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Abstract: The European Union (EU) is facing the recent arrival of the bacterium Xylella fastidiosa.
Its fast spread has caused great alarm because of the economic impact it implies for the agroeconomy
of European countries. Among its insect vectors, Philaenus spumarius has been demonstrated to
transmit the bacterium from infected to uninfected trees in the EU, where different measures have
been established to control it. One of the proposals to manage this vector is the augmentation of
natural enemy populations. However, the identification of candidate predator species is essential if
such a management system is to be introduced. The present paper describes a set of species-specific
primers designed to detect the presence of P. spumarius DNA in soil arthropod fauna generalist
predators’ gut which can reveal candidate species for the pest’s biological control. Such primers have
been proven to be a useful and reliable taxonomic tool for P. spumarius identification at any life stage,
i.e., nymphs. This rapid and accurate identification is essential for control strategies designed to
avoid the spread of the pest and consequently the considerable economic losses it causes in crops.

Keywords: Olea europaea; predation; Xylella fastidiosa; Philaenus spumarius; DNA; primers; specificity;
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1. Introduction

Olive quick decline syndrome (OQDS) is a new severe disease with which the bacterium
Xylella fastidiosa subsp pauca Wells et al. (1987) is strongly associated. In early stages, the disease
can be asymptomatic but usually causes leaf scorching, extensive dieback, and finally, the death of
the entire plant affected [1]. As the European Union (EU) produces 73.2% and 34.4% of the world’s
olive oil and table olives, respectively [2], the recent arrival of X. fastidiosa to Europe has triggered an
alarm due to the huge impact it could have for the economies of those countries that produce and
export table olives and olive oil. The first detection of the bacterium X. fastidiosa subsp pauca in the
EU territory was in olive trees in the Italian region of Apulia in 2013, with nearly 10,000 ha affected
by the strain ST53 [3]. In July 2015, the bacterium X. fastidiosa subsp multiplex was reported for the
first time in France [4]. Spain, the main producer and exporter of olive products worldwide, reported
the first X. fastidiosa subsp fastidiosa outbreak in Prunus avium in the Balearic Islands in October 2016
and confirmed the presence of X. fastidiosa subsp multiplex in the continental territory in June 2017 [5].
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By 2018, the presence of this subspecies of X. fastidiosa has been confirmed in olive groves in Madrid and
Andalucía, the main olive oil and table olives producer region in Spain [6] (pp. 72–76), [7] (pp. 146–150).

Until now, at least these three different subspecies of X. fastidiosa have been detected affecting
different plant species in the EU. Transmission of this wide host spectrum bacterium, with more than
300 different hosts, occurs through vector insects that inhabit the EU territory. Strict rules have been
introduced on the basis of a full pest risk assessment by the European Food Safety Authority [1].
The European Union adopted the executive decision 2015/789/UE to avoid the propagation of
X. fastidiosa. These measures have severe impact on the local agroeconomy and the environment
and include the removal and destruction of all host plants of X. fastidiosa and harsh phytosanitary
treatments against the vector [8].

In the EU, the meadow spittlebug Philaenus spumarius (Linnaeus, 1758) has been reported to be
a vector of X. fastidiosa, transmitting the bacteria from infected to uninfected plants, including olive
trees [9] (see also [10–12]), and P. italosignus and Neophilaenus campestris also possibly act as vectors [13].
P. spumarius is a ubiquitous and highly polyphagous species [14] that can feed on a large variety of
plant species, including olive trees [15]. Control programs for this vector integrate different measures
such as soil and vegetation management, application of insecticides, and augmentation of natural
enemy populations [1].

In this context, biological control mediated by predators may offer a solution to manage
P. spumarius populations, being the most environmentally friendly control strategy against X. fastidiosa.
The soil arthropod fauna in olive groves is composed of different taxa, and some of them, such as
spiders, carabids, or staphylinids, are generalist predators [16]. However, selecting the most
appropriate predator is often a difficult task, given that the trophic web is complex and that human
presence in the ecosystem alters the arthropods natural behaviour [17]. Also, postmortem visual
examination of the gut contents of candidate predators is usually unsuccessful given their feeding
habits and the size of preys’ remains [18]. To overcome this issue, PCR-based techniques allow for the
reliable identification of prey species DNA in their predators’ gut and require a species-specific primers
design. Gut content analysis, however, implies the detection of minute quantities of the prey’s DNA,
which is expected to be degraded by the digestive process [19,20]. Thus, amplifying small fragments
of multicopy genes can improve detection rates. It is for this reason that the mitochondrial genome is
a suitable target for primers design because of the presence of several copies per organelle and also
several organelles per cell. Likewise, the interspecific variability of the mitochondrial cytochrome
oxidase I (COI) gene, considered as the universal barcode for animal species identification [21], makes it
suitable for distinguishing at species level.

In addition, P. spumarius traditionally has been identified based on morphological characteristics.
To distinguish between the meadow spittlebug and other closely related species, such as those from
genus Neophilaenus, adults’ characteristics lend themselves for identification purposes. However,
the immature stages are hard to identify unambiguously because both of those genera are very similar.
Therefore, discrimination of these species using their morphological features is difficult at the early
stages and morphological characteristics alone are not reliable for proper identification, especially if
both species coexist in the same area, as in this case.

The aims of this work are, firstly, to develop several species-specific primer pairs of P. spumarius
DNA for molecular gut content analysis to identify future candidate predators of this species in the
field for biological control. Secondly, to use these primers as useful and reliable taxonomic tools for
P. spumarius identification at any life stage. A rapid an accurate identification of effective predators is
vital for control strategies designed to avoid the spread of this pest.

2. Materials and Methods

The 5′ region of the mitochondrial COI gene was checked for in silico primer designing.
Over 200 sequences from the Philaenus genus (P. spumarius and closely related species), Aphrophoridae
members, and other potential predators arthropods present in the olive agroecosystem were retrieved
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from BOLD [22] and GenBank databases [23] (Table S1). The set of sequences was grouped using
BioEdit v.7.0.9.0 [24] and aligned employing the K-Alignment tool available on EMBL-EBI [25].
Six species-specific primers were developed (Table 1) and their combination amplified eight different
fragments whose sizes encompassed 79–175 bp (Figure 1).

Table 1. PCR primers designed to amplify P. spumarius COI gene fragment.

Primer Name Primer Sequence 5′–3′

Phi 1F GCTCCTGACATAGCATTCCCA
Phi 2F GCTTCCTCCTTCATTAACGCTT
Phi 3F CCTGACATAGCATTCCCACGA
Phi 4F TGCTTCCTCCTTCATTAACGCTT
Phi 1R TAGCTAAATCAACACATGCACCAG
Phi 2R GGAGGATAAACTGTTCATCCC
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Specificity assays were conducted using arthropod specimens of: Philaenus spumarius,
Neophilaenus campestris (Fallen, 1805), Neophilaenus lineatus (Linnaeus, 1758), Cercopis intermedia
(Latreille 1829), Alopecosa cuneata (Clerck, 1758), Synema globosum (Fabricius, 1775), Tapinoma nigerrimum
(Nylander, 1856), Forficula auricularia (Linnaeus, 1758), Harpalus griseus (Panzer, 1796),
Orthomus barbarus (Dejean, 1828), and Bactrocera oleae (Rossi, 1790). Eight Aphrophoridae nymphs
were also used for specificity and identification assay. Cercopids and aphrophorids were collected
and provided from Valencia by Dra. Cristina Navarro and Dra. Altea Calabuig (Elytra Agroscience
Services). We collected the remaining specimens from a previous study [26].

All the genomic DNAs were extracted using the Speedtools Tissue DNA Extraction Kit
(Biotools, B&M Labs, Madrid, Spain) and their integrity checked in 0.8% agarose gels stained with
ethidium bromide (0.5 mg/mL). The quality of all DNA extracted was examined on a first set of PCR
reactions using the universal COI primers LCO1490 and HCO2198 [27] under the conditions reported
in Lantero et al. [26]. Amplified products with these primes from Aphrophoridae nymphs were used
as templates for sequencing reactions. These reactions were carried out with the “BIG Dye Terminator
Cycle Sequencing Ready Reaction Kit” (Applied Biosystems, Inc., Foster City, CA, USA) on a 3730
DNA Analyzer (Applied Biosystems, Inc., Foster City, CA, USA), using the primers employed for the
amplification step, at the Genomic Unit of The Complutense University of Madrid.
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Then, the specificity of the designed primers for P. spumarius was assessed in PCR reactions using
10 ng of DNA from the arthropod species stated above. The final volume was 12.5 µL with 6.25 µL Taq
PCR Master Mix (Qiagen, Hilden, Germany), 0.8 mM of each primer, and 1.5 µM of MgCl2. The PCR
program included an initial denaturation of 5 min at 94 ◦C, followed by 30 cycles of 94 ◦C for 45 s,
62 ◦C for 1 min, and 72 ◦C for 1 min.

The sensitivity assays were carried out in PCR reactions performed as in the specificity assay.
These involved control samples from P. spumarius and the potential predator A. cuneata (5 ng/µL),
plus samples with the dilution of spittlebugs’ DNA in spiders’ DNA in ratios of 1:100 (0.05 ng/µL
to 5 ng/µL), 1:1000 (5 pg/µL to 5 ng/µL) 1:2000 (2.5 pg/µL to 5 ng/µL), and 1:4000 (1.25 pg/µL to
5 ng/µL). All PCR products from specificity and sensitivity assays were visualized in 3.5% agarose
gels stained with ethidium bromide (0.5 mg/mL).

Once the specificity and sensitivity of the primer pairs were tested, a first approach in the field
was performed. Sixty-three spiders were collected by hand as potential predators of P. spumarius in an
olive-growing area in the southeast of Madrid, located near the locality (Villarejo de Salvanés, Spain) of
Xylellas’ outbreak in Madrid [6] at the beginning of May, expecting high levels of vectors’ infestation.
The DNA from the spiders’ gut was isolated and amplified as described in [26]. PCR reactions were
conducted at least twice using the two primer pairs selected in the previous tests.

3. Results and Discussion

The designed primer pairs amplified only DNA from P. spumarius, revealing their high specificity
(Figure 2). Amplicon sizes arose from 79 bp (Phi 1F–Phi 1R) to 175 bp (Phi 2F–Phi 2R) as expected
(Figure 1). They are within the range for postdigestion amplification products reported in previous
surveys with other species (78–242 bp [28], 160–281 bp [29], 101–274 bp [30], 130–330 bp [31],
and 150–345 bp [32]). The amplicon size is crucial for postmortem gut content analyses to be successful.
Given the preys’ DNA degradation during the digestive processes, amplifying small fragments from
multicopy genes improves the detection rates of these minute quantities of preys’ DNA in the predators’
gut [19,20,26].
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Figure 2. Specificity assays with the primer pair Phi 3F–Phi 2R. M: Low Molecular Weight DNA Ladder
(New England Biolabs); Lanes 1–12 PCR reactions using as template 10 ng of DNA from: 1, P. spumarius;
2, Neophilaenus campestris; 3, Neophilaenus lineatus; 4, Cercopis intermedia; 5, T. nigerrimum; 6, F. auricularia;
7, H. griseus; 8, O. barbarus; 9, B. oleae; 10, S. globosum; C-PCR negative control.

The proper identification of the meadow spittlebug at any life stage is particularly important
when prompt identification is needed (e.g., in rapid action for pest control management in quarantine
areas). Thus, the species-specific primers were also employed on DNA from nymphs sampled in
the field that could not be assigned unambiguously to P. spumarius based on their morphological
characteristics. Outcomes showed that three nymphs from Valencia and one from Madrid could be
accurately assigned to P. spumarius after PCR reactions with our designed primers (Figure 3). Sequences
amplified with the universal COI primers PCRs confirmed that result since these four DNA sequences
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were identical to the P. spumarius sequence deposited at GenBank [23] (accession number KR042125).
DNAs obtained from nymphs that were not amplified with the species-specific primers for P. spumarius
were identified as Neophilaenus lineatus after sequencing with the COI universal primers and querying
genetic databases [22,23]. Only a previous work about phylogeny and DNA barcoding of P. spumarius
and its related species is found in the literature [14]. The authors used primer pairs designed for
amplifying DNA from butterflies and moths [33], and they observed that the amplicon of 399 bp had
enough interspecific variability to necessarily distinguish among the Philaenus species after sequencing
all of them.
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Figure 3. Identification of the meadow spittlebug nymphs with the primer combination Phi 1F–Phi
1R. M: Low Molecular Weight DNA Ladder (New England Biolabs). Lanes 1–5 DNA of nymphs from
Valencia region, lane 6 P. spumarius (positive control) and C-PCR negative control.

Although all primer combinations were highly specific, primer pairs Phi 1F–Phi 1R and Phi
2F–Phi 2R produced the highest PCR efficiency and they were selected to perform the sensitivity
tests to figure out the limits of the meadow spittlebug DNA detection. Both primer pairs were very
sensitive given that P. spumarius DNA was amplified in all the heterospecific DNA mixes, even when
potential predator DNA was in great excess (Ratio 1:4000) (Figure 4). Outcomes returned a detection
limit of 2.5 pg/µL of P. spumarius DNA, surpassing that obtained for the same gene on sharpshooters
(6 pg/µL [34]), equaling the one obtained for Haplodiplosis marginata [35] and slightly higher than that
for the olive pest, Bactrocera oleae (1 pg/µL [26]).
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Figure 4. Sensitivity assays with the primer pair Phi 1F–Phi 1R. M: Low Molecular Weight DNA
Ladder (New England Biolabs); Lanes 1–8 PCR reactions using as template DNA from: 1, P. spumarius
(5 ng/µL); 2, dilution 1:100 of DNA of P. spumarius with DNA of A. cuneata; 3, dilution 1:1000; 4,
dilution 1:2000; 5, dilution 1:4000; C-PCR negative control.
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These two primer combinations were thus very appropriate for molecular detection of P. spumarius
DNA under laboratory conditions. However, it was mandatory to test their efficacy in DNA analysis
of the gut content of spiders collected in olive orchards, the most abundant potential predators
during spring according our previous surveys (data unpublished). In this first approach, the DNA
of P. spumarius was detected in 4 out of the 63 spiders tested, representing the 6.34% of the sample
(Figure 5). For this outcome, it is important to note that (a) no meadow spittlebugs were deployed in
the field, unlike other surveys [31], meaning that predation occurred at natural ratios, and (b) most
spiders were collected at an olive grove where, despite the high density of foam in the vegetation—a
sign of meadow spittlebug activity in the field—the number of visualized emerged adults (real spiders’
prey) was low. The relevant predatory activity of spiders has already been demonstrated with other
spider species and preys [30], stressing the utility of this group to mitigate the spread of some pests.
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will improve the knowledge of food webs at this agroecosystem.
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