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hosts, one that is different from transmission from moth-
er to offspring. It is believed that predators, parasitoids, 
shared habitats, and especially, a shared plant food source 
(e.g., plants or fungi) could make a species susceptible to 
infection (Sintupachee et al., 2006; Stahlhut et al., 2010). 
The possibility that Wolbachia could spread horizontally 
across food chains is highly debated, and evidence sup-
porting this possibility has recently been provided by stud-
ies that detected DNA from the bacterium in uninfected 
predators that fed on infected prey (Johanowicz & Hoy, 
1996; Huigens et al., 2004; Clec’h et al., 2013). Moreover, 
it has been suggested that host-parasitoid interactions may 
be a mechanism for the spread of Wolbachia among species 
(Vavre et al., 1999). This hypothesis is supported by sev-
eral studies (e.g. Van Meer et al., 1999; Noda et al., 2001; 
Ahmed et al., 2015). The transmission of this bacterium via 
a shared habitat or exploitation of infected plant material, 
such as leaves or roots, is a little investigated, possibility. 
Mitsuhashi et al. (2002) and Sintupachee et al. (2006) pro-
pose that Wolbachia could spread to other hosts by feeding 
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Abstract. Intracellular bacteria of the genus Wolbachia (α-Proteobacteria) are the most widespread endosymbionts of insects. 
Host infection is usually associated with alterations in reproduction, such as cytoplasmic incompatibility, the induction of parthe-
nogenesis and offspring sex ratio bias: all phenomena that may infl uence host speciation. In the present study, by using well-
established molecular tools, we investigated the presence of Wolbachia in leaf beetles of the genus Crioceris and their host plants, 
which are various species of Asparagus. Multilocus sequence typing of bacterial genes showed that despite their occurrence in 
the same habitat and feeding on the same plant, two species of Crioceris, C. quinquepunctata and C. quatuordecimpunctata, are 
infected by two different strains of Wolbachia. C. asparagi, C. paracenthesis and C. duodecimpunctata, which are sympatric with 
the infected species, do not harbour the bacterium. Interestingly, DNA of Wolbachia was detected in host plant tissues that are 
exploited by the beetles, providing evidence for the horizontal transmission of the bacterium between beetles and their host plants. 
Moreover, Wolbachia was detected in species of Crioceris that are not closely related.

INTRODUCTION

Wolbachia is a maternally-inherited, Gram-negative 
bacterium belonging to the α-Proteobacteria (Riegler & 
O’Neill, 2006), which infect Arthropoda (mostly insects 
and spiders) and Nematoda. Recently, the different Wol-
bachia supergroups were proposed to belong to several 
“Candidatus Wolbachia” species (Ramírez-Puebla et al., 
2015); however, this approach was criticized (Lindsey et 
al., 2016). In recent years, aside from numerous studies 
that describe the vertical transmission of this bacterium to 
the progeny of infected beetles, and the spread of the bac-
terium within host populations through the distortion of the 
reproduction of their hosts (Breeuwer et al., 1992; O’Neil 
et al., 1992; Rousset et al., 1992; Stouthamer et al., 1993), 
evidence has emerged for its horizontal transmission be-
tween species, even between kingdoms (Vavre et al., 1999; 
Caspi-Fluger et al., 2012). The prevalence of Wolbachia 
in arthropods, including the detection of the same strain in 
unrelated species of arthropods, suggests the existence of 
a more complex scenario for transmitting this bacterium to 
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tigate the presence of Wolbachia in the European species 
of the genus Crioceris and their host plants. Using a Mul-
tilocus Sequence Typing (MLST) approach, we test if the 
Wolbachia strains are geographically stable, if the strains 
are associated with closely related host beetles and if Wol-
bachia can be transmitted between beetles and their host 
plants.

MATERIAL AND METHODS
Sampling

Specimens of the fi ve species of Crioceris studied (C. aspara-
gi, C. 5-punctata, C. paracenthesis, C. 12-punctata, C. 14-punc-
tata) were collected during several fi eld trips in 2010 in Poland, 
Ukraine, Czech Republic and Slovakia, and in Italy in 2014 (Table 
1, Fig. 1). In total, 77 individuals assigned to Crioceris (10 to 23 
specimens per species, except C. paracenthesis; Table 1) were 
collected from several localities, avoiding species on cultivated 
Asparagus, and used in this study (Table 1). The sample size of 
the two steppic species (C. 5-punctata, C. 14-punctata) and C. 
paracenthesis was limited due to the rarity of these species, both 

on leaves previously fed on by infected organisms (Caspi-
Fluger et al., 2012). Recent studies indicate that phloem 
sap may be the source of such a contagion (DeLay, 2012; 
Li et al., 2016). However, there are only a few studies that 
attempt to disentangle the trophic interactions between the 
bacterium, its host and host plants (Vavre et al., 1999; Fen-
ton et al., 2011), and comprehensive studies including all 
these trophic levels are still scarce.

The genus Crioceris Geoffroy, 1762 (Coleoptera: 
Chryso melidae), commonly known as asparagus beetles, 
consists of 62 species and is distributed nearly worldwide, 
with the exception of the Australian and Neotropical re-
gions (Monrós, 1960). Among the described species of the 
genus, 22 are Palearctic and eight are present in Europe 
(Warchałowski, 1985; Löbl & Smetana, 2010). All of the 
species in this genus are oligophagous or monophagous, 
feeding on perennial, salt-tolerant herbaceous plants, main-
ly belonging to the genus Asparagus (Clark et al., 2004). 
Due to their diet, Crioceris beetles are widely distributed 
and are a pest of cultivated Asparagus. Four species inhabit 
central and eastern Europe, namely C. asparagi (Linnaeus, 
1758), C. duodecimpunctata (Linnaeus, 1758) [hereafter 
called C. 12-punctata], C. quatuordecimpunctata (Sco-
poli, 1763) [hereafter called C. 14-punctata] and C. quin-
quepunctata (Scopoli, 1763) [hereafter called C. 5-punc-
tata]. Two of them, C. asparagi and C. duodecimpunctata, 
were accidentally introduced into North America (LeSage 
et al., 2008) and are serious pests of cultivated Asparagus. 
In contrast, Crioceris beetles are used in Australia to con-
trol Asparagus asparagoides, which is a non-native (Morin 
& Edwards, 2006). C. 14-punctata and C. 5-punctata in-
habit steppe and xerothermic habitats in central and eastern 
Europe and central and western Asia. Due to the loss of 
such habitats they have become endangered and in Europe 
are reported only at a few localities (Kubisz et al., 2012a; 
Mazur et al., 2014). The other three European species of 
Crioceris [C. paracenthesis (Linnaeus, 1767); C. bicrucia-
ta Sahlberg, 1823; C. macilenta Weise, 1880] are restricted 
to the Mediterranean Basin, except Crioceris paracenthe-
sis, which is known from the Alpine region (Gruev, 2005) 
and tends to migrate to central Europe (Warchałowski, 
1985); it is therefore sympatric at some locations with the 
above mentioned species. Moreover, the European species 
of Crioceris inhabit similar ecological niches, often living 
in the same habitats and localities. Despite these similari-
ties, no hybrids between these leaf beetles occur in nature, 
even between the two sister species C. 12-punctata and C. 
14-punctata (Kubisz et al., 2012b).

A preliminary genetic study confi rmed that C. 12-punc-
tata is the sister species of C. 14-punctata, as expected on 
the basis of their similar morphology, however the phylo-
genetic relations among the European species of this genus 
have not been fully resolved (Kubisz et al., 2012b). Interes-
tingly, previous population genetic studies on the steppic 
C. 5-punctata and C. 14-punctata revealed that Wolbachia 
was present in all populations analyzed (Kubisz et al., 
2012a; Mazur et al., 2014). Starting from these prelimi-
nary results, the purpose of the present study is to inves-

Fig. 1. Simplifi ed map of Europe showing the locations of the sites 
where Crioceris beetles (CP – C. paracenthesis, CA – C. asparagi, 
C12 – C. quatuordecimpunctata, C14 – C. duodecimpunctata, C5 
– C. quinquepunctata) and their Asparagus host plants were sam-
pled. Open circles – sites without Wolbachia, solid circles – sites 
with infected beetles. Numbers (I–IX) correspond to site numbers 
described in Table 1.

Table 1. Sampling sites of Crioceris species used in the study. In bold 
– Wolbachia infected species.

Site 
no. Species Symbol Country Site No. of

spec.
I C. paracenthesis CP Italy Isola di Ponza 3
II

C. asparagi CA

Slovakia Devin 4
III Poland S Wiślica 5
IV Poland N Grabowo 4
V Poland W Gozdowice 5
VI Italy Aosta, Pont d'Ael 4
VII

C. duodecimpunctata C12

Ukraine Lomachyntsi 5
III Poland S Wiślica 5
IV Poland N Grabowo 5
V Poland W Gozdowice 4
VI Italy Aosta, Pont d'Ael 4
II

C. quatuor -
decimpunctata C14

Slovakia Devin 5
VII Ukraine Lomachyntsi 5
IV Poland N Grabowo 4
VIII Poland S Skowronno 5
IX C. quinquepunctata C5 Czech R. Pouzdrany 5
VII Ukraine Lomachyntsi 5
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in terms of populations and individuals sampled. Recent studies 
have shown that in central-eastern Europe there are only a few lo-
calities of these species (Kubisz et al., 2012; Mazur et al., 2014). 
Moreover, at each site only a few specimens were observed on 
single host plants (Asparagus offi cinalis). Consequently, sam-
pling was limited to reduce its effects on these populations. Some 
specimens of C. 14-punctata were collected in northern (Kujawy 
Basin) and southern Poland (Nida Basin) in 2016, from the only 
known current locations of this species in this part of its range. 
From the same locations, fresh tissues of Asparagus offi cinalis, 
the host plant, were collected from plants that were infested with 
C. 14-punctata and/or C. 12-punctata. Samples were taken from 
only 2–4 plants at each locality as only a few such bushes were 
found, and from each bush we cut 2 leaves, 2 stems and 2 roots. 
In total, plant tissues were collected at the following three locali-
ties: (i) southern Poland (Skowronno) where C. 14-punctata was 
present; (ii) southern Poland (Wiślica) where C. 12-punctata was 
present and (iii) northern Poland (Grabowo) where both species 
of beetle were present. At all localities samples were taken during 
the spring and early summer (May/June), whereas in Skowronno 
additional samples were collected during mid-summer (July). 
Beetles were fi rst preserved in 99% ethanol and then stored at 
–22°C, while plant tissues were preserved in plastic bags with 
silicat. 

Laboratory procedures 
Whole insect bodies were used for DNA extraction using a 

Nucleospin Tissue kit (Macherey-Nagel). The same was done 
for plant tissues using a Nucleospin Plant Tissue Kit (Macherey-
Nagel). Prior to DNA extraction, beetles and plants were washed 
several times in 99% ethanol and distilled water to remove ex-
ternal contaminants. Moreover, plant tissues used for DNA ex-
traction were cut from the inner part of leaves, stems or roots. 
DNA extraction from plant tissues was done under sterile con-
ditions in order to avoid contamination from beetle extractions. 
For Wolbachia screening we used fi ve standard MLST house-
keeping genes: cytochrome C oxidase, subunit I (coxA), aspartyl/
glutamyl-tRNA(Gln) amidotransferase, subunit B (gatB), con-
served hypothetical protein (hcpA), fructose-bisphosphate ado-
lase (fbpA) and the cell division protein (ftsZ) (Jolley & Maiden, 
2010) following the methods described by Baldo et al. (2006). 
Detection of Wolbachia was fi rst done using primers for amplify-
ing ftsZ. All DNA isolates obtained from beetles and host plant 
tissues were amplifi ed. Two random ftsZ-positive samples from 
each site (insects and plants) were subjected to amplifi cation for 
the remaining MLST genes (gatB, coxA, hcpA and fbpA) accord-
ing to protocols available at http://pubmlst.org/Wolbachia/. Since 
ftsZ sequences confi rmed that Wolbachia from super groups A 
and B are present in infected beetles, primers able to discriminate 
between these two super groups were used to obtain clear A and 
B sequences (http://pubmlst.org/Wolbachia/). All PCRs targeting 
Wolbachia were done using DNAs from Polydrusus inustus and 
Eusomus ovulum as a positive control. These species are known 
to be infected by Wolbachia (Mazur et al., 2016). For the host 
plants, DNA quality was assessed by amplifi cation of chloro-
plast DNA using primers for the trnL intron. PCR amplifi cation 
of a fragment of the mitochondrial cytochrome oxidase I (COI) 
gene was done using primer pairs C1-J-2183 and TL2-N-3014 
(Simon et al., 1994). Additionally, the internal transcribed spacer 
1 (ITS1) nuclear marker was amplifi ed using primer pair ITS1 
and ITS2 (White et al., 1990). PCRs were carried out using the 
concentration of reagents and thermal profi le adopted in a pre-
vious study (Kubisz et al., 2012). After purifi cation (NucleoSpin 
Extract II, Macherey-Nagel), the PCR fragments (both host and 
bacteria genes) were sequenced using a BigDye Terminator v.3.1. 

Cycle Sequencing Kit (Applied Biosystems) and run on an ABI 
3100 Automated Capillary DNA Sequencer. All newly generated 
sequences were deposited in GenBank (details in Table S1A and 
B). Orthologous sequences of Mimosestes ulkei (AB499964) and 
Donacia bicolor (EU880600) as well as Lysathia ludoviciana 
(EU682397) and Altica litigata (EU682395) were downloaded 
from GenBank and included as outgroups in the COI and ITS1 
alignments, respectively.

Data analysis 
The sequences were checked and aligned using BioEdit 

v.7.0.5.2 (Hall, 1999) and ClustalX (Thompson et al., 2002). 
The sequences of presumed Wolbachia genes were compared 

with data in NCBI using the Basic Local Alignment Search Tool 
(BLAST) (Altschul et al., 1990) to check if primers amplifi ed the 
targeted α-proteobacteria. MLST analyses were executed in two 
steps: on (i) full-length sequences of all fi ve genes generated from 
beetles, and (ii) shorter alignments due to the low quality of ~20 
bp at 5’ and 3’ end of electropherograms of some sequences ob-
tained from plant tissues (coxA – 559 bp, gatB – 332 bp, hcpA 
– 508 bp, fpbA –356 bp, ftsZ – 368 bp).

Due to the presence of double infection in the majority of the 
specimens, sequences from all double infected specimens were 
amplifi ed using both the A and B specifi c primer sets. This ap-
proach allowed for the collection of alleles of all fi ve MLST 
genes from the specimens examined. We assumed that all alleles 
belonging to the A super group were generated from a single A 
strain present in all the individuals, and that all alleles belonging 
to the B super group were also generated from a single B strain 
present in all individuals. Finally, allelic profi les of MLST genes 
were generated for each individual. Similarly, A and B specifi c 
primers were used on DNA isolates obtained from host plants and 
the above procedure was used to generate allelic profi les (how-
ever for plant samples only super group A was found).

Next, we utilized an approach similar to that of Montagna et al. 
(2014) to compare allelic profi les generated from Crioceris bee-
tles with some representative sequence types from other species 
that harboured bacteria belonging to the super groups: A (ST-1 
from Drosophila melanogaster), B (ST-15 from Drosophila simu-
lans), D (ST-35 from nematode), F (ST-8 from Cimex lectula-
rius), and H (ST = 90 from Zootermes angusticollis). Moreover, 
the allelic profi les found in the weevil Eusomus ovulum [which 
occupies the same habitat as infected Crioceris species (Mazur et 
al., 2016)] and in Oreina cacaliae [the only European leaf bee-
tle with a full allelic profi le in the MLST database (Montagna et 
al., 2014)] were added to this set of MLST sequences. We then 
used the generated alignment of MLST genes for the construction 
of phylogenetic trees starting with two datasets: (i) full-length 
sequences from Crioceris and MLST database references; (ii) 
shorter alignments that included strains found in Crioceris and 
Asparagus tissues. Phylogenetic trees were inferred using Maxi-
mum Likelihood (ML) implemented in PhyML 3.0 (Guindon et 
al., 2010) using the web-page interface http://www.atgc-montpel-
lier.fr/phyml/. The beta version of the program was used, which 
includes automatic selection of the best DNA substitution model 
– Smart Model Selection (http://www.atgc-montpellier.fr/sms/) 
with the use of the Akaike Information Criterion (AIC). Branch 
support was obtained using the approximate Likelihood-Ratio 
Test (aLRT SH-like) (Anisimova & Gascuel, 2006). 

In order to exclude COI and ITS1 tree topology artefacts due 
to saturation, the alignments were inspected in DAMBE (Xia, 
2013). The test for saturation showed that the level of saturation 
was very low both in COI (Iss = 0.16 < Iss.c. = 0.75) and ITS1, 
both when including (Iss = 0.54 < Iss.c = 0.74) and excluding 
indels (Iss = 0.14 < Iss.c. = 0.72). Phylogenetic trees for COI 
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and ITS1 alignments were inferred using the ML implemented in 
PhyML 3.0 under the settings described above. Only unique hap-
lotypes of either COI or ITS1 were used for tree reconstruction. 

RESULTS

Wolbachia was detected exclusively in C. 14-punctata 
and C. 5-punctata (Fig. S1). Amplifi cation succeeded in all 
six of the populations of both species analyzed (19 speci-
mens for C. 14-punctata and 10 for C. 5-punctata). Wol-
bachia sequences belonging to A and B super groups were 
detected in all individuals of both species (Fig. 2), indicat-
ing double infection in all individuals. It is noteworthy that 
at each site randomly collected individuals harboured the 
same strains of Wolbachia.

The allelic profi les obtained from infected species of 
Crioceris did not have identical profi les in the MLST data-
base (obtained on the 02-12-2016). Strain A was identical 
in three genes (gatB – allele no 32, coxA – allele 33, ftsZ 
– allele 154), whereas hcpA and fbpA differed by 1% from 
most similar alleles in the MLST database; while, strain 
B was identical in four genes (hcpA – allele 227, coxA – 
allele 9, ftsZ – allele 8, fbpA – allele 246), whereas gatB 
differed by 1% from the most similar alleles in the MLST 
database. Thus, the strain A alleles were most similar to ST 
65, 66, 348 and 355 known from American spiders Age-
lenopsis aperta and Agelenopsis naevia and the European 

Fig. 2. Maximum likelihood phylogenetic tree inferred on the basis 
of fi ve Multilocus Sequence Typing genes used for the genotyping 
of Wolbachia, amplifi ed using DNA obtained from infected Crio-
ceris leaf beetles and compared with several profi les of sequence 
types specifi c for the particular super groups: A – Drosophila mela-
nogaster, B – Drosophila simulans, D – nematode) F – Cimex 
lectularius, and H – Zootermes angusticollis. Moreover, the allelic 
profi les found in the weevil Eusomus ovulum and Oreina cacaliae 
were added for comparison. 

Fig. 3. Maximum likelihood phylogenetic trees of the fi ve species of Crioceris studied inferred on the basis of two markers: Cytochrome 
Oxidase subunit I gene of mitochondrial DNA (COI) and Internal Transcribed Spacer 1 of nuclear ribosomal DNA (ITS1). Wolbachia in-
fected specimens in bold. H – COI haplotypes, G – ITS1 haplotypes, Poland S, N and W – Polish populations from southern, northern 
and western part of the country (see Table 1 for details). Numbers above the branches indicate statistical measures of nodal support. 
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weevil Ceutorhynchus obstrictus; whereas, strain B was 
most similar to ST 37, which is known from the Palearctic 
wasps Polistes dominulus and Tetrastichus coeruleus, the 
Southasian butterfl y Anthene emolus and the Eurasian but-
terfl ies Erebia aethiops and Neptis rivularis. 

Wolbachia genes were also detected via PCR amplifi ca-
tion in some leaves and stems of the host plants collected 
during the reproductive period of Crioceris beetles, how-
ever, none were amplifi ed from DNA extracted from the 
host plant roots (Fig. S1). Plants from which Wolbachia 
genes were amplifi ed were collected at Skowronno, south-
ern Poland, and at Grabowo, northern Poland, where C. 
14-punctata was allopatric (Skowronno) or sympatric 
(Grabowo) with C. 12-punctata. No amplifi cation was 
recorded for plants collected where only C. 12-punctata 
was present (Wiślica). Finally, we failed to amplify Wol-
bachia genes in samples taken from the same host plants 
after the reproductive period of Crioceris (Skowronno). 
Sequences of Wolbachia genes generated from host plant 
isolates belonged exclusively to super group A and clus-
tered with sequences obtained from C. 14-punctata (Fig. 
S2). In northern Poland (Grabowo), a further Wolbachia 
MLST haplotype was amplifi ed in addition to the one iden-
tical to that found in the beetles (Fig. S2). These different 
sequences were 0.9% (coxA), 3.1% (gatB), 3.0% (hcpA), 
1.1% (ftsZ) and 6.3% (fbpA) nucleotide divergent from the 
A allele amplifi ed from C. 14-punctata and C. 5-punctata. 
Based on shorter sequences, the only sequence that the dis-
tinct A strain found in plant tissues had that was identical to 
the MLST sequences was ftsZ (allele 165), which is known 
from ST 337, isolated from an unspecifi ed host.

Each of the species of Crioceris examined was found 
to be monophyletic and well supported (all aLRT larger 
than 0.95) based on both COI and ITS1 markers (Fig. 3). 
However, the topology of the two trees was not congruent 
(Fig. 3). According to the COI tree the only highly sup-
ported clade (aLRT = 0.89) grouped C. 14-punctata and 
C. 12-punctata. Contrary to this, ITS1 tree supported C. 
12-punctata as the sister of C. paracenthesis (aLRT = 0.87) 
and both of these as sisters to C. 14-punctata (aLRT = 
0.68). The group composed of the previous resulted sister 
of C. 5-punctata (aLRT = 0.65).

DISCUSSION 

The results indicate that the bacterium Wolbachia is only 
present in two of the fi ve species of Crioceris studied (i.e., 
in C. 5-punctata and C. 14-punctata). In addition, all of 
the populations of these two species tested positive for the 
bacterium, while the other species were not infected at any 
of the localities from which they were collected, both in 
central-eastern Europe and Italy. This fi nding is curious, as 
the two infected species are not sister taxa based on the ML 
analyses of mtDNA and nuclear rDNA. On the other hand, 
both species from all the populations harbour the same 
two strains belonging to both the A and B super groups. As 
Wolbachia is known to be transovarially transmitted (Yen, 
1975), its presence in a group of species could be related 
with the phylogenetic relationships of the hosts, resulting 

in a cocladogenetic pattern. Two possible scenarios could 
explain the observed pattern of infection among Crio ceris 
beetles: (i) the infection by Wolbachia occurred in the 
ancestor of the species analyzed, with maintenance in C. 
5-punctata and C. 14-punctata; or (ii) the infection of these 
two species by Wolbachia is mediated by environmental 
factors, possibly through the host plant, since both spe-
cies inhabit the same habitat (steppes and xeric grasslands) 
and have the same host plant (Asparagus spp.). However, 
even if the other members of the genus also feed on as-
paragus and can be found in xeric grasslands, this habitat 
does not represent the preferred habitat of C. 12-punctata 
and C. asparagi since these species occur widespread on 
asparagus, especially cultivated plants. The other species 
analyzed, C. paracenthesis, is more Mediterranean and the 
co-occurrence of this taxon with infected species is very 
rare. Regardless of these two hypotheses about the spread 
of Wolbachia in Crioceris, it is not easy to explain why 
some species are infected, whereas others are not. Similar 
patterns in the presence-absence of Wolbachia in a group 
of closely related species occur in other leaf beetles, for ex-
ample, in species of the genus Altica (Jäckel et al., 2013), 
Oreina (Montagna et al., 2014), Chelymorpha (Keller et 
al., 2004), Diabrotica (Roehrdanz & Sears Wichmann, 
2013; Roehrdanz & Wichmann, 2014) and Callosobruchus 
(Kondo et al., 1999). However, none of these studies inves-
tigated infection with respect to susceptibility or resistance 
of the hosts. Sensitivity or immunity to infection could be 
tested, but this would not be possible for the two infected 
Crioceris species since they are very rare and threatened 
in nature, and are also unlikely to be easily artifi cially 
reared since they inhabit steppes and are highly stenotopic 
(Kubisz et al., 2011; Mazur et al., 2014). The sharing of the 
same habitat (steppes and xeric grasslands) by both media-
ted species suggests that their infection could be mediated 
by a common environment, as is suggested for some other 
communities (e.g. for Diptera living on mushrooms; Stahl-
hut et al., 2010). 

Our study, even if preliminary and based on a small sam-
ple size, shows that the infection of species of Crioceris is 
not dependent on the geography/location of populations, 
since the individuals of both infected and uninfected spe-
cies analyzed came from distant populations. This result 
might indicate that some species of Crioceris could be bac-
teria-free because they have some mechanisms that make 
them immune to Wolbachia, whereas others are prone to 
being infected; however, this hypothesis requires further 
testing.

Although Wolbachia is currently one of the most inten-
sively studied organisms due to its effect on its host’s re-
production, demography and speciation (Werren, 1997), 
evidence for horizontal transmission through the digestive 
system was only published recently (e.g., Caspi-Fluger et 
al., 2012; Li et al., 2016). Our study, even if based on a small 
group of species, suggests that Wolbachia could be trans-
mitted among insects that share the same environment, for 
example, through the exploitation of the same host plants. 
In fact, the DNA of the bacterium was detected in tissues 
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of species of Asparagus at a time when the two species 
of Crioceris harbouring Wolbachia were feeding on these 
host plants. We only detected Wolbachia genes in plant tis-
sues collected from locations where infected C. 14-punc-
tata beetles occurred during their reproductive period, but 
not in plants where only uninfected C. 12-punctata were 
recorded. Moreover, we failed to amplify Wolbachia genes 
in plant tissues collected from a location with a known C. 
14-punctata population, but after they had ceased repro-
ducing. These observations seem to indicate that the bac-
terial DNA in the host plant tissues is related to feeding 
by infected beetles. It is important to highlight that not all 
of the Wolbachia alleles detected in plant tissues were the 
same or very similar to those obtained from beetles. This 
can be explained in several ways. It is notable that in plant 
tissues we only found bacterial strains from super group 
A even though populations of C. 14-punctata are infected 
by both super groups (Kubisz et al., 2011; Mazur et al., 
2014). It is possible that we simply missed strains from 
super group B or that for some reason only bacteria from 
super group A can survive in plant tissues. Alternative ex-
planations are that these two strains show different tissue 
tropisms and only the super group A strain is present in the 
saliva or that the super group B strain appears in a much 
lower titre than the other strain, and is therefore not trans-
mitted to host plant tissues. Moreover, problems with the 
interpretation of Wolbachia sequences obtained from plant 
tissue may be a consequence of the degradation of the bac-
terial genome due to the inhospitable environment in plant 
tissues for exclusively endosymbiotic (intracellular) bacte-
ria [Wolbachia could probably survive for a short time in 
plant tissues (e.g. in the phloem in the neighbourhood of 
beetle feeding)], but unable to live outside its beetle host 
(positive amplifi cation of short sequences does not mean 
that live bacteria was present in plant tissues). 

Detection of a different Wolbachia super group A strain 
in plant tissues also needs an explanation. The simplest is 
that this different strain could come from some other beetle 
(e.g. asparagus is the host plant for 6.5% of steppic leaf 
beetles, Kajtoch et al., 2015) or numerous other arthro-
pods that feed on the same host plant, among which other 
species infected by different strains of Wolbachia can be 
expected. Therefore, bacterial genes could be transmitted 
to the host plant from other insects, and the sap-sucking 
bugs are the group that may be most responsible for this 
(Caspi-Fluger et al., 2012; DeLay et al., 2012). The pos-
sibility that Crioceris beetles could transmit Wolbachia to 
their host plants and vice versa, during feeding, requires 
further investigation.
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Table S1A. Accession numbers of Cytochrome Oxidade I (COI) and Internal Transcribed Spacer 1 (ITS1) sequences generated from Crioceris leaf beetles, 
deposited in GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and used in the study.

Crioceris species
Country 

Italy Poland Slovakia Czechia Ukraine
CO1

C. paracenthesis KY007628, KY007629, KY007630 – – – –
C. asparagi KY007631, KY007632, KY007633, KY007634 JF775780 JF775779 – –
C. duodecimpunctata KY007635, KY007636, KY007637 JF775787 – – JF775783, JF775786
C. quatuordecimpunctata JF775791 – JQ015216 – JF775788
C. quinquepunctata – – – KC123333JF775782, JF775781

ITS1
C. paracenthesis KY007638 – – – –
C. asparagi KY007639, KY007640, KY007641 JF775812 JF775812 – –
C. duodecimpunctata KY007642, KY007643, KY007644 JF775814 – – JF775814
C. quatuordecimpunctata – JF775815, JF775816JQ015220, JQ015221, JQ01522 – JF775815, JF775816
C. quinquepunctata – – – JF775813 JF775813

Table S1B. Accession numbers of Wolbachia genes from Multilocus Se-
quence Typing genotyping system generated from Crioceris leaf beetles and 
Asparagus host plants, deposited in GenBank (https://www.ncbi.nlm.nih.
gov/genbank/) and used in the study.

GenBank Number Gene Organism Supergroup
KY316064 coxA Crioceris quatuordecimpunctata B
KY316065 coxA Crioceris quatuordecimpunctata A
KY316066 coxA Crioceris quinquepunctata B
KY316367 coxA Crioceris quinquepunctata A
KY316368 coxA Asparagus offi cinalis A
KY316369 coxA Asparagus offi cinalis A
KY316670 coxA Asparagus offi cinalis A
KY316671 fbpA Crioceris quatuordecimpunctata B
KY316672 fbpA Crioceris quatuordecimpunctata A
KY316973 fbpA Crioceris quinquepunctata B
KY317074 fbpA Crioceris quinquepunctata A
KY317075 fbpA Asparagus offi cinalis A
KY317076 fbpA Asparagus offi cinalis A
KY317377 fbpA Asparagus offi cinalis A
KY317378 ftsZ Crioceris quatuordecimpunctata B
KY317379 ftsZ Crioceris quatuordecimpunctata A
KY317680 ftsZ Crioceris quinquepunctata B
KY317681 ftsZ Crioceris quinquepunctata A
KY317682 ftsZ Asparagus offi cinalis A
KY317983 ftsZ Asparagus offi cinalis A
KY318084 ftsZ Asparagus offi cinalis A
KY318085 gatB Crioceris quatuordecimpunctata B
KY318086 gatB Crioceris quatuordecimpunctata A
KY318387 gatB Crioceris quinquepunctata B
KY318388 gatB Crioceris quinquepunctata A
KY318389 gatB Asparagus offi cinalis A
KY318690 gatB Asparagus offi cinalis A
KY318691 gatB Asparagus offi cinalis A
KY318692 hcpA Crioceris quatuordecimpunctata B
KY318993 hcpA Crioceris quatuordecimpunctata A
KY319094 hcpA Crioceris quinquepunctata B
KY319095 hcpA Crioceris quinquepunctata A
KY319096 hcpA Asparagus offi cinalis A
KY319397 hcpA Asparagus offi cinalis A
KY319398 hcpA Asparagus offi cinalis A

Fig. S1. Electrophoresis of products of the ftsZ gene amplifi cation 
of isolates obtained from Crioceris leaf beetles (CP – C. paracen-
thesis, CA – C. asparagi, C12 – C. quatuordecimpunctata, C14 
– C. duodecimpunctata, C5 – C. quinquepunctata) and their As-
paragus offi cinalis host plants (A1 – sample from infected plant 
and A2 – uninfected plant). L – ladder, P – positive control (Poly-
drusus inustus), N – negative control (deionized water instead of 
DNA template).
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Fig. S2. Maximum likelihood phylogenetic tree inferred using the 
fi ve Multilocus Sequence Typing genes used for genotyping Wol-
bachia, amplifi ed using DNA obtained from infected Crioceris bee-
tles and their Asparagus host plants.


