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Here we report the presence of Spiroplasma 16S rRNA in populations of two parasitic Leptus mites (Leptus
sayi; Leptus lomani) and their Agathemera walking stick hosts. In walking sticks Spiroplasmas were
detected in the gut, as well as muscle-tissues, but not in eggs. Throughout Argentina 15.4% of L. sayi pop-
ulations and 14.3% of L. lomani populations surveyed screened positive for Spiroplasma. Phylogenetic
analyses (ML, BCMC) place all sequences within the Ixodetis group. Most sequences form a well-sup-
ported sister subclade to the rest of Ixodetis. We briefly discuss the role of Leptus mites in the natural
transmission of Spiroplasma.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Spiroplasmas are a group of small, wall-less, helical bacteria
(Gasparich, 2010), some of which are motile. Records place them
mostly in association with insects, although sporadic finds are
known from other invertebrates and plants (Gasparich, 2010). This
distribution may be the result of sampling bias.

Taxonomically, Spiroplasmas are defined as part of the Mycoplas-
matales-Entomoplasmatales lineage of Mollicutes (Gasparich et al.,
2004). Recent phylogenetic studies based on 16S rRNA resulted in
the classification of four major clades within the monophyletic
Entomoplasmatales, namely: the Mycoides-Entomoplasmataceae (ME)
clade, the Apis clade, the Citri-Chrysopicola-Mirum (CCM) clade,
and the Ixodetis clade (Gasparich, 2010; Regassa and Gasparich,
2006). Each of these clades represents hosts from a diverse range
of invertebrates and plants. So far, no general co-evolutionary pat-
terns between hosts and Spiroplasma can be discerned. Horizontal
transfers seem to be frequent, and recent experiments have shown
the potential of mites to act as vectors for Spiroplasma poulsonii
across Drosophila species (Jaenike et al., 2007).

* Corresponding author. Address: Department of Biological Sciences, SUNY at
Buffalo, 109 Cooke Hall, Buffalo, NY 14260, United States. Fax: +1 716 645 2975.
E-mail addresses: diblasi.emily@gmail.com (E. DiBlasi), smorse@buffalo.edu (S.
Morse), jrmayberry@gmail.com (J.R. Mayberry), avila@cenpat.edu.ar (LJ. Avila),
morando@cenpat.edu.ar (M. Morando), kd52@buffalo.edu (K. Dittmar).

0022-2011/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jip.2011.05.013

Spiroplasma interactions with their invertebrate hosts may be
mutualistic or pathogenic (Gasparich, 2010; Haselkorn et al.,
2009). Commensalism in the midgut seems to be the prevailing
interaction (Regassa and Gasparich, 2006). Pathogenicity is
assumed to be linked to the ability to cross the gut barrier, and
reach the hemolymph or the reproductive system (Regassa and
Gasparich, 2006). Hemolymph-invading Spiroplasmas can kill their
hosts (e.g., Spiroplasma melliferum and Spiroplasma apis), whereas
transovarially transmitted Spiroplasma may act as male-killers
(e.g., S. poulsonii) (Regassa and Gasparich, 2006).

The study of biodiversity and distribution of Spiroplasma among
invertebrates is continually advancing. Yet most studies still only
concentrate on insects, neglecting other invertebrates. Further-
more, no study has explored naturally occurring organismal inter-
sections, such as arthropod parasites and their insect hosts, which
may facilitate bacterial exchanges.

Here we report on Spiroplasma detected by exploratory PCR
screens in understudied parasitic Leptus mites (Leptidae) and their
walking stick hosts (Agathemera spp.) from Argentina. Leptus mites
are protelean parasites, which are ectoparasitic on arthropods dur-
ing the larval stages (Southcott, 1991). Adults are mostly unknown,
although some are predators. Evolutionary studies have placed
Leptus within the Erythraeoidea as part of the larger Parasitengona
complex (Dusbabek and Bukva, 1991; Welbourn, 1991). Leptus has
been classified as both a potential biological control agent for agri-
cultural and invasive arthropod pests, and as a vector for pathogen
transmission (Welbourn and Jenning, 1983). In Argentina, Leptus
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larvae often associate with Agathemera walking sticks. Host associ-
ations to other insects are very likely, but understudied.
Agathemera is the sole genus of the suborder Agathemeroidea in
Phasmida, and has undergone a radiation along both flanks of the
Southern Cone Andean Cordillera (Camousseight, 2005). They oc-
cupy diverse habitats, feeding on plants from the genera Citrus,
Larrea, Rhus, Hoffmannseggia, Acaena, and Lecointea (unpublished
results).

In this project we explore the phylogenetic placement of the
new Spiroplasma genotypes in relation to previously defined
clades, and discuss the potential role of Leptus mites in Spiroplasma
transmission.

2. Materials and methods

Larval mites and their Agathemera hosts (five species) were col-
lected from 20 populations throughout Argentina (Fig. 1D). The
average number of mites per walking stick was six. Current taxo-
nomic keys identified the mites as Leptus lomani and Leptus sayi,
resulting in new records for Argentina (Southcott, 1991; Welbourn,
1991). Walking sticks were identified using the taxonomic keys of
Camousseight (1995, 2005), and hosts keyed to Agathemera crassa,
A. millipunctata, A. claraziana, A. luteola, and one as of yet unidenti-
fied Agathemera species. Genomic DNA was extracted from ethanol
preserved (96%) single mites, as well as walking stick gut, muscle
tissue and eggs (if available) using the Qiagen Tissue kit (Qiagen).
Genomic16S rRNA was amplified using proofreading polymerase
(Invitrogen, Accuprime), general primers and protocols previously
described (Fukatsu and Nikoh, 1998). Positive samples were cloned
using a TopoTA kit (Invitrogen). Twelve colonies per sample were
screened for Spiroplasma presence. Sequences were aligned with
MAFFT (Katoh and Toh, 2008) under the L-INS-i criterion
(1594 bp length). Model selection was performed using the Akaike
Information Criterion (AIC) as implemented in jModelTest 0.1.1
(Posada and Buckley, 2004), and resulted in the GTR + 1 + G model.
Phylogenetic analyses were conducted using Maximum Likelihood
(ML), and Bayesian (BI) approaches together with 70 other
Spiroplasma sequences from GenBank, representing all known
clades (Fig. 2A). As in previous analyses of broad scope (Heres
and Lightner, 2010), Escherichia coli was chosen as the outgroup.
ML and BI analyses were performed through the CIPRES science
gateway using the RAXML (Stamatakis, 2006) and MrBayes
(Ronquist and Huelsenbeck, 2003) tools respectively (Miller et al.,
2009). The default parameters in RAXML and the implementation
of the GTR + [ + G model were used to obtain the best-scoring ML
tree of a thorough ML and rapid bootstrap analysis. The Bayesian
analyses were performed with 8 MCMC chains implemented
under the following settings: nruns =2, nst =6, rates = propinv,
ngen = 10,00,000, samplefreq=1000. Trees before convergence
were discarded as burn in and the final consensus tree with poster-
ior probabilities was generated from the remaining trees. Because
of congruent topologies in the pertinent clades, we present only
one phylogeny (ML).

3. Results and discussion

In this preliminary survey, 15.4% of the populations of Argen-
tine L. sayi, and 14.3% of L. lomani were positive for Spiroplasma.
For positive mites, Agathemera hosts also yielded Spiroplasma
DNA, from either gut content, or muscle tissues (Fig. 2A). Sequence
identity of all but one Spiroplasma detected in mites and their host
species is within 98.2%; these sequences cluster in a well-sup-
ported subclade within the Ixodetis clade (Fig. 2A). Together with
sequences from dragonflies, ants and a scale insect, they form a
sister group to the rest of the Ixodetis clade. The only fully

A Leptus sayi

Spiroplasma detected
in Leptus sayi

O Leptus lomani

Spiroplasma detected
in Leptus lomani

2

Santa Cruz

=

Fig. 1. Overview and distribution of Argentine Spiroplasma hosts. (A) Agathemera
claraziana walking stick with ectoparasitic mites (Leptus sayi) attached on the
abdomen near the junction with the mesothorax. (B) Enlargement of the attached
mites. (C) Overview of a Leptus mite attached to an Agathemera leg. (D) Map of the
distribution of Agathemera-Leptus samples across Argentine provinces. Shaded
shapes indicate samples where Spiroplasma was found.
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(A) ———  E. coli HQ286917
—— Bacillus subtilis HQ228563
— Erysipelothrix sp. EF050047
Mycoplasma neurolyticum M23944
Mycoplasma sualvi M23936
Mycoplasma pulmonis M23941
Mycoplasma hominis M24473
Mycoplasma synoviae X52083
Entomoplasma freundtii AF036954
Mesoplasma lactucae AF303132
99 100 Mycoplasma sp. M24478
Mesoplasma entomophilum M23931
Mycoplasma ellychnium M24292
Mycoplasma mycoides X U26039
Mycoplasma mycoides Mycoides- GQ409972
Mycoplasma capricolum Entomoplasmataceae u26047
Mycoplasma putrefaciens (ME) NR_025971
Mycoplasma putrefaciens M23938
99 Mycoplasma yeatsii NR_026037
Mycoplasma cottewii NR_026036
Mycoplasma cottewii U67945
Mycoplasma yeatsii U67946
S. culicicola (Diptera) NR_025701
—1 I S. chinense (plants) NR_025698
100 |{S velocicrescens (Hymenoptera) AY189311
S. velocicrescens (Hymenoptera) NR_025713
S. diabroticae (Coleoptera) GU908490
S. monobiae (Hymenoptera) GU585673
[t S. cantharicola (Coleoptera) DQ861914
Spiroplasma sp. (plants) EF151267
S. tabanidicola (Diptera) Apis GU585670
S. lineolae (Diptera) DQ860100
S. gladiatoris (Diptera) M24475
591 S. litorale (Diptera) GU908489
S. turonicum (Diptera) NR_025712
(B) S. corruscae (Coleoptera) NR_025700
— L S. apis (Hymenoptera) GU993267
99 86] S. montanense (Diptera) NR_025709
L S. taiwanense (Diptera) HMO037992
This study Regassa and —— 8. leptinotarasae (Coleoptera) AY 189305
Gasparich, 2006 L S. alleghenen (Mecoptera) AY189125
S. sabaudiense (Diptera) AY 189308
E. coli Procambarus clarkia (Decapoda)* DQ917754
Eriocheir sinensis (Decapoda)* DQ917753
M-E 100[| Panaeus vannamei (Decapoda)* DQ917755
S. mirum (Decapoda) DQ917756
Apis Tabanidae sp. (Diptera)* EF491664
Tababus atratus (Diptera)* AY189314
CCM Haematopota sp. (Diptera)* EF491665
. L__{|| S. chrysopicola (Diptera) NR_025699
Ixodetis 99 ||! S. syrphidicola (Diptera) NR_025711
New clade S.citri (plants) M23942
Spinturnix sp. (Mesostigmata)* DQ28984
S. phoeniceum (plants) Citri-Chrysopicola- AY772395
S. kunkelii (plants) Mirum (CCM) GU562447
Drosophila mojavensis (Diptera) FJ657217
Drosophila mojavensis (Diptera) FJ657222
Drosophila hydei (Diptera) FJ657240
Drosophila wheeleri (Diptera) FJ657225
Drosophila aldrichi (Diptera) FJ657236
Hippoboscoidea, Streblidae (Diptera)* @ JF266584
L Hippoboscoidea, Streblidae (Diptera)* ® JF266586
100 S. melliferum NR_025756
S. insolitum NR_025705
Drosophila willistoni (Diptera)* M24483
Drosophila simulans (Diptera)* FJ657181
Laelapidae mite (Mesostigmata)* ® JF266582
Neriene clathrata (Araneae)* EU727102
Tetragnatha montana (Araneae)* EU727105
Meta segmentata (Araneae)* EU727104
Meta mengei (Araneae)* EU727103
I Hepialus gonggaensis (Lepidoptera)* EU344951
Araneus diadematus (Araneae)* EU727099
F Chrysolina varians (Coleoptera)* EU727100
I Adalia bipunctata (Coleoptera)* AJ006775
S. ixodetis (Ixodida) GU585671
1 Laodelphax striatellus (Hemiptera)* AB553862
Antonina crawii (Hemiptera)* AB030022
Agathemera claraziana (Phasmatodea)* (A33 gut) ® JF266577
Drosophila ananassae (Diptera)* FJ657247
Ctenocephalides felis (Siphonaptera)* EF121346
Anisosticta novemdecimpunctata (Coleoptera)* AMO087471
Fannia manicata (Diptera)* AY569829
Drosophila atripex (Diptera)* . FJ657246
Drosophila ananassae (Diptera)* Ixodetis FJ657248
7|k Notostira elongata (Hemiptera)* EU727098
— environmental sample* AY837732
63 Anopheles sp. (Diptera)* AY837733
Anopheles sp. (Diptera)* AY837731
Ostrinia zaguliaevi (Lepidoptera)* AB542741
unidentified spider (Araneae)* ® JF266583
unidentified spider (Araneae)* ® JF266585
Tipula oleracea (Diptera)* EU727101
— Drosophila tenebrosa (Diptera)* FJ657245
S. platyhelix (Odonata) DQ860101
96, [ S. platyhelix (Odonata) GU993266
Trachymyrmex jamaicensis (Hymenoptera)* GQ275127
100 Vollenhovia sp. (Hymenoptera)* GQ275136
Kerria lacca (Hemiptera)* GU129148
Leptus sayi (Trombidiformes)* (Host A33) ® JF266580
Leptus sayi (Trombidiformes)* (Host A78 ® JF266581
Agathemera claraziana (Phasmatodea)* (A78 gut) ® JF266579
Leptus lomani (Trombidiformes)* (Host A39) ® JF266588
Leptus lomani (Trombidiformes)* (Host A39 ® JF266587
Agathemera millipunctata (Phasmatodea)* (A39 muscle) ® JF266578
[y *Host name provided for uncultured Spiroplasmas @ New sequences
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Fig. 2. Spiroplasma phylogeny. (A) Best scoring ML phylogeny with bootstrap values based on the Spiroplasma 16S rRNA gene. (B) Overview of phylogenetic analysis from this
study compared with Regassa and Gasparich’s (2006).
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characterized Spiroplasma in this subclade is S. platyhelix, a unique
tightly coiled helical Spiroplasma isolated from dragonflies (Tully
et al., 1995). Sequences are most similar (97%) to a sequence iso-
lated from Kerria lacca (GU129148), a scale insect (Fig. 2A). Rela-
tionships of the Ixodetis clade to other previously characterized
clades (ME, CCM, and Apis) mirrors results from previous analyses
(Fig. 2B).

Simultaneous presence of the same strains in hosts and their
mites suggests either independent acquisitions from some envi-
ronmental source, and/or transfer between mites and hosts. One
point of connection that could lead to independent acquisition by
both walking sticks and their larval parasites are plants.
Agathemera feed directly on plants, whereas adult Leptus mites
have been observed as predators of plant pests. Many Spiroplasma
are part of the gut fauna of insects, and plant surfaces with insect
fecal matter may act as a bacterial reservoir. Thus, the same plant
associated Spiroplasma could invade both organisms, provided a
vertical transmission from adult to offspring in mites. Because
whole mite specimens were used in this study, specific tissue affin-
ities of Spiroplasma in mites remain unclear, and need to be further
investigated.

From what we know about Spiroplasma biology, a scenario
involving transmission between host and parasite seems more
intuitive. Mites could be responsible for horizontally transferring
Spiroplasma among walking stick hosts, without invoking a plant
connection. Leptus larvae feed on hemolymph, which would facili-
tate uptake of Spiroplasma from infested hosts. Recent studies by
Jaenike et al. (2007) show the potential of mites to transfer
S. poulsonii between different Drosophila species in a laboratory
setting.

One Spiroplasma strain isolated from the gut of an A. claraziana
shows greater divergence from other strains of this study (92.6%
identity), while still falling into the Ixodetis clade (Fig. 2a). This sug-
gests the potential of multiple Spiroplasma associating with the
same hosts, possibly using different mechanisms of invasion. Sim-
ilar results have been found in a recent study of Spiroplasma asso-
ciated to Drosophila (Haselkorn et al., 2009).

The presence of the same strains of Spiroplasma in gut and mus-
cle tissues speaks to their potential in crossing the gut barrier,
which is usually associated with pathogenicity and fitness effects;
however, no apparent detrimental physical effects were observed
on Spiroplasma-positive mites or hosts. The absence of Spiroplasma
in eggs of otherwise positive female hosts make a transovarial
transmission unlikely, which may preclude an endosymbiotic
function (e.g., male killing) in the walking sticks.

Ultimately, more data are needed, and Spiroplasma need to be
isolated (cultured) from these organisms to conclusively inform
about their biology. Unfortunately, the ethanol preservation of
the available specimens did not allow such study at this point. De-
tailed characterization of their serology and biology is especially
important in the context of the proposed use of these mites, and
Spiroplasma, as a biological control agent. Hackett et al. (1992)
suggested the potential usefulness of genetically modified
Spiroplasma in controlling the Colorado potato beetle (Leptinotarsa
decemlineata). Likewise, Welbourn and Jenning (1983) hypothe-
sized about the use of erythraeoid mites (e.g., Leptus) in controlling
pest insects. However, Leptus mites are not very host specific, and
infest many insect hosts (including all major orders known to be
associated with Spiroplasma). If they have a natural association

with Spiroplasma, as suggested by our data, they may potentially
disperse therapeutic Spiroplasma to insects other than the intended
target organism, leading to undesirable side effects in the
ecosystem.
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