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Abstract: Venom plays several important roles in the life of the ﬁre ant, Solenopsis invicta Buren. Laboratory rearing
signiﬁcantly affected the toxin component of S. invicta. However, the molecular mechanism of the change of
venomous components when kept in the laboratory is unclear. In this study, RNA sequencing technique (RNA-Seq)
was performed to explore differentially expressed genes in the venom gland of S. invicta at 0, 10, and 60 days after
laboratory rearing. The RNA-Seq results showed that the expression of a large number of genes changed. The DEGs
were involved in multiple pathways, including proteolysis, serine-type endopeptidase, and allergen. Furthermore,
RNA-Seq and qRT-PCR data revealed that the expression of some genes related to proteolysis and allergen
signiﬁcantly decreased. Thus, our data generated new data relating to toxin-component and the transcriptome
dynamics in the venom gland of S. invicta during laboratory rearing.

Introduction
Ants (Formicidae) belong to the class Insecta and the order
Hymenoptera, which comprises the families Vespidae
(wasps), Formicidae (ants), Apidae (bees), among others
(Wilson et al., 2010). The family Formicidae consists of
more than 13,000 species of ants, most of which have a
specialized venom apparatus to sting victims and prey,
inoculating a cocktail of pharmacologically and biologically
active substances for defense and predation (Carvalho et al.,
2019; Touchard et al., 2016).
The venom composition of ants varies signiﬁcantly
between the different ant subfamilies (Hoffman, 2010). Up
to now, the composition of venoms from several ant species
has been investigated at pharmacological and molecular
levels (Hoffman, 2010). The venoms of ﬁre ants are
composed of over 90% of piperidinic alkaloids, while the
remaining fraction is constituted by amines, formic acid,
hydrocarbons, peptides, and proteins (Aili et al., 2014;
Pluzhnikov et al., 2014; Hoffman, 2010). Some toxin-like
proteins and peptides have been identiﬁed using
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conventional molecular biological and biochemical methods
(Inagaki et al., 2004; Inagaki et al., 2008; Aili et al., 2016).
Toxin peptides from ants follow commonness with linear
and short polycationic peptides and responsible for
hemolysis, histamine release, cell lysis, and antimicrobial
action (Palma and Brochetto-Braga, 1993; Schumacher
et al., 1992). However, the number of identiﬁed toxin-like
proteins and peptides is so limited in ants.
Solenopsis invicta Buren, a predatory ant species in the
subfamily Myrmicinae, is distributed mainly throughout
tropical and subtropical regions of the Americas, China,
India, Africa, Paciﬁc islands (Pandey et al., 2019; Kruse
et al., 2020). The venom of S.invicta has also been the focus
of a series of studies (Chen et al., 2019; Eliyahu et al., 2011;
Hoffman et al., 1988; Kruse et al., 2020). Some proteins,
including phospholipase A/B, the pheromone binding
protein, the antigen 5/pathogenesis-related protein, among
others, were identiﬁed and sequenced up to now (Das et al.,
2018; Dos Santos Pinto et al., 2012; Hoffman et al., 1988;
Kruse et al., 2020; Monsalve et al., 2020). The proteomic
proﬁle of the venom from the ﬁre ant S.invicta was
analyzed, which permitted the identiﬁcation of many
toxic proteins such as allergens, neurotoxins, proteins that
cause tissue damage/inﬂammation, proteins inﬂuencing the
homeostasis of the victims, and proteins that promote
venom diffusion (Dos Santos Pinto et al., 2012). A large
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number of red ﬁre ants die when kept in the laboratory for long
periods (Liu et al., 2015). Moreover, our recent work has shown
that the level of venomous alkaloid components decreased
continuously to a very low level when the ﬁre ants were
maintained in the laboratory (Liu et al., 2015). However, it is
unclear whether laboratory rearing of the S. invicta affects
other venomous components of venom and the molecular
mechanism of the change of venomous components when
kept in the laboratory. In the current study, RNA sequencing
(RNA-Seq) was performed to explore differentially expressed
genes in the venom gland of the ﬁre ant S. invicta at 0, 10,
and 60 days after laboratory rearing. Along with RNA
sequencing and transcriptome annotation, analysis of global
patterns of gene expression and functional categorization
were performed. Furthermore, characteristics of some
putative toxin candidates are predicted and discussed.
Materials and Methods
Ant sampling
Adult ﬁre ant S. invicta was collected from the scientiﬁc research
base of South China Agricultural University, Zengcheng,
Guangdong Province, China, as described in one of our
previous reports (Liu et al., 2015). The 0.5 m × 0.5 m × 0.5 m
well-developed ant nest derived from a scientiﬁc research base
was placed in a Fluon storage box (ICI, Wilmington, DE).
After two days, the colonies were forced to transfer to smaller
Fluon storage boxes using the “Drop method”. Then, a small
amount of soil from the nest is then added to the storage box
to build an artiﬁcial nest. During laboratory rearing at room
temperature, clean water, and 10% honey water were provided
using the test tube. Three to ﬁve individuals of Tenebrio
molitor were thrown in the nest per day. After dissecting in
ultrapure water at 4°C, the intact venom glands of the ﬁre ant
S. invicta at 0, 10, and 60 days after laboratory rearing were
frozen with liquid nitrogen and stored at −80°C.
RNA isolation and quantitative real-time PCR (qPCR) analysis
Total RNA was extracted using the RNAprep Pure Plant Plus
Kit (DP441, TIANGEN, China) according to the instructions.
The expression of genes, including 12 DEGs randomly
selected, 15 DEGs related to proteolysis and venom allergen,
was analyzed by real-time quantitative RT-PCR. cDNAs
were synthesized with iScript Reverse Transcription
Supermix for RT-qPCR. The quantitative real-time PCR
(qPCR) was performed using the ﬂuorescent intercalating
dye SYBR Green in a detection system (MJ Research,
Opticon 2). Two-step RT-PCR procedure was achieved
using a method described previously, as follows: 95°C for
30 s; 40×: 95°C for 10 s, 60°C for 30 s, plate read; melt curve
analysis spanning 65–95°C, increment 0.5°C for 0:05 + plate
read (Li et al., 2005). The ribosomal protein S3 (SiRPS-3) was
employed as standard control (Lucas et al., 2015). All the
gene-speciﬁc primers were designed using primer3 software
(https://primer3.ut.ee/) and listed in Tab. 1.
Library construction and sequencing
RNA-Seq was performed by Norminkoda Biotechnology Co.,
Ltd., Wuhan, China. Sequencing libraries were generated
using NEBNext1 UltraTM RNA.
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Library Prep Kit for Illumina1 (NEB, USA) following the
manufacturer's instruction. Brieﬂy, mRNA was puriﬁed from
total RNA using poly-T oligo-attached magnetic beads.
Fragmentation was carried out using divalent cations under
elevated temperature in NEBNext First Strand Synthesis
Reaction Buffer. Then, ﬁrst-strand cDNA was synthesized using
a random hexamer primer and M-MuLV Reverse Transcriptase
(RNase H-). Second strand cDNA synthesis was subsequently
performed using DNA Polymerase I and RNase H. Remaining
overhangs were converted into blunt ends via exonuclease/
polymerase activities. After adenylation of 3’ ends of DNA
fragments, NEBNext Adaptor with hairpin loop structure were
ligated to prepare for hybridization. After puriﬁcation with
AMPure XP beads (Beckman Coulter, Beverly, USA) to select
cDNA fragments of preferentially 250–300 bp in length, 3 µL
USER Enzyme (NEB, USA) was used with size-selected. After
incubation of the adaptor-ligated cDNA at 37°C for 15 min
followed by 5 min at 95°C, PCR was performed with Phusion
High-Fidelity DNA polymerase, Universal PCR primers, and
Index (X) Primer. Finally, PCR products were puriﬁed using
AMPure XP beads, and library quality was assessed on the
Agilent 2100 system. Subsequently, preliminary quantiﬁcation
and library attenuation was performed using Qubit 2.0. The
fragment size was detected using Agilent 2000.
The clustering of the index-coded samples was
performed on a cBot Cluster Generation System using
TruSeq PE Cluster Kit v3-cBot-HS(Illumia) according to the
manufacturer’s instructions. Then, the library preparations
were sequenced on an Illumina Hiseq platform and 125 bp/
150 bp paired-end reads were generated.
Quality control and reads mapping to the reference genome
Clean reads were obtained by removing reads containing
unknown nucleotides larger than 5%, reads containing
adaptors, and low-quality reads (the rate of reads of which
quality value ≤ 10 is more than 50%) from raw reads. All
the subsequent analysis was achieved based on the clean
data with high quality. Then, reference genome (https://
www.ncbi.nlm.nih.gov/bioproject/?term=49629%5BUID%5D)
and gene model annotation ﬁles were downloaded from the
genome website directly. Paired-end clean reads were aligned
to the reference genome using STAR.
Quantiﬁcation of gene expression level and differential
expression analysis
The reads numbers mapped to each gene were counted using
HTseq. Then, FPKM (expected number of Fragments Per
Kilobase of transcript sequence per Millions of base pairs
sequenced) of each gene was calculated based on the length
of the gene and reads count mapped to this gene.
Differential expression analysis was performed using the
DEGSeq. The resulting P-values were adjusted using
Benjamini and Hochberg’s approach for controlling the false
discovery rate. Genes with an adjusted P-value <0.05 and
absolute log2FC (fold change (condition 2/condition 1) for a
gene) >1 by DESeq2 were assigned as differentially expressed.
GO enrichment analysis of differentially expressed genes
Gene Ontology (GO) annotation was performed by the
alignment between genes and the GO database. The website
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TABLE 1
Primers used in quantitative RT-PCR analysis
Gene name

Forward primer sequence

LOC105198067

GGTAATGGACTGACGCAACC

CAATCTTGTGTGTCAGCCGT

LOC105199326

CCCATTTCTAGCTCCAACGC

TGATTTTACGTGCTTTCTGTGC

LOC105198027

AGAAGGAGGTTGACAGGCTC

CCAAGGCACAACTTCAACCA

LOC105204787

TGTGTATGCGTGTGTATGTGT

CGCTTATCACACATGCACGA

LOC105194083

GCAAGAAAACATGTGGCTCA

GTAAGGAAACGTTGGCCCAA

LOC105193761

ACTGACTATTGTAACTGACGACT

CCATATACAAATCGCAGCGGT

LOC105199728

ATGCCGAAGAAGACCGTACA

TCGCCTTTGCCTTCATCAAG

LOC105193935

CTCCATCATACGCTTCGCTT

AGCGCCTTCAATGCACATTT

LOC105199852

CCGGCTTTACTTATGGACGC

TGATCCCACATTGCTTGAACA

LOC105196318

GAAGGGGAGATGCTGTACCA

TCGACATCTTCAGCCTCGAG

LOC105200539

TGGATGCATGGGTGAGAGAA

TGATCCTGTCCTTGACCACC

LOC105203949

TAAGATCCGTACGAGGCGAC

TGTGGAGAAAGACGGAGAGG

LOC105194248

CATCAAGCGGCTCATGGTAC

ACGTCACTGATGGTATCTGCT

LOC113003028

CCGGCAGATACAAACCACAC

AGAAGTTGCGGAATCTGGTT

LOC113004172

ATTGCGGACGGTCTTGAAAC

TGCCCAATCCTTCGTCTTTG

LOC105196175

ATACGCCGGATCACCTTGAC

TCGTAGGTGTAAGACAAGGGT

LOC105193613

GGATGGGGAAAACTTTGGCA

ATAGTTAATGGGCCGCCAGA

LOC105193305

ACGAGGACATGTTCATGAGGT

CTCCCCATCCGGCTAATGT

LOC105194706

CATCGAACGCTTGACAGGAG

CCGTCAGTAGCACATGGGAA

LOC105198898

TATCCCACACAAGTTTGCGC

TGAAGACAGTGGGGTAGGTG

LOC105205908

TTGGCCTCGTATCCTTTGGT

TGATTGATCACAGATGCGCG

LOC105197985

CGAGAACAAGCCATGCACTT

GCTCCTTCTCCGCGTATAGT

LOC105193270

GGTTGGGGCGTAACTAGACT

ACCATAGCATACTCCCTCGC

LOC105207761

CATTGTTGCCTGGGGTGTAC

AGGAAAGAAATTAGCACCATCGT

LOC105193335

CCGTTAGCTAGAGTCGACGT

TCTTGGGCGTTGAGTCTCTT

LOC105198838

GTCACGATGGTTTACGCATTC

ATGCCACGCTTTGACAATGT

LOC105199703

CGCAACATCTAGCTCGGGTA

AACATTATTCGTCCGCACCC

SiRPS-3

ACTCGGGTGAACCGACTAAC

CCCAAGGAAGCATGATTTTAAC

tool WEGO (http://wego.genomics.org.cn/cgi-bin/wego/
index.pl) was used to perform GO functional classiﬁcation
of all genes and to view the distribution of genes functions
at the macro level. The GO enrichment analysis of the
DEGs was performed by hypergeometric test in R (Bouzid
et al., 2014). R function dhyper was used to calculate
P-values, the GO terms with P-value less than 0.05 were
considered to be enrichment terms.
Results
Mapping of RNA-Seq data and evaluation of differentially
expressed genes
To explore differentially expressed genes in the venom gland
of the ﬁre ant S. invicta after laboratory rearing, RNA
sequencing (RNA-Seq) analysis was performed. Three
cDNA libraries were constructed using mRNA isolated from
the venom gland of S. invicta at 0, 10, and 60 days after
laboratory rearing (DALR) (namely CK, T1, T2),
respectively, and large-scale sequenced. The RNA-Seq data

Reverse primer sequence

was submitted to Bioproject of NCBI under Accession No.
PRJNA682652 (https://www.ncbi.nlm.nih.gov/bioproject/
?term=prjna675709). As shown in Tab. 2, 38.73–46.09
million clean reads were acquired in each individual sample.
Among them, 97.54–98.61% clean reads were uniquely
mapped in the S. invicta genome using STAR.
To reveal the overall trend of separation of the samples
and variability among the sample groups, the principal
component analysis (PCA) was performed. As shown in
Fig. 1A, the three biological repetitions for each sample were
gathered, which manifests the repeatability and reliability of
our RNA-Seq analysis. To identify the differentially
expressed genes (DEGs) between these three groups, the
DEGSeq was employed. The DEGs were deﬁned as the fold
change of FPKM expression values were at least 2 in either
direction when adjusted P < 0.05. A total of 397 DEGs (153
up-regulated and 244 down-regulated), 1201 DEGs (843 upregulated and down-regulated), and 1017 DEGs (247 upregulated and 770 down-regulated) were detected in “0
DALR vs. 60 DALR”, “0 DALR vs. 10 DALR” and “10 DALR
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TABLE 2
Total raw and clean reads number, Q20 value, Q30 value and total mapping read based on the RNA-Seq data in libraries of CK, T1, T2
sample total raw
name
read (M)

Total clean clean
read (M)
read
ratio

clean
read
q20

clean
read
q30

total
mapping
read (M)

total mapping
genome ratio

uniquely
multiple
mapping genome mapping genome
ratio
ratio

CK_1

44.99

44.67

99.31

98.39

95.15

44.67

100

98.57

1.43

CK_2

46.44

46.09

99.26

98.27

94.83

46.09

100

98.52

1.48

CK_3

38.99

38.73

99.34

98.45

95.33

38.73

100

97.54

2.46

T1_1

45.43

45.06

99.18

98.36

95.12

45.06

100

97.65

2.35

T1_2

41.9

41.58

99.23

98.37

95.13

41.58

100

98.3

1.7

T1_3

41.17

40.85

99.24

98.39

95.19

40.85

100

98.25

1.75

T2_1

44.56

44.22

99.24

98.35

95.08

44.22

100

98.59

1.41

T2_2

43.19

42.89

99.32

98.46

95.37

42.89

100

98.61

1.39

T2_3

43

42.67

99.25

98.49

95.46

42.67

100

98.56

1.44

Note: Three biological replicates were performed. Q20, the percentage of bases with a Phred value greater than 20; Q30, the percentage of bases with a Phred value
greater than 30. CK, 0 day after laboratory rearing; T1, 10 days after laboratory rearing; T2, 60 days after laboratory rearing.

vs. 60 DALR”, respectively (Figs. 1B and 1C). Moreover, the
Venn diagram shows that 41 commonly DEGs exist in “0
DALR vs. 60 DALR”, “0 DALR vs. 10 DALR”, and “10
DALR vs. 60. DALR” (Fig. 1C). To verify the RNA-Seq data,
the transcriptional level of twelve DEGs randomly chosen
was analyzed. As shown in Fig. 1D, real-time quantitative
PCR analyses showed that the relative expression patterns of
the genes were consistent with RNA-Seq data, which
demonstrates that the RNA-Seq data are reliable.
Gene ontology (GO) enrichment analysis of differentially
expressed genes (DEGs)
To obtain ontology of deﬁned terms concerning gene product
properties, gene ontology (GO) enrichment analysis of DEGs
was performed. As shown in Fig. 2, the most enrichment three
GO subcategories of “0 DALR vs. 10 DALR” are the oxidationreduction process, proteolysis, and transmembrane transport.
Similarly, for “0 DALR vs. 60 DALR”, the most enrichment
three GO subcategories are proteolysis, serine-type
endopeptidase activity, and oxidation-reduction process
(Fig. 2). On the other hand, the most enrichment three GO
subcategories of “10 DALR vs. 60 DALR” are the oxidationreduction process, proteolysis, and iron ion binding (Fig. 2).
It is apparent that the genes related to the oxidationreduction process and proteolysis are those with the most
signiﬁcant differential expression in all GO subcategories
among the four samples.
Analysis of DEGs related to cysteine-type peptidase activity,
aspartic-type endopeptidase activity, serine-type peptidase
activity and metallopeptidase
Toxin peptide is one group of key components of ant venom
responsible for hemolysis, histamine release, cell lysis, and
antimicrobial actions (Palma and Brochetto-Braga, 1993;
Schumacher et al., 1992). Moreover, the GO enrichment
analysis of DEGs revealed that the expression of the genes
related to proteolysis, including cysteine-type peptidase
activity, aspartic-type endopeptidase activity, serine-type

peptidase activity, and metallopeptidase, signiﬁcantly
changed during laboratory rearing. So, we next analyzed the
expression patterns of the DEGs in these pathways.
The hierarchical clustering of all DEGs related to cysteinetype peptidase activity, aspartic-type endopeptidase activity,
serine-type peptidase activity, and metallopeptidase was
performed, and the distance metric for gene expression patterns
was determined using Pearson correlation. The hierarchical
clustering analysis of these DEGs indicates that the expression of
some genes (Class II) signiﬁcantly increased after laboratory
rearing. However, the other genes (Classes I, III, and IV) show
different expression patterns (Fig. 3A). In detail, the expression
of genes (Class IV) at 10 DALR is signiﬁcantly lower than that
at 0 DALR (Fig. 3A). And the expression of genes (Class I and
IV) at 60 DALR is signiﬁcantly lower than that at 0 DALR
(Fig. 3A). It is interesting that the expression of LOC105207761,
LOC105193270, LOC105197985, LOC105205908, LOC105198898,
LOC105194706, LOC105193305, LOC105193613, LOC105196175,
LOC113004172, LOC113003028, LOC105194248, and
LOC105206642 gradually decreased during laboratory
rearing. So, we deduce that proteins with peptidase activity,
encoded by these 12 DEGs, are relevant to the change of toxincomponent of S. invicta during laboratory rearing. Moreover,
the qRT-PCR also showed that the transcript levels of
LOC105207761, LOC105193270, LOC105197985, LOC105205908,
LOC105198898, LOC105194706, LOC105193305, LOC105193613,
LOC105196175, LOC113004172, LOC113003028, LOC105194248,
and LOC105206642 signiﬁcantly decreased during laboratory
rearing (Fig. 3B).
Analysis of DEGs related to venom allergen
Allergen proteins are a key component of ants’ venom. Some
genes related to allergen were detected by the RNA-Seq
analysis. The laboratory rearing affected the expression of
these genes, such as LOC105198838 and LOC105193335
(Fig. 4A). Moreover, the transcript levels of LOC105199703,
LOC105198838, and LOC105193335 were examined by qRTPCR analysis. As shown in Fig. 4B, laboratory rearing has
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FIGURE 1. Transcripts detected in the venom gland of S. invicta on different days during laboratory rearing. (A) PCA analysis of the
transcriptional proﬁles of CK, T1, and T2. (B) Venn diagram of the differentially expressed genes (DEGs) among “0 DALR vs. 60 DALR”,
“0 DALR vs. 10 DALR” and “10 DALR vs. 60 DALR”. (C) Volcano plots of quantitative transcriptome analysis. The log2 (fold change) is
plotted on the x-axis, and the negative log10 (FDR) (P-value) is plotted on the y-axis. The red and green circles represent signiﬁcantly upregulated genes and down-regulated genes, respectively (the absolute value of log2 (fold change) no less than 1 and FDR less than 0.05).
(D) Validation of the expression proﬁle of RNA-Seq (FPKM) by qRT-PCR. Twelve DEGs were randomly selected and validated by qRTPCR to conﬁrm their expression. Fold-change of FPKM (RNA-Seq) and expression level (qRT-PCR) after laboratory rearing compared to
control (i.e., a fold-change of 1 indicates no change compared to control) was calculated. Three biological replicates were performed.
Means ± SE are shown. CK, 0 days after laboratory rearing; T1, 10 days after laboratory rearing; T2, 60 days after laboratory rearing.

no effect on the expression of LOC105199703. However, the
transcript levels of LOC105198838 and LOC105193335
signiﬁcantly decreased during laboratory rearing.
Dicussion
Solenopsis invicta Buren has a specialized venom apparatus to
sting victims and prey, inoculating a cocktail of biological and
pharmacologically active substances (alkaloids, peptides,
proteins, among others) for defense and predation
(Touchard et al., 2016). A large number of alkaloids and
some toxin-like proteins and peptides have been identiﬁed

in the venom of S. invicta (Inagaki et al., 2004; Inagaki
et al., 2008; Aili et al., 2016). Our previous study has
revealed that laboratory rearing has a great inﬂuence on the
venom of S. invicta: the contents of venomous alkaloid
components decreased when the ﬁre ants were maintained
in the laboratory (Liu et al., 2015). However, the molecular
mechanism of the change of venomous components when
kept in the laboratory is unknown. Herein, we performed an
RNA sequencing technique (RNA-Seq) to detect the
transcriptome dynamics in the venom gland of S. invicta
when kept in the laboratory. A large number of differentially
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FIGURE 2. Gene Ontology (GO) classiﬁcation of the differentially expressed genes (DEGs) among “0 DALR vs. 60 DALR”, “0 DALR vs. 10
DALR”, and “10 DALR vs. 60 DALR”. CK, 0 days after laboratory rearing; T1, 10 days after laboratory rearing; T2, 60 days after laboratory
rearing.

expressed genes (DEGs) involved in multiple pathways were
identiﬁed among these samples through the comparative
analysis of their transcriptomes. The GO analysis showed that
the oxidation-reduction processes were two of the most
signiﬁcantly differential GO subcategories among the three
samples, which indicates that proteins encoded by these genes
may be relevant to the change of ants’ venomous components
when kept in the laboratory. However, a few DEGs related to
alkaloids were detected (data not shown), which is a slight
inconformity with our previous study that the level of
venomous alkaloid components decreased when the ﬁre ants
were maintained in the laboratory (Liu et al., 2015). We deduce
that laboratory rearing may affect the synthesis of alkaloids at
the post-transcriptional level.
To date, many toxin-like peptides and proteins from the
venom glands of the ants have been detected. Several hydrolases,
oxidoreductases, proteases, Kunitz-like polypeptides, and the less
abundant inhibitor cysteine knot (ICK)-like (knottin)
neurotoxins and insect defensin have been revealed in the
venom of ants using proteomic analysis (Bouzid et al., 2014;
Torres et al., 2014). Our RNA-Seq analysis revealed that the
expression of the genes related to proteolysis, including cysteinetype peptidase activity, aspartic-type endopeptidase activity,

serine-type peptidase activity, and metallopeptidase, signiﬁcantly
changed after laboratory rearing. The qRT-PCR analysis showed
that the transcript levels of LOC105207761, LOC105193270,
LOC105197985, LOC105205908, LOC105198898, LOC105194706,
LOC105193305, LOC105193613, LOC105196175, LOC113004172,
LOC113003028, LOC105194248 and LOC105206642 signiﬁcantly
decreased after laboratory rearing. The proteolytic enzyme
encoded by these genes may be the vitally venomous
components or be responsible for generating the toxin-like
peptides in the venom gland of the ﬁre ant S. invicta. Allergens
are also conserved venom components in the ﬁre ant S. invicta,
from which the allergen nomenclature is derived (Hoffman,
2010). The transcript levels of LOC105198838 and
LOC105193335 encoded venom protein Sol g II signiﬁcantly
decreased after laboratory rearing, which indicates that these
genes participate in the change of venomous components when
kept in the laboratory.
In conclusion, a comprehensive characterization of
DEGs related to proteolysis and allergen in the venom gland
of S. invicta at 0, 10, and 60 days after laboratory rearing by
the RNA-Seq technique has generated new data relating to
venomous components and the transcriptome dynamics in
the venom gland of S. invicta when kept in the laboratory.
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FIGURE 3. The expression patterns of the DEGs, related to proteolysis. (A) Hierarchical clustering analysis of the differentially expressed
genes (DEGs) related to proteolysis, including cysteine-type peptidase activity, aspartic-type endopeptidase activity, serine-type peptidase
activity and metallopeptidase. (B) Quantitative RT-PCR analysis of expression of the DEGs related to proteolysis, including cysteine-type
peptidase activity, aspartic-type endopeptidase activity, serine-type peptidase activity and metallopeptidase. The expression of the DEGs
was analyzed in the venom gland of S. invicta on different days after laboratory rearing. Fold-change of expression level after laboratory
rearing compared to control (i.e., a fold-change of 1 indicates no change compared to control) was calculated. Three biological replicates
were performed. Means ± SE are shown. Signiﬁcance of difference was analyzed by Duncan’s test (*P < 0.05; **P < 0.05). CK, 0 days after
laboratory rearing; T1, 10 days after laboratory rearing; T2, 60 days after laboratory rearing.

FIGURE 4. The expression patterns of the DEGs, related to venom allergen. (A) The expression level of LOC105199703, LOC105198838, and
LOC105193335 according to the RNA-Seq analysis. (B) Quantitative RT-PCR analysis of expression of LOC105199703, LOC105198838 and
LOC105193335. The expression of LOC105199703, LOC105198838 and LOC105193335 was analyzed in the venom gland of S. invicta at
different days after laboratory rearing. Fold-change of expression level after laboratory rearing compared to control (i.e., a fold-change of 1
indicates no change compared to control) was calculated. Three biological replicates were performed. Means ± SE are shown. Signiﬁcance
of difference was analyzed by Duncan’s test (*P < 0.05; **P < 0.05). CK, 0 days after laboratory rearing; T1, 10 days after laboratory
rearing; T2, 60 days after laboratory rearing.
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