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Abstract
Spiders express speci�c maternal care to their offsprings. The predatory spider Pardosa pseudoannulata
mother constructs an eggsac to protect her eggs and juvenile spiderlings. However, here we found that
the female spiders ate their eggsacs when ecdysteroid signaling was suppressed. Nuclear receptors
(NRs), especially ecdysone receptor (EcR) and ultraspiracle (USP), have attracted extensive attention in
arthropods because of their pivotal roles in ecdysteroid signaling cascades. An EcR and two USPs were
identi�ed in P. pseudoannulata genome. RNAi against EcR and USP-1 restrained the development of
spiderlings, such as delaying moulting and decreasing moulting rate. EcR- and USP-1-silenced adult
females produced more invalid eggsacs full of nonviable eggs than the control counterpart, and they ate
the invalid eggsacs. EcR and USP-1 responded to the changes of ecdysteroid, and CYP307A1 knockdown
led to the similar phenotypes to dsEcR and dsUSP-1 treatments. It proposed that EcR/USP-1-mediated
ecdysteroid signaling regulated the development and reproduction in P. pseudoannulata. The period of
the �rst reproduction cycle was 17.87 d in the ecdysteroid signaling-suppressed females, which was 7.19
d shorter than that of the control (25.06 d). The result meant that, when the female spiders detected the
nonviable eggs in eggsac, they forwardly ate the invalid eggsac to terminate the useless reproduction
cycle and start a new cycle by generating a new eggsac. The strategy can partially compensate for the
loss of population growth due to the nonviable eggs, and eating the invalid eggsac also provide a
compensation for the physiological consumption during the invalid eggsac care.

Key Messages
1. Twenty-three NRs were identi�ed in P. pseudoannulata, including an EcR and two USPs.

2. Two USPs had functional differentiation in the spider.

3. EcR/USP-1-mediated ecdysteroid signaling regulated the spider development and reproduction.

4. Ecdysteroid signaling-suppressed females ate the invalid eggsacs to terminate the useless
reproduction cycle.

1 Introduction
Increased egg number is an effective strategy for arthropods to expand their population. In addition,
some arthropods, such as spiders, provide extensive maternal care to protect and increase the success of
their offsprings (Yip and Rayor 2014). Maternal care in spiders include eggsac construction, eggsac care,
and juvenile spiderling care (Ruhland et al. 2016b). For example, the web-weaver spiders attach their
eggsac to the web, while Lycosidae females carry their eggsac via spinnerets, and then carry the juveniles
emerging from eggsac on notum (Yang et al. 2018; Yu et al. 2022). Egg brooding is effective for offspring
protection against predators, parasites, and adverse environment (Iida and Fujisaki 2005; Ruhland et al.
2016a; Vieira and Romero 2008). Pardosa pseudoannulata is a predatory wolf spider against various
insect pests in �elds and exhibits meticulous maternal care to its offsprings. After the eggsac production,
the female spiders carry their eggsacs for about 15 d until the juvenile spiderling emergence, and later



Page 3/18

carry the new-emerged spiderlings for about 4.6 d before their dispersal (Yu et al. 2022). Although
cannibalism is common in the spider, the females do not acutely prey the new-emerged spiderlings during
maternal care (Yu et al. 2022). P. pseudoannulata females can produce �ve eggsacs at most in the life
once mating (Yang et al. 2018), so the maternal care is alternate with the cannibalism. Ecdysteroids are
characterized by their critical roles on arthropods’ parental care and cannibalism (Trabalon et al. 1998;
Vancassel et al. 1984).

We have identi�ed Halloween genes involved in ecdysteroid biosynthesis and con�rmed that ponasterone
A (PA) was the endogenous ecdysteroid in P. pseudoannulata (Yang et al. 2021). In arthropods,
ecdysteroids act on different nuclear receptors (NRs) to perform a variety of physiological functions. NRs,
a group of ligand-activated transcription factors, are widely present in animals to regulate various
biological processes (Christiaens et al. 2010). NRs are assigned to seven subfamilies (NR0-NR6) that all
contain two typical domains, a highly conserved DNA-binding domain (DBD) and a less conserved ligand-
binding domain (LBD), except for NR0 subfamily lacking LBD (King-Jones and Thummel 2005). NRs get
a lot of attentions in insects because of their roles in embryogenesis, moulting, metamorphosis,
reproduction, and homeostasis (Fahrbach et al. 2012). Since the �rst complete NR family (21 members)
was reported in Drosophila melanogaster (Adams et al. 2000; King-Jones and Thummel 2005), NR family
has been identi�ed in an increasing number of insects based on whole genome sequencing, including 21
in Anopheles gambiae (Bertrand et al. 2004), 22 in Apis mellifera (Velarde et al. 2006), 21 in Tribolium
castaneum (Bonneton et al. 2008; Tan and Palli 2008), 19 in Bombyx mori (Cheng et al. 2008), 20 in
Aedes aegypti (Cruz et al. 2009), 19 in Acyrthosiphon pisum (Christiaens et al. 2010), and 20 in
Nilaparvata lugens (Xu et al. 2017). Ecdysone receptor (EcR) and ultraspiracle (USP)/retinoid X receptor
(RXR) are the important members of NRs and they form a heterodimer that binds to ecdysteroid to start
the cascade (Christiaens et al. 2010; Thomas et al. 1993; Yao et al. 1993).

The identi�cation and function analysis of NRs in arachnids has been slower compared to the work done
in insects. Up to now, NR family has only been systematically identi�ed in the genome of Tetranychus
urticae with 30 members (Grbic et al. 2011). Scattered investigations of NRs have been reported in other
arachnids, including Panonychus citri (Li et al. 2017, 2020, 2022), Tetranychus cinnabarinus (Shen et al.
2019), Amblyomma americanum (Guo et al. 1997, 1998; Palmer et al. 2002), Ornithodoros moubata
(Horigane et al. 2007, 2008), Liocheles australasiae (Nakagawa et al. 2007), Agelena sylvatica (Honda et
al. 2017), and Parasteatoda tepidariorum (Nicewicz et al. 2021). Most studies were focused on the
functional elucidations of EcR and USP/RXR in arachnids. Although a mounting number of genomes
have been sequenced, NRs are rarely investigated in spiders.

In this study, we completely identi�ed NR family using the genome data of P. pseudoannulata. EcR and
USP-1 are two signi�cant members in P. pseudoannulata to mediate the ecdysteroid signaling. When
EcR/USP-1-mediated ecdysteroid signaling was suppressed, the female spiders produced more invalid
eggsacs full of nonviable eggs. To compensate for the population loss due to the nonviable eggs, female
spiders initiatively ate the invalid eggsac and promoted the generating of a new eggsac in short time.
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2 Materials And Methods

2.1 Identi�cation and phylogenetic analysis of NRs in P.
pseudoannulata
The putative NRs were retrieved in the chromosome-level genome (GenBank accession number:
JAGEOH000000000) of P. pesudoannulata using the orthologs from D. melanogaster (King-Jones and
Thummel 2005), A. gambiae (Bertrand et al. 2004), T. castaneum (Bonneton et al. 2008; Tan and Palli
2008), B. mori (Cheng et al. 2008), A. aegypti (Cruz et al. 2009), A. pisum (Christiaens et al. 2010), N.
lugens (Xu et al. 2017), T. urticae (Grbic et al. 2011)d citri (Li et al. 2017) as queries via local BLAST tool
(v2.7.1, downloaded from ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/). The neighbor-
joining phylogenetic tree of NRs was constructed with a bootstrap of 1000 in MEGA X (v10.0.5) (Kumar et
al. 2018).

2.2 Spiders
P. pseudoannulata of multiple stages were collected from paddy �elds of Nanjing (Jiangsu province,
China) in May 2020 and kept in plastic cups (500 mL in volume) individually at 28 ± 1°C and 16/8 h
light/dark and fed with N. lugens until adulthood. Eleven developmental samples of egg (E), spiderling in
eggsac (ES), aggregated spiderling (AS, spiderling carried by female), dispersed spiderling (DS, actively
moving spiderling), virgin male (VM), virgin female (VF), mated female (MF), early-eggsac-carrying female
(EESF), late-eggsac-carrying female (LESF), spiderling-carrying female (SCF), and non-spiderling-carrying
female (NSCF) were harvested individually for RNA-seq at the Beijing Genomics Institute (Shenzhen,
China) with 10 eggsacs or spider individuals were pooled as one sample. The newly-molted 2nd instar
spiderlings (II0), the 2nd instar spiderlings 1 to 5 days post moulting (II1-II5), and the newly-molted 3rd
instar spiderlings (III0) were harvested individually and 10 spiderlings each were pooled as one sample.
Six tissues, brain, venom gland, intestine, fat body, ovary, and testes, were dissected from 20 adult
females and males. All the above samples were prepared in three biological replicate samples.

2.3 RNA interference
Primers with T7 RNA polymerase promoter sequence used for dsRNA synthesis (Table S1) were designed
using Beacon Designer (v7.92, PREMIER Biosoft International, CA, USA) and synthesized by Genscript
(Nanjing, China). dsRNA against enhanced green �uorescent protein (eGFP) (GenBank accession number:
KC896843) was set as negative control. Speci�c fragment of target gene was ampli�ed using Phanta®
Max Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China) and then puri�ed using GeneJET Gel
Extraction Kit (Thermo Scienti�c, Carlsbad, CA, USA) according to the manufacturer’s instructions. dsRNA
was synthesized using T7 RiboMAX™ Express RNAi System (Promega, Madison, WI, USA) according to
the manufacturer’s instructions. Microinjection of P. pseudoannulata was as the previous description
(Meng et al. 2015). (1) RNA interference in spiderlings. II1 spiderlings were kept in an agar gel plate after
anesthetization with carbon dioxide. dsRNA of 50 ng in 10 nL was injected into each spiderling. The
injected spiderlings were transferred into petri dishes (3.5 cm in diameter) individually and fed with the
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2nd instar N. lugens nymphs, and the injured spiderlings were removed within 12 h. The spiderlings were
divided into two groups. Group I was used for gene quanti�cation. Ten spiderlings were pool as one
sample at 48 h and three biological replicate samples were prepared. Group II was used for phenotypic
observation. The numbers of moults and mortalities were recorded at a 12 h interval until day 10. Each
treatment was prepared in three biological replicates and each replicate contained 15–20 spiderlings. (2)
RNA interference in females. The mated females were kept in an agar gel plate after anesthetization with
carbon dioxide. dsRNA of 1 µg in 200 nL was injected into each female within 6 h after mating. The
injected females were transferred into plastic cups individually and fed with N. lugens adults. The
reproductive periods, including pre-oviposition period, eggsac-carrying period, spiderling-carrying period,
and post-reproductive period, were recorded at a 12 h interval. The eggsac was weighted at 24 h after
oviposition, and then returned to the female quickly. Juvenile spiderlings hatch on day 6 after oviposition
and then stay in eggsacs for 9 d (Fig. S1). Therefore, an eggsac was took down from the female and
opened on day 7 after oviposition to check the developmental states of eggs and count the hatched
spiderlings (viable) or unhatched eggs (nonviable). Each treatment group contained at least 100 females.
Random six females that had not yet oviposition were individually harvested at 72 h for gene
quanti�cation.

2.4 PA application
Standard substance PA (purity > 95%) was purchased from Cayman Chemical (Ann Arbor, Michigan, USA)
and dissolved in absolute ethanol to prepare a stock solution of 5 mg/mL. A working solution of 2.5
mg/mL was the prepared with sterile water. Fifty percent of ethanol was set as the negative control. PA
solution or ethanol was introduced by microinjection. Brie�y, II1 spiderlings were kept in an agar gel plate
after anesthetization with carbon dioxide. PA solution or ethanol of 10 nL was injected into each
spiderling. The injected spiderlings were transferred into petri dishes individually and fed with the 2nd
instar N. lugens nymphs. Ten spiderlings were pooled as one sample at 48 h and four biological replicate
samples were prepared.

2.5 Real-time quantitative PCR
Total RNA was extracted using Trizol™ reagent (Invitrogen, Carlsbad, CA, USA) and then used to
synthesize cDNA using PrimeScript RT Reagent Kit (TaKaRa, Kyoto, Japan) according to the
manufacturer’s instructions. Primers used for real-time quantitative PCR (qPCR) (Table S1) were designed
using Beacon Designer and synthesized by Genscript. Elongation factor-1 alpha (EF-1α) and
glyceraldehyde-3-phosphatedehydrogenase (GAPDH) (GenBank accession number: KJ888948 and
KJ888949, respectively) were selected as the reference genes (Meng et al. 2015). The qPCR reaction
system was composed using TB Green Premix Ex Taq II Kit (TaKaRa, Kyoto, Japan) as the manufacturer’s
instructions and performed on QuantStudio Real-Time PCR System (Applied Biosystems, California,
USA). Each reaction was carried out with two technical replicates.

2.6 Data analysis
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The relative expressions of target genes were related to the geometric mean of two reference genes by the
2−ΔCT method (Livak and Schmittgen 2001; Vandesompele et al. 2002). Gene expression, moulting rate,
and mortality were presented as mean ± SEM. The FPKM (fragments per kilobase of exon model per
million mapped fragments) values of each gene in the eleven developmental samples were retrieved from
the normalized transcriptomes and normalized with scale function, and the heatmap was constructed
using R (v4.1.1, downloaded from https://cran.r-project.org/). Signi�cant differences were analyzed by t-
test, one-way ANOVA with Tukey test, and Fisher’s exact test at P < 0.05 using GraphPad Prism (v7) (Swift
1997). The spider images were taken with Leica S9i (Leica Microsystems, Wetzlar, Germany).

3 Results

3.1 Characterization of NRs in P. pseudoannulata
Twenty-three NRs were identi�ed in the genome of P. pseudoannulata. Phylogenetic analysis showed that
they were distributed in 6 subfamilies with 7 in NR1, 10 in NR2, 1 in NR3, 1 in NR4, 2 in NR5, and 2 in NR6
(Fig. 1, Table S2). NRs were duplicated in ecdysone-induced protein 78 (E78), hormone receptor-like in 46
(HR3), USP, hormone receptor-like in 51 (HR51), seven up (SVP), and hormone receptor-like in 4 (HR4),
which had two duplicates, respectively (Fig. 1, Table S2).

3.2 Spatiotemporal expression of EcR and USPs
We studied the functions of EcR and two USPs emphatically. There were consistent expression patterns
between EcR and USP-2 with higher expression in spiderlings and lower expression in adults. USP-1
showed remarkable expression in reproductive females excluding late-eggsac-carrying females, and its
pattern was opposite to that of either EcR or USP-2 (Fig. 2A, Table S3). In the 2nd instar spiderlings, the
expression of EcR and two USPs were relatively stable in the �rst four days, sharply increased on day 5
and then dropped to much lower level than the beginning once moulting was completed (Fig. 2B).
Spatially, EcR was expressed in all test tissues with higher expression in brain, venom gland, and ovary.
USP-1 was expressed in all tissues with the most abundance in brain, fat body, ovary, and testis while
USP-2 expression was mostly found in brain, venom gland, and intestine (Fig. 2C).

3.3 Roles of EcR and USPs on the development of P.
pseudoannulata
EcR and two USPs were interfered in dsRNA-treated P. pseudoannulata spiderlings, and the Halloween
genes involved in ecdysteroid biosynthesis were downregulated synchronously (Fig. S2A). Fifty-�ve
percent of dsEcR-treated spiderlings died from unsuccessful moulting within 10 d (Fig. 3A, B). No
signi�cant mortalities were observed in spiderlings injected with dsRNA of two USP genes (Fig. 3A). Both
EcR and USP-1 silencing remarkably affected the spiderlings’ moulting. The dsEcR-treated spiderlings
were with reduced moulting rate, while the dsUSP-1-treated spiderlings exhibited the delayed moulting
(Fig. 3C). However, knocking down USP-2 did not affect the development of spiderlings (Fig. 3C).
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3.4 Roles of EcR and USPs on the reproduction of P.
pseudoannulata
The dsRNAs against EcR and two USPs remarkably downregulated the target genes in mated females, as
well as the Halloween genes (Fig. S2B). Females with EcR or USP-1 knockdown ate their eggsacs
(Fig. 4A) that turned out to contain the ceased eggs in the dsEcR treatment, and contain both ceased and
half-way developed eggs in the dsUSP-1 treatment (Fig. 4B), they were nonviable eggs. Both EcR- and
USP-1-silenced females produced a signi�cantly higher proportion of invalid eggsacs when compared to
the control group (Fig. 4C), but preformed as well as the control females in terms of pre-oviposition period
(Fig. 4D), egg number (Fig. 4E), and egg weight (Fig. 4F). USP-2 knockdown remarkably decreased the
egg numbers (Fig. 4E), but had no effect on the egg quality (Fig. 4B, C).

3.5 Transcriptional response of EcR and USPs to the
changes of ecdysteroid
To verify whether EcR and two USPs could respond to ecdysteroid, we manipulated ecdysteroid level in P.
pseudoannulata by exogenous PA application and PA biosynthesis interference via RNAi of CYP307A1.
The results showed that the transcriptional levels of EcR and USP-1 were signi�cantly upregulated by PA
application (Fig. 5A) and remarkably downregulated by CYP307A1 knockdown (Fig. 5B). However, USP-2
did not respond to the changes of ecdysteroid (Fig. 5).

3.6 Effects of ecdysteroid disruption on the development
and reproduction of P. pseudoannulata
We also tested the effects of ecdysteroid biosynthesis suppression on the development and reproduction
of P. pseudoannulata. The expression of CYP307A1 and the downstream Halloween genes in ecdysteroid
biosynthesis pathway were remarkably suppressed in the spiderlings (Fig. S3A) and females (Fig. S3B)
treated with dsCYP307A1. The spiderlings moulted from 96 h on and reached a plateau after 180 h. The
moulting rates of CYP307A1-silenced spiderlings were signi�cantly lower than that of the control group
from 96 h to 144 h (Fig. 6A). Similar to what EcR- and USP-1-silenced females did, CYP307A1-silenced
females ate their eggsacs which were full of ceased eggs (Fig. 6B), and the proportion of invalid eggsacs
in dsCYP307A1 treatment group were remarkably more than that of the control group (Fig. 6C). In
addition, CYP307A1 knockdown did not affect pre-oviposition period (Fig. 6D), egg number (Fig. 6E), and
egg weight (Fig. 6F).

3.7 Duration of reproductive P. pseudoannulata females
After the �rst eggsac, P. pseudoannulata mothers prepared the next reproduction cycle by generating a
new eggsac, whether the eggsac-carrying females in the control groups (dseGFP) or the eggsac-eating
females in the treatment groups (dsEcR, dsUSP-1, and dsCYP307A1). In the control group, the females
carried the �rst eggsacs for 14.72 ± 0.04 d and later the spiderlings for 4.40 ± 0.13 d. After preparation in
post-reproductive stage for 5.94 ± 0.52 d, the females laid a new eggsacs (Table 1). In the treatment
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group, the mothers ate their eggsacs after carrying them for 9.36 ± 0.34 d, and remained in post-
reproductive stage for 8.51 ± 0.53 d before the next oviposition (Table 1). The intervals between two
eggsacs were 25.06 and 17.87 d in the control and treatment groups, respectively.

Table 1
The reproductive periods of the eggsac-carrying and eggsac-eating females.

Spider Reproductive stage Duration (d) N

Mean SEM

Eggsac-carrying female Eggsac-carrying period 14.72 0.04 138

  Spiderling-carrying period 4.40 0.13 87

  Post-reproductive period 5.94 0.52 41

Eggsac-eating female Eggsac-carrying period 9.36 0.34 68

  Post-reproductive period 8.51 0.53 41

4 Discussion
In the present study, twenty-three NRs were identi�ed in P. pseudoannulata and grouped into six
subfamilies based on their phylogenetic analysis with no members in NR0 subfamily. It was the �rst
complete identi�cation and characterization of NR family in spiders. The number of NRs in P.
pseudoannulata was close to that in insects with 19–22 members (Adams et al. 2000; Bertrand et al.
2004; Bonneton et al. 2008; Cheng et al. 2008; Christiaens et al. 2010; Cruz et al. 2009; King-Jones and
Thummel 2005; Tan and Palli 2008; Velarde et al. 2006; Xu et al. 2017). Interestingly, each NR had single
copy in all investigated insects, except for duplicates of tailless (Tll) in A. gambiae (Bertrand et al. 2004)
(Table S4), whereas in P. pseudoannulata, six NRs had two duplicates each, including E78, HR3, USP,
HR51, SVP, and HR4. NR duplication was generally occurred in arachnids (Table S4). For example, T.
urticae had 8 hormone receptor-like in 96 (HR96s), 2 USP/RXRs, and 2 hormone receptor-like in 38
(HR38s) (Grbic et al. 2011). Both A. americanum (Guo et al. 1998)d citri (Li et al. 2017) had 2 USP/RXRs.
Therefore, it raised concern about the functional differentiation between NR duplicates in arachnids, such
as USP/RXRs. A. americanum was the �rst arachnid with focus on functional investigations of two
USP/RXRs (Guo et al. 1998). Although the transcriptional level of EcR and two USP/RXRs were correlated
with ecdysteroid titer in the developmental stages, the electrophoretic gel mobility shift assay showed
that EcR/USP/RXR-1 but not EcR/USP/RXR-2 exhibited broad DNA binding speci�city (Palmer et al.
2002). In P. citri, EcR had the similar temporal expression patterns to USP/RXR-2 but different from
USP/RXR-1, and differential expression genes in deutonymphs indicated that EcR/USP/RXR-2 and
USP/RXR-1 might regulate different physiological processes to control the mite moulting (Li et al. 2022).
An EcR and an USP/RXR were cloned from L. australasiae, and the ligand-binding assay showed that EcR
had high binding ability to PA while the USP/RXR did not enhance the binding ability (Nakagawa et al.
2007). USP/RXR is required for EcR binding to ecdysteroids (Thomas et al. 1993; Yao et al. 1993), so
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whether another USP/RXR in L. australasiae playing this role remains to be further explored. As we found
here in the present study that two P. pseudoannulata USPs had differential functions in the development
and reproduction, the duplication of NRs gave a more comprehensive network for the gene expression
regulation in arachnids.

We thoroughly quanti�ed the spatiotemporal expression of EcR and two USPs in P. pseudoannulata. EcR
and two USPs were in accordance with the expression pattern of Halloween genes with high expression in
the end of the 2nd instar spiderlings followed by a rapid dropdown once moulting was completed (Yang
et al. 2021), which indicated they might involve in the moulting process. EcR and two USPs exhibited
different expression patterns in eleven developmental stages, with EcR and USP-2 being signi�cantly
expressed in spiderlings while USP-1 being signi�cantly expressed in adult females. Besides, EcR and two
USPs were highly expressed in six tissues from adults, except for USP-2 that was mostly undetectable in
fat body, ovary, and testis. These results strongly indicated the functional differentiation of two USPs in P.
pseudoannulata. Therefore, RNAi against two USPs showed that USP-1 knockdown remarkably delayed
spiderlings’ moulting and increased the number of invalid eggsacs in females, while the development and
reproduction of P. pseudoannulata were not affected by dsUSP-2 treatment, except for the reduced egg
numbers. In addition, the phenotypes in spiderlings and females treated with dsCYP307A1 were similar to
the dsEcR and dsUSP-1 treatments. Meanwhile, EcR and USP-1 responded to the changes of ecdysteroid
with the upregulation by PA application and downregulation by CYP307A1 silencing. Therefore, we
suggested that EcR/USP-1 mediated ecdysteroid signaling to regulate the development and reproduction
in P. pseudoannulata.

An unusual case that the female ate her invalid eggsac occurred in dsEcR, dsUSP-1, and dsCYP307A1
treatments, in which EcR/USP-1-mediaed ecdysteroid signaling was suppressed, to stop the useless
maternal care. The wolf spiders, including P. pseudoannulata, express parental care to their offsprings by
carrying their eggsacs and juvenile spiderlings (Ruhland et al. 2016b). Spider mothers termly detected
their juveniles’ statuses and opened the eggsac at a certain time to release the juveniles, the exact timing
of eggsac opening partially depends on stimuli from juvenile movements in eggsac (Ruhland et al. 2019;
Viera et al. 2007). In this study, the ecdysteroid signaling-suppressed P. pseudoannulata mothers might
not receive the signals from the eggsac full of nonviable eggs. Carrying an invalid eggsac did not give
any bene�t for population growth of P. pseudoannulata. Alternately, they selected to eat the invalid
eggsacs to terminate the useless reproduction cycle and provide chances for the generating of a new
eggsac in advance. This selection of eating invalid eggsac shortened the useless reproduction cycle,
which partially compensated for the reproduction loss due to the suppression of EcR/USP-1-mediaed
ecdysteroid signaling from the point of view of time. Eating invalid eggsac also partially recovered the
energy costs because maternal care was costly for females, even to invalid eggsacs (Ruhland et al.
2016b). In �elds, some pesticides may disrupt the EcR/USP-mediaed ecdysteroid signaling and lead to
the generating of the nonviable eggs, such as ecdysteroid analogues (Borchert et al. 2005; Zhang et al.
2021).
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In summary, the suppression of ecdysteroid signaling severely constrained the population growth of P.
pseudoannulata by generating the invalid eggsacs. The wolf spider forwardly selected to eat the
nonviable eggs as a compensatory strategy. The spider adopted this compensatory strategy to reduce
costs in population growth and consumption from carrying invalid eggsacs.

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Availability of data and materials

The datasets generated during and/or analyzed during the current study are available from the
corresponding author on reasonable request.

Competing interests

The authors have no relevant �nancial or non-�nancial interests to disclose.

Authors’ contributions

ZMY and ZWL conceived and designed research; ZMY, YYY, and YW conducted experiments; ZMY
analyzed data; ZMY wrote the original draft; NY and ZWL reviewed and edited the manuscript; ZWL
provided fund resources. All authors read and approved the �nal manuscript.

Acknowledgements

This work was supported by the National Natural Science Foundation of China (grant numbers:
31972296, 32172482).

References
1. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Amanatides PG, Scherer SE, Li PW, Hoskins

RA, Galle RF, George RA et al (2000) The genome sequence of Drosophila melanogaster. Science
287: 2185–2195. https://doi.org/10.1126/science.287.5461.2185

2. Bertrand W, Brunet FG, Escriva H, Parmentier G, Laudet V, Robinson-Rechavi M (2004) Evolutionary
genomics of nuclear receptors: from twenty-�ve ancestral genes to derived endocrine systems. Mol
Biol Evol 21: 1923–1937. https://doi.org/10.1093/molbev/msh200



Page 11/18

3. Bonneton F, Chaumot A, Laudet V (2008) Annotation of Tribolium nuclear receptors reveals an
increase in evolutionary rate of a network controlling the ecdysone cascade. Insect Biochem Mol Biol
38: 416–429. https://doi.org/10.1016/j.ibmb.2007.10.006

4. Borchert DM, Walgenbach JF, Kennedy GG (2005) Assessment of sublethal effects of
methoxyfenozide on oriental fruit moth (Lepidoptera: Tortricidae). J Econ Entomol 98: 765–771.
https://doi.org/10.1603/0022-0493-98.3.765

5. Cheng D, Xia Q, Duan J, Wei L, Huang C, Li Z, Wang G, Xiang Z (2008) Nuclear receptors in Bombyx
mori: Insights into genomic structure and developmental expression. Insect Biochem Mol Biol 38:
1130–1137. https://doi.org/10.1016/j.ibmb.2008.09.013

�. Christiaens O, Iga M, Velarde RA, Rouge P, Smagghe G (2010) Halloween genes and nuclear receptors
in ecdysteroid biosynthesis and signalling in the pea aphid. Insect Mol Biol 19: 187–200.
https://doi.org/10.1111/j.1365-2583.2009.00957.x

7. Cruz J, Sieglaff DH, Arensburger P, Atkinson PW, Raikhel AS (2009) Nuclear receptors in the mosquito
Aedes aegypti: annotation, hormonal regulation and expression pro�ling. FEBS J 276: 1233–1254.
https://doi.org/10.1111/j.1742-4658.2008.06860.x

�. Fahrbach SE, Smagghe G, Velarde RA (2012) Insect nuclear receptors. Annu Rev Entomol 57: 83–
106. https://doi.org/10.1146/annurev-ento-120710-100607

9. Grbic M, Van Leeuwen T, Clark RM, Rombauts S, Rouze P, Grbic V, Osborne EJ, Dermauw W, Ngoc PC,
Ortego F, Hernandez-Crespo P et al (2011) The genome of Tetranychus urticae reveals herbivorous
pest adaptations. Nature 479: 487–492. https://doi.org/10.1038/nature10640

10. Guo XP, Harmon MA, Laudet V, Mangelsdorf DJ, Palmer MJ (1997) Isolation of a functional
ecdysteroid receptor homologue from the ixodid tick Amblyomma americanum (L.). Insect Biochem
Mol Biol 27: 945–962. https://doi.org/10.1016/s0965-1748(97)00075-1

11. Guo XP, Xu Q, Harmon MA, Jin XJ, Laudet V, Mangelsdorf DJ, Palmer MJ (1998) Isolation of two
functional retinoid X receptor subtypes from the ixodid tick, Amblyomma americanum (L.). Mol Cell
Endocrinol 139: 45–60. https://doi.org/10.1016/s0303-7207(98)00073-2

12. Honda Y, Ishiguro W, Ogihara MH, Kataoka H, Taylor D (2017) Identi�cation and expression of
nuclear receptor genes and ecdysteroid titers during nymphal development in the spider Agelena
silvatica. Gen Comp Endocrinol 247: 183–198. https://doi.org/10.1016/j.ygcen.2017.01.032

13. Horigane M, Ogihara K, Nakajima Y, Shinoda T, Taylor D (2007) Cloning and expression of the
ecdysteroid receptor during ecdysis and reproduction in females of the soft tick, Ornithodoros
moubata (Acari: Argasidae). Insect Mol Biol 16: 601–612. https://doi.org/10.1111/j.1365-
2583.2007.00754.x

14. Horigane M, Ogihara K, Nakajima Y, Taylor D (2008) Isolation and expression of the retinoid X
receptor from last instar nymphs and adult females of the soft tick Ornithodoros moubata (Acari:
Argasidae). Gen Comp Endocrinol 156: 298–311. https://doi.org/10.1016/j.ygcen.2008.01.021

15. Iida H, Fujisaki K (2005) Adaptive signi�cance of the gregarious phase in nymphs of a wolf spider,
Pardosa pseudoannulata (Araneae: Lycosidae). Appl Entomol Zool 40: 649–657.



Page 12/18

https://doi.org/10.1303/aez.2005.649

1�. King-Jones K, Thummel CS (2005) Nuclear receptors - a perspective from Drosophila. Nat Rev Genet
6: 311–323. https://doi.org/10.1038/nrg1581

17. Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: molecular evolutionary genetics
analysis across computing platforms. Mol Biol Evol 35: 1547–1549.
https://doi.org/10.1093/molbev/msy096

1�. Li G, Niu JZ, Zotti M, Sun QZ, Zhu L, Zhang J, Liao CY, Dou W, Wei DD, Wang JJ, Smagghe G (2017)
Characterization and expression patterns of key ecdysteroid biosynthesis and signaling genes in a
spider mite (Panonychus citri). Insect Biochem Mol Biol 87: 136–146.
https://doi.org/10.1016/j.ibmb.2017.06.009

19. Li G, Liu XY, Han X, Niu JZ, Wang JJ (2020) RNAi of the nuclear receptor HR3 suggests a role in the
molting process of the spider mite Panonychus citri. Exp Appl Acarol 81: 75–83.
https://doi.org/10.1007/s10493-020-00486-2

20. Li G, Liu X-Y, Smagghe G, Niu J-Z, Wang J-J (2022) Molting process revealed by the detailed
expression pro�les of RXR1/RXR2 and mining the associated genes in a spider mite, Panonychus
citri. Insect Sci 29: 430–442. https://doi.org/10.1111/1744-7917.12931

21. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25: 402–408.
https://doi.org/10.1006/meth.2001.1262

22. Meng X, Li C, Bao H, Fang J, Liu Z, Zhang Y (2015) Validating the importance of two
acetylcholinesterases in insecticide sensitivities by RNAi in Pardosa pseudoannulata, an important
predatory enemy against several insect pests. Pestic Biochem Physiol 125: 26–30.
https://doi.org/10.1016/j.pestbp.2015.06.006

23. Nakagawa Y, Sakai A, Magata F, Ogura T, Miyashita M, Miyagawa H (2007) Molecular cloning of the
ecdysone receptor and the retinoid X receptor from the scorpion Liocheles australasiae. FEBS J 274:
6191–6203. https://doi.org/10.1111/j.1742-4658.2007.06139.x

24. Nicewicz AW, Sawadro MK, Nicewicz L, Babczynska AI (2021) Juvenile hormone in spiders. Is this the
solution to a mystery? Gen Comp Endocrinol 308: 113781.
https://doi.org/10.1016/j.ygcen.2021.113781

25. Palmer MJ, Warren JT, Jin XJ, Guo XP, Gilbert LI (2002) Developmental pro�les of ecdysteroids,
ecdysteroid receptor mRNAs and DNA binding properties of ecdysteroid receptors in the ixodid tick
Amblyomma americanum (L.). Insect Biochem Mol Biol 32: 465–476.
https://doi.org/10.1016/s0965-1748(01)00124-2

2�. Ruhland F, Chiara V, Trabalon M (2016a) Age and egg-sac loss determine maternal behaviour and
locomotor activity of wolf spiders (Araneae: Lycosidae). Behav Processes 132: 57–65.
https://doi.org/10.1016/j.beproc.2016.09.011

27. Ruhland F, Petillon J, Trabalon M (2016b) Physiological costs during the �rst maternal care in the
wolf spider Pardosa saltans (Araneae: Lycosidae). J Insect Physiol 95: 42–50.



Page 13/18

https://doi.org/10.1016/j.jinsphys.2016.09.007

2�. Ruhland F, Schulz S, Herve MR, Trabalon M (2019) Do wolf spiders’ egg-sacs emit tactochemical
signals perceived by mothers? Behav Ecol 30: 570–581. https://doi.org/10.1093/beheco/ary197

29. Shen GM, Chen W, Li CZ, Ou SY, He L (2019) RNAi targeting ecdysone receptor blocks the larva to
adult development of Tetranychus cinnabarinus. Pestic Biochem Physiol 159: 85–90.
https://doi.org/10.1016/j.pestbp.2019.05.020

30. Swift ML (1997) GraphPad prism, data analysis, and scienti�c graphing. J Chem Inf Comput Sci 37:
411–412. https://doi.org/10.1021/ci960402j

31. Tan A, Palli SR (2008) Identi�cation and characterization of nuclear receptors from the red �our
beetle, Tribolium castaneum. Insect Biochem Mol Biol 38: 430–439.
https://doi.org/10.1016/j.ibmb.2007.09.012

32. Thomas HE, Stunnenberg HG, Stewart AF (1993) Heterodimerization of the Drosophila ecdysone
receptor with retinoid X receptor and ultraspiracle. Nature 362: 471–475.
https://doi.org/10.1038/362471a0

33. Trabalon M, Pourie G, Hartmann N (1998) Relationships among cannibalism, contact signals,
ovarian development, and ecdysteroid levels in Tegenaria atrica (Araneae: Agelenidae). Insect
Biochem Mol Biol 28: 751–758. https://doi.org/10.1016/s0965-1748(98)00066-6

34. Vancassel M, Foraste M, Strambi A, Strambi C (1984) Normal and experimentally induced changes in
hormonal hemolymph titers during parental behavior of the earwig Labidura riparia. Gen Comp
Endocrinol 56: 444–456. https://doi.org/10.1016/0016-6480(84)90087-x

35. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, Speleman F (2002) Accurate
normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol 3: RESEARCH0034. https://doi.org/10.1186/gb-2002-3-7-research0034

3�. Velarde RA, Robinson GE, Fahrbach SE (2006) Nuclear receptors of the honey bee: annotation and
expression in the adult brain. Insect Mol Biol 15: 583–595. https://doi.org/10.1111/j.1365-
2583.2006.00679.x

37. Vieira C, Romero GQ (2008) Maternal care in a neotropical jumping spider (Salticidae). J Zool 276:
237–241. https://doi.org/10.1111/j.1469-7998.2008.00480.x

3�. Viera C, Ghione S, Costa FG (2007) Mechanisms underlying egg-sac opening in the subsocial spider
Anelosimus cf. studiosus (Araneae: Theridiidae). Ethol Ecol Evol 19: 61–67.
https://doi.org/10.1080/08927014.2007.9522581

39. Xu L, Zhao CQ, Xu DJ, Xu GC, Xu XL, Han ZJ, Zhang YN, Gu ZY (2017) RNAi suppression of nuclear
receptor genes results in increased susceptibility to sulfoxa�or in brown planthopper, Nilaparvata
lugens. J Asia-Pac Entomol 20: 645–653. https://doi.org/10.1016/j.aspen.2017.03.022

40. Yang H, Peng Y, Tian J, Wang J, Wei B, Xie C, Wang Z (2018) Rice �eld spiders in China: a review of
the literature. J Econ Entomol 111: 53–64. https://doi.org/10.1093/jee/tox319

41. Yang ZM, Yu N, Wang SJ, Korai SK, Liu ZW (2021) Characterization of ecdysteroid biosynthesis in
the pond wolf spider, Pardosa pseudoannulata. Insect Mol Biol 30: 71–80.



Page 14/18

https://doi.org/10.1111/imb.12678

42. Yao TP, Forman BM, Jiang ZY, Cherbas L, Chen JD, Mckeown M, Cherbas P, Evans RM (1993)
Functional ecdysone receptor is the product of EcR and ultraspiracle genes. Nature 366: 476–479.
https://doi.org/10.1038/366476a0

43. Yip EC, Rayor LS (2014) Maternal care and subsocial behaviour in spiders. Biol Rev 89: 427–449.
https://doi.org/10.1111/brv.12060

44. Yu N, Chen Y, Xu G, Yang Z, Wang S, Lu T, Zhang Y, Liu Z (2022) Cuticular compounds inhibit
cannibalism of early-instar spiderlings by pulli-carrying Pardosa pseudoannulata females. Insect Sci.
https://doi.org/10.1111/1744-7917.13006

45. Zhang WN, Ma L, Liu XY, Peng YC, Liang GM, Xiao HJ (2021) Dissecting the roles of FTZ-F1 in larval
molting and pupation, and the sublethal effects of methoxyfenozide on Helicoverpa armigera. Pest
Manage Sci 77: 1328–1338. https://doi.org/10.1002/ps.6146

Figures

Figure 1

Phylogenetic tree of NRs. Drome, Drosophila melanogaster (King-Jones and Thummel 2005); Anoga,
Anopheles gambiae (Bertrand et al. 2004); Trica, Tribolium castaneum (Bonneton et al. 2008; Tan and
Palli 2008); Bommo, Bombyx mori (Cheng et al. 2008); Aedae, Aedes aegypti (Cruz et al. 2009); Acypi,
Acyrthosiphon pisum (Christiaens et al. 2010); Nillu, Nilaparvata lugens (Xu et al. 2017); Tetur,
Tetranychus urticae (Grbic et al. 2011); Panci, Panonychus citri (Li et al. 2017); Parps, Pardosa
pseudoannulata. NRs with the same color form one subfamily.
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Figure 2

Spatiotemporal expression of EcR and USPs in P. pseudoannulata. (A) Spiders of eleven developmental
stages. (B) The whole 2nd and newly-molted 3rd instar spiderlings. (C) Six tissues from adult spiders. E,
egg (early-eggsac); ES, spiderling in eggsac (late-eggsac); AS, aggregated spiderling (spiderling carried by
female); DS, dispersed spiderling (actively moving spiderling); VM, virgin male; VF, virgin female; MF,
mated female; EESF, early-eggsac-carrying female; LESF, late-eggsac-carrying female; SCF, spiderling-
carrying female; NSCF, non-spiderling-carrying female. The transcriptional level (i.e., FPKM value) of EcR
and two USPs in (A) were derived from the average of three biological replicate samples (Table S3). Red
arrows in (A) indicate eggsac or juvenile spiderling samples. Blue arrows in (A) indicate female samples.
II0 and III0 represent the newly-molted 2nd and 3rd instar spiderlings, respectively. II1- II5 represent the
2nd instar spiderlings on day 1-5, respectively. Asterisk indicates the signi�cant difference of the
expression between two USPs analyzed by t-test at P < 0.05.



Page 16/18

Figure 3

Effects of knocking down EcR and USPs on the development of P. pseudoannulata. (A) Mortality. (B) The
dead spiderlings by EcR silencing. (C) Moulting rate. Red arrows in (B) indicate the abnormal moults.
Asterisk indicates the signi�cant difference of mortality and moulting rate between the dsEcR and dsUSP
treatment and the control groups analyzed by one-way ANOVA with Tukey test at P < 0.05.
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Figure 4

Effects of knocking down EcR and USPs on the reproduction of P. pseudoannulata. (A) Females injected
with different dsRNAs. (B) The development of eggs. (C) The number of valid/invalid eggsacs. (D) Pre-
oviposition period. (E) Egg number. (F) Egg weight. Black arrows in (A) indicate that a dseGFP- or dsUSP-
2-treated female carrying her eggsac (left) and a dsEcR- or dsUSP-1-treated female eating her eggsac
(right). Blue arrows in (B) indicate the developed appendages. Signi�cant difference of the number of
valid/invalid eggsacs between the dsEcR and dsUSP treatment and the control groups were analyzed by
Fisher’s exact test. Asterisk indicates the signi�cant difference of pre-oviposition period, egg number, and
egg weight between the dsEcR and dsUSP treatment and the control groups analyzed by one-way ANOVA
with Tukey test at P < 0.05.

Figure 5

The transcriptional level of EcR and USPs in P. pseudoannulata treated with ponasterone A (A) and
dsCYP307A1 (B). CK, 50% ethanol. Asterisk indicates the signi�cant difference of the expression of EcR
and two USPs between the treatment and the control groups analyzed by t-test at P < 0.05.

Figure 6

Effects of CYP307A1 knockdown on the development and reproduction of P. pseudoannulata. (A)
Moulting rate. (B) The development of eggs. (C) The number of valid/invalid eggsacs. (D) Pre-oviposition
period. (E) Egg number. (F) Egg weight. Asterisk indicates the signi�cant difference of moulting rate, pre-
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oviposition period, egg number, and egg weight between the dsCYP307A1 treatment and the control
groups analyzed by t-test at P < 0.05. Signi�cant difference of the number of valid/invalid eggsacs
between the dsCYP307A1 treatment and the control groups was analyzed by Fisher’s exact test.
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