). Although ApLITAF has also been
shown to localize to the lysosomes in BmN cells, further studies
are required to elucidate its function in the lysosomal pathway.
Because a LITAF with the PPXY motif was identified in A. pernyi
(Supp Fig. S4 [online only]), evaluation of the putative interaction
between this member and ApLITAF may provide insights into its
functions. Further evidence is needed to clarify this hypothesis.
Although the specific role is currently unclear, our results suggest
that the molecular functions of ApLITAF may be related to the
lysosomal pathway.

In conclusion, we provided evidence for a novel component as-
sociated with the response of A. pernyi to pathogens, offering an
important starting point for additional investigations of the mech-
anisms underlying the roles of ApLITAF. Further elucidation of these
roles and the characterization of other gut-specific genes may estab-
lish effective strategies for improving the evaluation and application
of A. pernyi genes.
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Entomology online.
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