sthology

Ecology& Ethology Ecology & Evolution
Evoluﬁ}:gn gY gY

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/teee20

©

Taylor & Francis

Taylor & Francis Grou

P

Unveiling behavior modification induced by the
Ticapimpla Darwin wasp (Ichneumonidae)

Thiago G. Kloss, Alexander Gaione-Costa, Thairine Mendes-Pereira, Diego G.
de Padua, Isamara Silva-Santos, Aristételes Goés-Neto & Raffaello Di Ponzio

To cite this article: Thiago G. Kloss, Alexander Gaione-Costa, Thairine Mendes-Pereira, Diego
G. de Padua, Isamara Silva-Santos, Aristételes Goés-Neto & Raffaello Di Ponzio (2024) Unveiling
behavior modification induced by the Ticapimpla Darwin wasp (Ichneumonidae), Ethology
Ecology & Evolution, 36:6, 697-711, DOI: 10.1080/03949370.2024.2419127

To link to this article: https://doi.org/10.1080/03949370.2024.2419127

[N
h View supplementary material (£

ﬁ Published online: 10 Dec 2024.

N
[:J/ Submit your article to this journal &

||I| Article views: 30

A
& View related articles &'

@ View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=teee20


https://www.tandfonline.com/journals/teee20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/03949370.2024.2419127
https://doi.org/10.1080/03949370.2024.2419127
https://www.tandfonline.com/doi/suppl/10.1080/03949370.2024.2419127
https://www.tandfonline.com/doi/suppl/10.1080/03949370.2024.2419127
https://www.tandfonline.com/action/authorSubmission?journalCode=teee20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=teee20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/03949370.2024.2419127?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/03949370.2024.2419127?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/03949370.2024.2419127&domain=pdf&date_stamp=10%20Dec%202024
http://crossmark.crossref.org/dialog/?doi=10.1080/03949370.2024.2419127&domain=pdf&date_stamp=10%20Dec%202024
https://www.tandfonline.com/action/journalInformation?journalCode=teee20

Ethology Ecology & Evolution, 2024 e

: Taylor & Francis
Vol. 36, No. 6, 697-711, https://doi.org/10.1080/03949370.2024.2419127

Taylor & Francis Group

W) Check for updates

Unveiling behavior modification induced by theTicapimpla
Darwin wasp (Ichneumonidae)

Tuiaco G. Kross ">, ALEXANDER GAIONE-COSTA (3123 THaRINE MENDES-
PEREIRA 2'4, Dieco G. pE Pipua @° , IsAMARA SILVA-SANTOS 6, ARISTOTELES GOES-
Neto @’ and RarraELLO D1 Ponzio 28

"Laboratory of Ecology and Behavior, Department of General Biology, Federal University
of Vigosa, Vicosa, Minas Gerais 36570-900, Brazil

2Biological Dynamics of Forest Fragments Project (BDFFP), National Institute for
Amazonian Research (INPA), PO Box 478, Manaus, Amazonas 69067-375, Brazil
3Programa de Pés-Graduagdo em Ecologia, Universidade Federal de Vigosa, Vicosa,
Minas Gerais 36570-900, Brazil

*Departamento de Entomologia, Universidade Federal de Vicosa, Vigosa, Minas Gerais
36570-900, Brazil

SLaboratorio de Entomologia General y Aplicada, Centro de Investigacién de Estudios
Avanzados del Maule, Universidad Catdlica del Maule, Talca, Maule, Chile

SPrograma de Pés-Graduagdo em Entomologia, Instituto Nacional de Pesquisas da
Amazénia, Manaus, Amazonas 69080-971, Brazil

"Departamento de Microbiologia, Universidade Federal de Minas Gerais, Belo Horizonte,
Minas Gerais 31270-901, Brazil

8Programa de Pés-Graduagdo em Ecologia, Conservacio e Manejo da Vida Selvagem,
Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais 31270-901, Brazil

Received 30 June 2024, accepted 4 October 2024

Polysphinctine ichneumonid wasps comprise a group of koinobiont ectopar-
asitoids, in which all species complete their life cycle by developing the larval stage
on an active host spider. Although the larvae of most species are known to manip-
ulate the web-building behavior of the host spider during the pre-pupal stage, there
is still a lack of biological understanding and host identity for six out of the 25
genera that form the group, including Aravenator, Chablisea, Dreisbachia,
Lamnatibia, Pterinopus, and Ticapimpla. In this study, we offer the first insights
into the biology of Ticapimpla wasps. We described the web modifications induced
by T. carinata in their host spider Spilasma duodecimguttata, comparing webs built
by parasitized and non-parasitized individuals of S. duodecimguttata, collected in
a continuous old-growth forest in the Central Amazon. In addition, we provide the
placement of Ticapimpla carinata in the molecular phylogeny of the Polysphincta
group of genera. We observed a distinct difference between the webs of unparasi-
tized S. duodecimguttata and those of individuals parasitized by T. carinata.
Modified webs were characterized by a reduced number of radii and the absence
of sticky spirals, resembling patterns seen in other Araneidae species parasitized by
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polysphinctine wasps. Furthermore, we provide robust support that Ticapimpla
carinata forms a monophyletic clade with species of the genus Acrotaphus and
discuss host specificity in polysphinctine group.

KEY WORDS: Amazon forest, biodiversity, orb-weaver spider, parasitoid, systematics,
spider hosts.

INTRODUCTION

The ability to manipulate host behavior in order to promote the success of the
life cycle is a widely recognized adaptation in various groups of parasitic organisms
(Thomas et al. 2005). Darwin wasps, which belong to the Polysphincta group of genera
(Ichneumonidae Pimplinae) (Gauld & Dubois 2006), are examples of parasitoids that
developed this ability (Eberhard 2000; Gonzaga et al. 2017; Weinersmith 2019). The
Polysphincta group of genera (hereafter, polysphinctines) constitutes a monophyletic
lineage in which all members are solitary koinobiont ectoparasitoid wasps of spiders
(Matsumoto 2016). These wasps are known for their parasitoid larvae that, during the
pre-pupal stage, frequently induce the host spider to produce a modified web soon
before parasitoid consuming it completely, and subsequently, they produce their pupa
within the modified web (Gonzaga et al. 2017; Eberhard & Gonzaga 2019).

The modified web induced by polysphinctine wasps is known as the “cocoon
web” and is often characterized by the absence of capture elements and a reduced,
typically more durable and stable structure, where the cocoon of parasitoid is posi-
tioned in the center (Eberhard 2001; Takasuka et al. 2015; Korenko et al. 2022). This
architecture prevents debris and flying insects from becoming entangled in the web,
thus preventing structural collapse and promoting the pupa survival (Kloss et al.
2016). Besides this generalized structure, induced cocoon webs by some species
exhibit specific variations in structure. For instance, there are cocoon webs with the
presence of silk structures or shelters within the web, which can reduce the pupa’s
exposure to natural enemies (Matsumoto 2009). In other cases, cocoon webs may
feature a tangle of threads around the orb web, creating a barrier structure on the
webs (Gonzaga et al. 2010; Eberhard 2021). The variation in these modified webs can
only be recognized through the identification of parasitoid larvae developing on the
hosts, making the description of these interactions extremely useful for understanding
potential adaptations between these parasitoids and their host spiders.

Polysphinctine wasps are diverse and widely distributed worldwide, comprising
25 genera and over 300 valid species, including seven fossil ones (Eberhard & Gonzaga
2019; Gaione-Costa et al. 2022; Khoramabadi et al. 2022; Kloss et al. 2022; Paddua 2022;
Takasuka & Broad 2024). Although there is extensive knowledge of the group’s sys-
tematics (Fitton et al. 1988; Gauld & Dubois 2006; Matsumoto 2016; Takasuka et al.
2018), most of the information is based on specimens collected through trapping
methods, which do not allow the host recognition. Furthermore, information related
to biology and host manipulation capability remains largely restricted to a few genera,
especially Hymenoepimecis Viereck, Polysphincta Gravenhorst, and Zatypota Forster
(Gonzaga et al. 2017). In contrast, six of the 25 genera, including Aravenator Momoi,
Chablisea Gauld & Dubois, Dreisbachia Townes, Lamnatibia Palacio & Saiksjarvi,
Pterinopus Townes, and Ticapimpla Gauld, remain completely unexplored in terms
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of their biology until date (Eberhard & Gonzaga 2019; Takasuka & Broad 2024).
Moreover, the most recent molecular phylogeny (Matsumoto 2016) does not include
some of the exclusive Neotropical genera, which hinders the understanding of the
evolutionary relationships among these genera.

Among the genera with unknown information about their biology, Ticapimpla
stands out as a Neotropical genus with only five valid species (Gauld 1991; Loffredo &
Penteado-Dias 2008; Palacio et al. 2010; Padua et al. 2019). Morphologically, indivi-
duals of Ticapimpla are similar to those of the genera Acrotaphus Townes and
Hymenoepimecis (Gauld & Dubois 2006), but molecular studies on species of the
Ticapimpla genus are scarce (see Matsumoto 2016; Spasojevic et al. 2021).

Considering the importance of studying genera with limited biological and
phylogenetic information to understand the specificity and evolution of wasps in the
polysphinctine group, the aim of this study was to provide the first insights into the
biology of Ticapimpla wasps in the Brazilian Amazon and to place Ticapimpla carinata
(Palacio et al. 2010) (Ichneumonidae) in the molecular phylogeny of the Polysphincta
group of genera. We present, for the first time, information on the prevalence and
behavior modification induced by T. carinata in Spilasma duodecimguttata (Keyserling
1879) spiders (Araneidae) and meticulously placed the Ticapimpla genus and their
closer groups within the Polysphincta group of genera.

MATERIAL AND METHODS
Field collections

Field collections were performed during two expeditions conducted in October and
November of 2022 and in May and June of 2023, in the km 41 site, a continuous old-growth
evergreen Terra Firme forest located inside the Area of Relevant Ecological Interest of Biological
Dynamics of Forest Fragments Project (ARIE-PDBFF), situated approximately 80 km north of
Manaus, Brazil, in Central Amazonia (02°24’S, 59°43'W; 132m asl). The area receives annual
rainfall ranging from 1900 to 3500 mm, and the mean annual air temperature is approximately
26 °C (Laurance et al. 2002, 2010, 2017; Ferreira et al. 2005). We systematically collected all
individuals of S. duodecimguttata from the central region (30 x 30 m) of the 32 permanent plots
of the Amazon Fertilization Experiment (AFEX), covering a total sampling area of 28,800 m?.

In addition, to improve the understanding of position of Ticapimpla in the polysphinctine
phylogeny with the inclusion of tropical genera, we collected individuals of Trichonephila clavipes
(Linnaeus) parasitized by the wasp Hymenoepimecis bicolor (Brullé), a genus not considered in the
previous molecular phylogeny (see Matsumoto 2016; Spasojevic et al. 2021). Including
Hymenoepimecis is important because Gauld and Dubois (2006) suggested, based on morphological
phylogeny, that this genus is closely related to Ticapimpla. Therefore, this inclusion was essential for
understanding the evolutionary relationships and diversification patterns within the group. We
collected the individuals in April of 2023 in an Atlantic Forest urban area (20°45’S, 42°51'W; 713
m asl) located on the campus of the Universidade Federal de Vigosa, State of Minas Gerais, Brazil.

Study taxa

Ticapimpla carinata and H. bicolor were identified by Diego G. Padua. Ticapimpla carinata
is characterized mainly by having tarsal claw with a more or less broad auxiliary tooth, with inner
margin strongly concave (tarsal claw simple in male); epicnemial carina short, present only
ventrally; occipital carina forming a strongly raised flange in the occiput; fore wing blackish,
with a weakly yellowish band between junction of vein R1 up to pterostigma until middle of the
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vein M or very faintly yellowish with apex and area adjacent to pterostigma of fore wing clearly
blackish; hind leg orange, with distal 0.4 of tibia and tarsus black; metasoma orange with tergites
VI+ black (Padua et al. 2019).

Hymenoepimecis bicolor is distinguished mainly from other Hymenoepimecis species by
having sternite I with a high, laterally compressed protuberance (sometimes low, rounded swel-
ling protuberance) posteriorly; ovipositor 1.0-1.3 times longer than the hind tibia; fore wing
hyaline (sometimes yellowish), with apex blackish; metasoma orange, with posterior margins of
tergites II-V narrowly black and tergites VI+ black (Padua et al. 2015). Amongst the parasitoid
wasp individuals collected in the field, we analyzed the specimens of Ticapimpla (one male and
one female) deposited in the Invertebrate Collection at the Instituto Nacional de Pesquisas da
Amazonia (INPA) (Méarcio Luiz de Oliveira, curator); and one specimen of H. bicolor (one
female), which was processed for molecular analyses.

Spilasma duodecimguttata was identified by Adalberto J. Santos. Spilasma duodecimguttata
is widespread recognized in Latin America, with the distribution described from Honduras to the
state of Rio de Janeiro, Brazil (Levi 1995). These spiders often build their webs close to the
ground, but some individuals also can be observed in higher strata of understory vegetation (A.
Gaione-Costa personal observation). Eberhard (2020) describes its webs as a horizontal web, with
sticky threads, pulled up at the hub, and above the hub, there are a median granular shelter, with
sand grains, with a conical shape, which have a lateral flap. This flap is usually closed by the
spider when it feels threatened. Spider voucher specimens were deposited in the arachnid
collection at Centro de Colegbes Taxondmicas at Universidade Federal de Minas Gerais
(UFMG), Belo Horizonte, Minas Gerais, Brazil (Adalberto José Santos, curator).

Host behavioral modifications

We described the web modifications induced by T. carinata on their host spider
S. duodecimguttata, based on two parasitized individuals collected during samplings conducted
in the Amazon Fertilization Experiment (AFEX) plots. Parasitized individuals were collected in
the field and maintained in plastic cages. Since restrictions on cage size may influence web
architecture, we kept the webs in large cages (55 x 36 x 40 cm) specifically to avoid this type of
issue with cocoon web architecture. Plastic cages were kept under natural conditions within the
study area, as well as in the Laboratory of Ecology and Behavior at Universidade Federal de
Vigosa (25 + 1 °C). Inside the cage, we attached the web shelter in dry twigs until they built the
cocoon web and were killed by the parasitoid larva. Cocoons were removed from the webs and
maintained in plastic tubes until the emergence of the adult parasitoid. The two pupae were
collected and kept under controlled laboratory conditions (25 + 1 °C, 70 + 10% RH). One male and
one female parasitoid emerged after 14 days. We analyzed eight webs built by unparasitized
females in the field and two webs built by parasitized spiders. All webs were covered with
cornstarch and photographed (see Eberhard 1976).

DNA extraction, amplification, and sequencing

We extracted the genomic DNA of three larvae, two adults of T. carinata and one adult of
H. bicolor. We removed the larvae from the spider host abdomen and extracted a leg from adults
to macerate in a microtube in contact with liquid nitrogen. We transferred the samples to 2 mL
tubes with Lysing Matrix E and macerated for 1 min at 6 m/sec in FastPrep™ bead beater (MP
Biomedicals, EUA). Genomic DNA was extracted using the ZymoBIOMICS DNA Miniprep kit
(Zymo Research®, USA), following the manufacturer’s protocol, and quantified using spectro-
photometry in NanoDrop (Thermo Scientific®, USA). We amplified three genomic regions: the
mitochondrial gene cytochrome c oxidase subunit I (COI), the large nuclear ribosomal subunit
D2 (28S), and the translation elongation factor 1-o (tef1). Primers used to amplify each region are
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the same used by Matsumoto (2016), designed by Campbell et al. (1993) (28S), Folmer et al.
(1994) (COI), Belshaw and Quicke (1997) and Klopfstein et al. (2011) (tef1), and the sequences
are described in Table S1 in Supplemental Data. Polymerase chain reactions (PCRs) were
performed in a final volume of 25 pL, following the conditions described in Matsumoto (2016)
and adapting the temperatures suggested by the KAPA Taq ReadyMix KK1006 protocol (Merck,
Darmstadt, Germany). Sequences were generated by Macrogen Korea (https://www.macrogen.
com/). We edited and assembled sequences into contigs in Geneious Prime® 2023.2.1 and
compared all sequences using a BLASTn tool at the NCBI database to confirm their identity
(Altschul et al. 1990).

Phylogenetic analyses

We assembled the sequences and aligned each genomic region separately in Geneious
Prime® 2023.2.1 using the MUSCLE algorithm, and they were employed to select the evolution-
ary models for the phylogenetic analyses. For selecting models and data partition, we used
MrModelTest2 v 2.4 (Nylander 2004) on PAUP v 4.0a (Swofford 2003). The concatenated dataset
consisted of seven data partitions. Based on Akaike Information Criterion (AIC) scores, we
utilized the same data partition and evolutionary models as definitions to perform Maximum
Likelihood and Bayesian Inference analyses (for 28S: SYM + 1+ G; COI and tefl: GTR +I + G).

We aligned the sequences from this study (Ticapimpla and Hymenoepimecis) with sequences
from 20 polysphinctine genera from previous studies deposited in the NCBI-GenBank database (Table
S2 in Supplemental Data) (Quicke et al. 2009; Matsumoto 2016; Bennett et al. 2019; Spasojevic et al.
2021; Bukowski et al. 2022), covering 88% of the 25 described genera. Considering previous analyses
(Gauld & Dubois 2006; Matsumoto 2016), we incorporated species from six pimpline genera into our
study as outgroups: Tromatobia, Zaglyptus, Clistopyga, Acropimpla (Ephialtini), Apechthis (Pimplini),
and Delomerista (Delomeristini). Following Gauld and Dubois (2006), we kept the genera Zaglyptus +
Clistopyga as a sister to a monophyletic Polysphincta group of genera. Additionally, adhering to
Matsumoto’s (2016) approach, we included the undetermined species of Delomerista Forster
(Ichneumonidae) and Apechris rufata (Gmelin) (Ichneumonidae) as more remote outgroups.

Maximum Likelihood analyses were conducted with IQ-TREE multicore v. 1.6.12 (Hoang et al.
2018; Nguyen et al. 2020). We used 1,000 Ultrafast bootstrap replicates to generate a consensus tree.
Bayesian Inference analyses were performed with MrBayes v. 3.2.7.a (Ronquist et al. 2012). Two
parallel runs with four chains of Markov Chain Monte Carlo (MCMC) were run until converging,
with a split frequency < 0.01, lasting five million generations. Trees were saved every 1,000 generations,
and 25% of their topologies were discarded at the burn-in phase. A consensus tree was generated and
viewed using FigTree v. 3.5.9 (Rambaut 2017). After comparing both tree topologies and numerical
values, we showed at each branch of the ML tree the values higher than the threshold settled (bootstrap
percentages: ML > 50%; posterior probabilities: BI > 0.50) and scaled the nucleotide substitutions per
site at the bottom. Since we detected intraspecific genomic variation among the isolates of Ticapimpla
(different branch lengths in clade ITI), we calculated the percentage of identity among the sequences for
each genomic region (Table S3 in Supplemental Data). Trees were edited using Inkscape (www.
inkscape.org).

RESULTS
Prevalence of parasitoidism
We collected 175 adult or subadult females, 12 adult or subadult males and 22
juveniles of S. duodecimguttata (totaling 115 females, four males, and 10 juveniles in

2022; 60 females, eight males, and 12 juveniles in 2023). We observed that, of all adult
or subadult females collected, only three females (2.60%) collected in 2022 and two
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females (3.33%) collected in 2023 were parasitized by wasp larvae, while no male was
parasitized. In addition, we did not observe any cocoon webs in the field.

Web modifications

Among the five parasitized spiders collected in the field, we described the cocoon
web built by two of them. The remaining three parasitized individuals were collected
with early-stage larvae and preserved in 70% alcohol for molecular analyses. We
observed in the field that unparasitized individuals of S. duodecimguttata built
a tangled web with some radially arranged lines above the horizontal orb, pulling the
orb upward the hub to form a cone (see Levi 1995; Eberhard 2020; Fig. 1a). Moreover, in
some situations, a tangle of threads was pulled at one of the cone’s radius, generating an
inclined standing for the web. The horizontal orb contains numerous sticky spirals that
efficiently intercept insects (Fig. 1a). Additionally, this host species constructs a central
shelter formed by debris mixed with silk (Fig. 1b-c). The shelter has a kind of door that
the spider can retract with its front legs in the presence of danger. This behavior entirely
isolates the spiders inside the shelters. We observed that the webs are typically located
close to the ground, but they also occur in the forest understory (up to 1.5 m).

We observed that both cocoon webs showed the same pattern. The modified web was
formed by a structure with a complete absence of sticky spirals, a reduced number of radii,
and increased reinforcing radii (V radii, Fig. 1b-d). Furthermore, it was noticeable that,
unlike normal webs, the modified webs are anchored to the branch structure by reinforced
threads, and the parasitized spiders inserted several lateral threads, increasing the number
of connection points of the web to the twigs (Fig. 1b-d). This was especially evident in the
wire anchoring the twig shelter. In the modified webs, they are bifurcated in the middle of
the wire, forming a triangular structure in the anchorage (Fig. 1¢). After building a cocoon
web, we observed that parasitized individuals remained inside the retreat and partially
closed the entrance before being killed by the parasitoid larva (Fig. 1c). Moreover, we
observed that the larva (Fig. 1e) constructs a very sparsely woven cocoon that adheres to
the internal silk lining within the shelter, being practically imperceptible (Fig. 1f).

Phylogeny

The three genomic regions resulted in a final alignment with 1,617 bp (COI: 523;
28S: 541; tefl: 553 bps) and 79 taxa, containing 435 parsimony-informative sites. The
same topology was obtained in both Maximum Likelihood (ML) and Bayesian Inference
(BI) approaches for most clades (Fig. 2). We observed that Ticapimpla formed
a monophyletic branch with high support (ML: 100%; BI: 1.0). The sequences of
Ticapimpla exhibit high percentage of identity across each genomic region, indicating
that all the isolates likely originate from 7. carinata, even though there is intraspecific
genomic variation among the isolates (Table S3 in Supplemental Data). Additionally, we
observed that the newly incorporated genera in our phylogenetic analyses, Ticapimpla,
Hymenoepimecis, Eruga Townes & Townes, Flacopimpla, and Longitibia He & Ye, which
were not considered in the molecular phylogeny of Matsumoto (2016), were strongly
supported as constituents of the derived clades, belonging to the subgroup Polysphincta
sensu Matsumoto (2016).
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Fig. 1. — Webs of S. duodecimguttata (Araneidae) (a) web of a non-parasitized female spider; (b) modified
web constructed by a parasitized spider by the last instar larvae; (c) web shelter constructed by a modified
spider that was almost completely sealed off by the spider before falling victim to parasitoid larvae; (d)
lines of cocoon web attached to vegetation by many points; (e) parasitized female of S. duodecimguttata by
larvae of T. carinata; (f) open shelter of the modified web of S. duodecimguttata showing a very sparsely
woven cocoon that adheres to the inner silk lining within the shelter; (g) adult male of T. carinata; (h)
expanded ovipositor of the female of T. carinata, highlighted by the white arrow.
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Fig. 2. — Molecular phylogeny of polysphinctine ichneumonid wasps. We showed the maximum like-
lihood topology, with six specimens collected at Brazilian Amazon and Atlantic forests and the speci-
mens available at GenBank-NCBI databases, totaling 79 taxa. The analysis was based on concatenated
sequences of 28S, COI, and tefl markers. Numerical values on branches indicate the percentages of
bootstraps followed by posterior probabilities. Values under 50% and 0.50 were suppressed. Bar on
bottom show nucleotide substitutions per site. Bold names indicate new specimens that were not
considered in phylogeny of Matsumoto (2016).

Nonetheless, we observed in our analyses that the subgroup Polysphincta
(Matsumoto 2016) could be subdivided into three clades with high support values
(Fig. 2). The most derived, clade I, was formed by the genera Zatypota, Chablisea, and
Flacopimpla. The clade II was formed by Sinarachna Townes, Eriostethus Morley, and
Aravenator, and the clade III by Ticapimpla, Acrotaphus, Hymenoepimecis, Oxyrrhexis
Forster, Polysphincta, and Reclinervellus He & Ye. Also, we observed that despite not
being a basal polysphinctine genus, the placement of the Oriental genus Longitibia
within the polysphinctine phylogeny remains uncertain (ML: 68%; BI: 0.52), but it
might constitute a clade with unique characteristics (clade V).

Additionally, as initially defined in the phylogeny by Matsumoto (2016), we have
found conclusive evidence supporting the recognition of Schizopyga Gravenhorst and
Acrodactyla Haliday subgroups. In this study, we adopted the understanding presented
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by Shaw (2006) and Matsumoto (2016), which maintains the genus Dreisbachia as
distinct from the Schizopyga genus. As a result, we observed that the Schizopyga
subgroup (clade VI) includes the genera Brachyzapus Gauld & Dubois, Schizopyga,
Piogaster Perkins, Iania Matsumoto, Dreisbachia Townes, and Zabrachypus Cushman,
whereas the Acrodactyla subgroup (clade IV) encompasses the genera Acrodactyla,
Megaetaira Gauld & Dubois, and Eruga.

DISCUSSION

We provided, for the first time, key information on the biology and parasitoid
cycle of a polysphinctine wasp belonging to the genus Ticapimpla. We observed that,
similarly to the other 14 polysphinctine wasp genera with documented biological
information (Eberhard & Gonzaga 2019), Ticapimpla has the ability to induce beha-
vioral modifications in its host spider, which may be associated with increased survi-
val probabilities for those parasitoids (Kloss et al. 2016).

We observed that individuals of the host spider S. duodecimguttata parasitized
by T. carinata (Fig. 1e, g) construct modified webs with a reduced number of radii and
the absence of sticky spirals, a pattern similar to that observed in various species of the
Araneidae family parasitized by polysphinctine wasps (Gonzaga et al. 2017; Eberhard
& Gonzaga 2019). The suppression of the retention structure may be associated with
the accumulation of debris or large possible preys in the modified web, which could
result in the collapse of the structure during the development of the pupa (Gonzaga
et al. 2010; Kloss et al. 2016), probably decreasing the parasitoid’s chances of survival.

In the modified web, we observed that the shelter remains an integral part of
web, serving as a structure utilized by the parasitoid during its larval developmental
stage (Fig. 1b). Notably, individuals of S. duodecimguttata demonstrate a behavioral
pattern of sealing the shelter entrance upon the approach of any perceived threat,
effectively preventing potential predators from accessing the spider. We observed that
parasitized individuals of S. duodecimguttata almost completely sealed the entrances
of their shelters before being killed by T. carinata larvae (n = 2) (Fig. 1¢). This behavior
may be crucial in reducing the likelihood of predation or hyperparasitoidism of pupae
during their development. Kloss et al. (2016) observed that pupae of polysphinctine
wasps could be preyed upon by spiders that access cocoon webs. However, Padua et al.
(2022) found that some hyperparasitoids are capable of attacking polysphinctine wasp
pupae within web shelters. This suggests that the behavior of closing shelters may be
more effective in mitigating the impact of predators than that of hyperparasitoids.

We observed that T. carinata forms a monophyletic sister group with the genus
Acrotaphus, as previously suggested by Spasojevic et al. (2021). Ticapimpla and
Acrotaphus are forming the clade III together with Polysphincta boops + {Reclinervellus
+ [Polysphincta rufipes + (Hymenoepimecis + Oxyrrhexis)]} (Fig. 2). Gauld and Dubois
(2006) suggested Polysphincta complex + [Ticapimpla + (Acrotaphus + Hymenoepimecis)]
in the clade denominated Polysphincta genus-complex (or clade F) with the genera
Polysphincta based in the morphological phylogeny. In our study, the genera
Oxyrrhexis and Reclinervellus are parts of Polysphincta genus-complex clade, and in
Gauld and Dubois (2006), the two genera were in different clades (D and E).

The clade III was formed by parasitoids exclusively associated with spiders of
family Araneidae, as the genera Polysphincta, Reclinervellus, and Acrotaphus (Fig. 2).
Nevertheless, we observed support for the inclusion of the genus Oxyrrhexis in this
clade, which was associated with Theridiidae and Titanoecidae spiders (Fritzén &
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Fjelberg 2014; Gadallah & El-Hennawy 2017; Eberhard & Gonzaga 2019), indicating
a lower host specificity within this clade compared to other clades (Gonzaga et al.
2024). Similarly, we observed low patterns of host specificity in clades I and II. In
clade II, the genus Eriostethus is associated with spiders from the families Araneidae
and Theridiidae (Korenko et al. 2018), while Sinarachna is associated with Araneidae
(Nielsen 1923; Townes & Townes 1960; Eberhard & Gonzaga 2019; Takasuka 2021;
Korenko et al. 2022). In clade I, Flacopimpla is exclusively associated with Theridiidae,
whereas Zatypota is associated with spiders from the families Dictynidae, Theridiidae,
and Araneidae (Eberhard & Gonzaga 2019; Sobczak et al. 2019; Villanueva-Bonilla
et al. 2021; Korenko et al. 2022). Taken together, this suggests that the formation of
these subgroups is likely not associated with the development of high host specificity.

The polysphinctine group displayed two well-supported clades with differences
regarding the group of hosts attacked, and the oviposition and larval development site
on the hosts (Matsumoto 2016; Takasuka et al. 2018). Takasuka et al. (2018) showed
that the ancestral clade, Schizopyga clade Matsumoto (2016) or clade VI of this study,
parasitizes ground-dwelling RTA-spiders (a group united by the retrolateral tibial
apophysis on the tibia of the male pedipalp), and lay their eggs in the spider’s
cephalothorax. The derived clade included several genera that showed an expanded
ovipositor and laid eggs in the abdomen of Araneoidea spiders (Takasuka et al. 2018).
We observed that 7. carinata showed an expanded ovipositor and laid their eggs in the
abdomen of the host spider (Fig. 1h), which supports that this Neotropical genus can
actually be included in the most derived clade of polysphinctine Takasuka et al. (2018).
Altogether, our results have contributed to a more comprehensive understanding of
the ecology and phylogeny of polysphinctine wasps, enhancing our knowledge of the
diversity and evolution of these parasitoids.
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