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Abstract

In phytophagous sap-sucking insects, the precibarial valve plays an important role in sap

ingestion. We used light and electron microspcopy to study the morphology and the ultra-

structure of the precibarial valve of the meadow spittlebug, Philaenus spumarius (Hemi-

ptera, Aphrophoridae), in order to better understand the operative mechanism of this

structure. The precibarial valve revealed to be a complex structure with a bell-like invagina-

tion in the middle of the precibarium (on the epipharynx). Unlike the current hypothesis, we

propose that the valve opens by dilator muscles and closes through cuticular and fluid ten-

sions, the latter leading to morphological changes to the plane of the valve based on sap

flow. Moreover, the presence of a precibarial secretory structure is described for the first

time for auchenorrhynchan insects. In light of these observations, functions are hypothe-

sized and discussed for this secretory structure.

Introduction

In phytophagous sap-sucking insects, mouthpart adaptations allow for feeding on hosts by

inserting stylets into specific tissues (e.g. phloem, xylem) [1–4]. The ingested sap passes

through the suction duct (obtained by the two coapted maxillary stylets) to the cibarium, then

reaching the esophagus [5]. The cibarium is a pump chamber with rigid cuticle in the ventral

side and a flexible membranous diaphragm, to which membrane dilatator muscles are dorsally

attached. Active sap ingestion is made possible thanks to this diaphragm pump [5,6]. When

these muscles contract the diaphragm elevates, the pump volume increases, and the pressure

lowers within the chamber relative to the sap on which the insect is feeding [6–9]. The region

of the alimentary canal between the divergence point of the stylets and the cibarium is termed

precibarium. This canal is formed by the apposition of the epi- and hypopharynges [6,10–13].

Sap flow is controlled by two valves: the anterior precibarial valve and the esophageal valve.

When the diaphragm is lifted up, the precibarial valve opens and fluids are sucked up into the

cibarium. When the cibarial muscles relax, the diaphragm collapses to the bottom of the
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cibarium, pushing fluids into the esophagus [8,9]. At that time, the precibarial valve is closed

and the the esophageal valve, that is located between the esophagus and the mesenteron, pas-

sively opens due to positive pressure, as fluid accumulated in the cibarium is compressed dur-

ing cibarial muscle relaxation [9,10].

The precibarial valve plays an important role in sap ingestion. It can stop fluid from being

drawn immediately up the food canal when the insect probes; it maintains the pressure differ-

ences required for continuity of the fluid movement in the foregut. The precibarial valve also

functions in regulating or reducing fluid uptake directly, in particular in regulating the flow of

hydrostatic fluids [6,10,11,14]. The presence of the precibarial valve in Hemiptera was

described first in aphids by Ponsen [15], afterwhich Backus and McLean [6] hypotesized that

the valve may be present in all Sternorrhyncha and Auchenorrhyncha. On the basis of mor-

phological investigations, it is generally accepted that the basic mechanism of sap ingestion is

similar in leafhoppers [6,10], aphids [14], psyllids [14] and thrips [7].

The meadow spittlebug, Philaenus spumarius L. (Hemiptera: Aphrophoridae), is a ubiqui-

tous species with a wide Holarctic distribution [16]. Nymphs and adults are xylem-sap feeders

[17,18]. The meadow spittlebug feeds on hundreds of host plants [19,20]. In Europe, P. spu-
marius is not considered a pest [21,22], but recently this species was reported as vector of

Xylella fastidiosa associated with olive quick decline syndrome in the Salento Peninsula

(Southern, Italy) [23–25]. Considering the recent applied interest in P. spumarius as a patho-

gen vector, as well as the potential role of sap ingestion dynamics by these insects on transmis-

sion of X. fastidiosa, we revisited the morphology of the foregut of this insect, focusing on the

precibarial canal. Our results suggest that the functional mechanism of the precibarial valve of

P. spumarius might differ from the previously proposed models. We also report the presence

of a novel secretory structure associated with that region of the foregut of P. spumarius.

Materials and methods

Insects

Adults of P. spumarius were collected from known plant hosts [20,26,27] in olive orchards of

the Ancona district (central-eastern Italy), from May to June 2017, using a modified leafblower

(Tanaka Togyo Co., THB-2510) in which the intake port was fitted with a fine mesh organza

bag. Captured specimens were positioned in a cage (Bugdorm-I, Megaview) with wet paper

and fresh host plant (lemon balm and clover) shoots, until arrival at the laboratory.

Light microscopy

P. spumarius specimens were prepared following TEM preparation in Ruschioni et al. [28].

Adult insects were anesthetized by exposure to cold temperatures (-18˚C) for 60 seconds, then

immediately immersed into a solution of glutaraldehyde 2% and paraformaldehyde 2.5% in

0.1 M cacodylate buffer +5% sucrose, pH 7.2–7.3. Each head capsule was detached from the

rest of the body and sectioned with a scalpel blade along the fronto-clypeus sutures. Each spec-

imen was immersed in the fixative for 2 hours at 4˚C, and transferred to 0.1 M cacodylate

buffer +5% sucrose, pH 7.2–7.3 overnight at 4˚C. Heads were post-fixed in 1% OsO4 (osmium

tetroxide) for 1 hour at 4˚C and rinsed in the same buffer. Dehydration in a graded ethanol

series from 60% to 99% (15 minutes each) was followed by embedding samples in Epon-Ara-

ldite with propylene oxide as bridging solvent. Semi-thin sections were obtained with a dia-

mond knife on a LEICA ULTRACUT R ultramicrotome (Leica), mounted on slides, and

stained with Toluidine blue for 1 min at room temperature. Slides were observed using a

model Nikon Eclipse E600 microscope (n = 20; sex ratio, 1:1).
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Scanning electron microscopy

P. spumarius specimens were prepared following Ruschioni et al. [28]. Adult were anaesthe-

tized by exposure to cold temperature (-18˚C) for 60 seconds, and then dipped in 50% alcohol.

Individuals were dissected cutting at the level of the neck, removing the head capsule from the

body, and heads dehydrated in an ethanol series (60% to 99%) for 15 min each. After dehydra-

tion, 99% ethanol was substituted with pure HMDS (Hexamethyldisilazane, Sigma) and the

specimens were allowed to dry in a hood at room conditions. On each aluminum stub, 5 sam-

ples were mounted placing the precibarium upwards in such a way as to make it clearly visible

to the SEM observations. Observations were carried out using a FE-SEM Zeiss SUPRA 40

(Carl Zeiss NTS GmbH, Oberkochen, Germany). (n = 30; sex ratio, 1:1)

Transmission electron microscopy

P. spumarius specimens were prepared following Ruschioni et al. [28]. Adults insects were pre-

pared following the same method used for light microscopy. Thereafter, the samples were sec-

tioned with a diamond knife on a LEICA ULTRACUT R ultramicrotome (Leica), and

mounted on formvar coated 50 mesh grids. Sections on grids were stained with uranyl acetate

(20 min, room temperature) and lead citrate (5 min, room temperature). Finally, the sections

were analyzed with a Philips EM 208. Digital pictures (1376 x 1032 pixels, 8b, uncompressed

greyscale TIFF files) were obtained using a high-resolution digital camera MegaViewIII (SIS)

connected to the transmission electron microscope.

Results

Morphology of the precibarial valve

In P. spumarius, the precibarium is formed by the juxtapositon of the hypopharynx and the

epipharynx. The medial region of the precibarium showed the presence of a valve (Fig 1A).

We observed that the precibarial valve is a bell-like invagination placed in the middle of the

epipharynx (Fig 1A–1C). Moving from the stylets to the cibarium, the epipharyngeal lumen

formed a rigid ring from which a bell-like invagination fold up in the head cavity towards the

clypeus, slightly bent in the direction of the cibarium (Fig 1A–1C). Distally, the ring hosted a

rigid flat cuticular flap, that extended towards the cibarium (Fig 1A–1C). This flap showed a

curved shape that morphologically mirrors the hypopharyngeal concavity (Fig 1A, 1B, 1D and

1E). Behind the flap, moving toward the cibarium, a basin-like structure was formed (Fig 1A–

1C), after which a smooth surface made by a very thick cuticle continued with the cibarium

(Fig 1A).

The cuticle of the epipharynx varied in thickness (Fig 1B and 1C). While the epicuticle (out-

ermost layer of the cuticle) was similar in thickness (Fig 1B and 1C), the procuticle (inner part

made up by ten layers; Fig 1C), was highly variable in thickness (Fig 1B and 1C). Finally, LM

and TEM showed the presence of a muscle (Fig 1B,1C and 1E) inserted at the level of the

basin-like cuticle and forming a bundle connected with the clipeum.

Secretory gland associated with precibarial valve

A large epithelial structure was observed within the lumen of the epipharynx, starting from the

bell-like invagination and extending distally (Figs 1D and 2A). The cells were in close contact

with the internal cuticular wall (Figs 1D, 2A and 2B). The epithelium was made up of a single

layer of large secretory cells (Fig 2B). The cytoplasm of the cells had numerous small electron-

lucid vesicles (Fig 2B and 2D), as well as rough endoplasmic reticulum (Fig 2C) and mitochon-

dria (Fig 2C). The apical region of the cells had microvilli connected with the innermost
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cuticular layer (Fig 2B and 2D). The cuticle in the inner part was more compact, while the

outer region showed a sponge-like structure, perforated with small pores (Fig 2B).

Discussion

The precibarial valve is a key structure regulating plant sap ingestion by hemipteran insects

[6,10,11,14]. In aphids the precibarial valve was described as bulbous with a deep central

suture, attached to a piston and a group of dilator muscles attached to anteclypeus [11]. In

psyllids the valve is flap-like, but folded and unhinged, similarly attached to a piston and dila-

tor muscles [14]. In leafhoppers the same valve was described as a flap-like and hinged struc-

ture, attached to a group of muscles originating on the clypellus. In the leafhopper Macrosteles
fascifrons (Hemiptera: Cicadellidae) it was proposed that the precibarial valve has a bulbous tip

Fig 1. Precibarial valve of Philaenus spumarius. (A) SEM image of the epipharynx at the level of the precibarial valve

showing the rigid ring (Rin) from which the bell-like invagination folds up in the head cavity, the cuticular flap (Flp)

and the basin-like structure (Bls). (B) LM longitudinal section of the epipharynx showing the bell-like invagination

(Bli), the cuticular flap (Flp), the basin-like structure (Bls) and the procuticle (Prc). (C) TEM longitudinal section at the

level of the bell-like invagination in which is visible the thick procuticle (Prc) and a small portion of the gland (Gle).

(D) LM cross-section taken below the level of the ring, the cuticle forming the bell-like invagination (Bli) and the

glandular epithelium (Gle) are visible. (E) LM cross section at the level of the basin-like structure in which is visible

part of the muscle (Blm). Scale bar: a = 25 μm; b,d,e = 20 μm; c = 10 μm.

https://doi.org/10.1371/journal.pone.0213318.g001
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that is attached to the proximal side of a pit; when open, the valve fits into a groove at the ante-

rior end of the basin [6]. Differently, our observations with P. spumarius indicate that the pre-

cibarial valve is a complex structure, with a bell-like invagination located in the middle of the

epipharynx, linked to a flap-like structure that pivot on it, attached to a muscle originating on

the clypellus. In other words, our interpretation differs from prior studies with related insects

(Cicadellidae), where the flap was described as the precibarial valve itself [6–10]. We note that

the morphology of the precibarial region of leafhoppers [6,10] is similar to that of P. spumar-
ius, therefore our interpretation of the morphology and functioning of the precibarial valve

could be shared with leafhoppers as well.The operative mechanism of the precibarial valve was

described as a muscle dependent structure [11,14], with muscles forming a bundle originating

on the inner face of the clypellus and entirely separated from the cibarial muscles, indicating

Fig 2. Precibarial gland of Philaenus spumarius. (A) LM longitudinal section of the epipharynx taken at the level of

the bell-like invagination (Bli) showing the large epithelial structure (Gle); (B) TEM detail of glandular epithelium with

the the secretory cells, showing abundant apical microvilli (Mc.v), nuclei (Nuc), small electron-lucid vesicles (Ves) and

the release area with the canal pores (Por); (C) TEM close-up view of the cytoplasm of a secretory cell, showing rough

endoplasmic reticulum (Rer) and mitochondria (Mit); (D) TEM detail of the apical region of the secretory cells,

showing abundant microvilli arising from the cuticle. Bls: basin-like structure; Flp: flap. Scale bar: a = 25 μm; b = 5 μm;

c = 1 μm; d = 2 μm.

https://doi.org/10.1371/journal.pone.0213318.g002
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the likelihood of its independent action [6,10,11,14]. However, there exist an important dis-

crepancy in regards to the functioning of the precibarial valve in relation to its muscles. In

other words, the mechanism of opening and closing of the valve has been differentially

described for some insect groups. In aphids [11], psyllids [14] and, whiteflies [8], the precibar-

ial valve opens when the precibarial muscle contracts, while it closes against the valve’s recepta-

ble when the muscle relaxes. In leafhoppers, the opposite has been proposed. When the

precibarial muscle contracts to pull the apodeme, the valve is pushed outward to fill the lumen

closing off the canal, while opening of the precibarial canal is accomplished by relaxation of

the muscle and associated movement of the precibarial valve away from the hypopharyngeal

surface [6,10]. Our observations suggest that the functioning of the precibarial valve in leaf-

hoppers could be in fact similar to that of sternorrhynchan insects.

Based on the morphological features of P. spumarius described in this work we hypothesize

the operative mechanism of its precibarial valve (Fig 3). In a relaxed state, the precibarial valve

is closed (Fig 3B); the flap sits against the hypopharynx thanks to its curved shape that mirrors

the hypopharyngeal concavity, the ring is lift, the basin-like structure is relaxed and rounded.

When the insect initiates sap ingestion (Fig 3C) the cibarial muscles contract pulling the cibar-

ial pump open (as described in Backus and McLean [6]). Concurrently the basin-like muscle

of the precibarial valve contracts, retracting the flexible cuticle of the basin-like structure. Pre-

sumably, the thickness of the procuticle here decreases in order to confer more elasticity. As a

consequence the whole structure bends. The ring bends towards the cibarium, pivoting on the

base attached to the epipharynx, then the flap is lowered and leans against the basin-like struc-

ture, and the bell-like invagination compresses. As a result, the valve ‘opens’ and plant sap pass

through the precibarial canal. When the cibarium chamber is filled (Fig 3D), the cibarial dia-

phragm moves downward due to the cibarial muscle relaxation, pumping the sap towards the

esophageal valve [6]. At that moment, the precibarial valve necessarily needs to be closed in

order to avoid sap from being expelled via the stylets. The bell-like invagination has the func-

tion of facilitating the closure of the valve. Shortly before the downward strokes of the cibarial

diaphragm, the basin-like muscle relaxes, and the flexible cuticle returns in its original position

and the flap moves back towards the hypopharynx. The relaxation of the muscle alone cannot

guarantee the complete closure of the valve, an antagonistic muscle would be necessary, as the

force of sap flow passing through the precibarium channel would likely prevent complete

adhesion of the flap against the hypopharynx. We hypothesize that the morphology of the bell-

like invagination helps in closing the valve. The relaxation of the precibarial valve muscle

enables the ring to return to its original position. When the ring starts to occupy the lumen of

the precibarium, sap gradually flows into the bell-like invagination, generating enough pres-

sure to push the flap against the hypopharynx, leading to complete closing of the valve and the

precibarial canal. The stiffness of the ring is important in avoiding collapse of the bell-like

invagination, otherwise the structure would not function. Thereafter, the cibarium pumps the

sap towards the mesenteron [6]. At the same time, part of the liquid is pushed towards the pre-

cibarial valve, hence the under-pressure fluid is pushed towards the internal wall of the flap,

causing the whole structure to be forced towards the hypopharynx. At that point, the valve is

completely closed (Fig 3D).

We also report the presence of a large epithelial structure within the lumen of the epiphar-

ynx, which starts from the bell-like invagination and extends distally. According to the classifi-

cation of insect epidermal glands proposed by Quennedey [29], the secretory cells associated

with the precibarium in P. spumarius belong to class 1, as they are in direct contact with the

external cuticle and lack specialized transporting cells or cuticular ducts. The cytoplasm of the

cells showed numerous small electron-lucid vesicles, as well as rough endoplasmic reticulum

and mitochondria, typical of cells characterized by an intense secretory activity. Although
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further studies are needed to understand the chemical nature of the substances secreted by the

glands and the possible functions of the gland, we propose a series of hypothesis. First, secre-

tions could assist in keeping the bell filled and consequently the precibarial valve closed. Alter-

natively, the secretions may contain an array of proteins, including effectors or enzymes,

which may assist insects in sap ingestion. Because P. spumarius feeds on a dilute diet that is

under negative tension, the force exerted by the cibarial pump is high. The secretion of the

gland could have a lubrificant function and decrease the sap friction between the canal wall

and the liquid, making the liquid flow more energetically efficently.

In conclusion, we described the morphology and the possible operative mechanism of the

precibarial valve in P. spumarius. The ultrastructural analysis carried out on the precibarium

helped us characterise this complex structure, and to propose a hypothesis on the functioning

of the precibarial valve during sap ingestion by auchenorrhynchan insects.

Fig 3. Operative mechanism of the precibarial valve in Phylaenus spumarius. (A) Schematic drawing of the

mouthpart of Philaenus spumarius showing the rostrum (Ros), the stylets canal (Sty), the hypopharynx (Hyp) and the

epipharynx (Epi), the cibarium with its muscle (Cbm) and diaphragm (Cbd) and the precibarial valve in which is

depicted the bell-like invagination (Bli), the flap (Flp) and the basin-like muscle (Blm). The dashed square represents

precibarial area below schematized at three different steps during fluid uptake: at the relaxing state with the valve

closed (first step); during the feeding, with the valve opened (second step); when the cibarium chamber is filled up and

the valve is closed (third step). (B) First step: relaxing state, the valve is close. The flap (Flp) lays aligned to the

hypopharynx (Hip), the muscles (Cbm, Blm) are relaxed; (C) Second step: the insect starts feeding and the valve opens.

The cibarial muscle (Cbm) contracts (solid lines), pulling the food pump open. The basin-like muscle (Blm) contracts

(solid lines), bringing along the flexible cuticle of the basin-like structure (Bls), then the ring (Rin) bends towards the

cibarium, pivoting on the base attached to the distal surface of the lumen and the flap (Flp) is lowered and leaned to the

basin-like structure (Bls). At that time, the sap is free to pass by (dashed line); (D) Third step: the cibarium chamber is

filled up, the valve closes. Shortly before the downward strokes of the cibarial diaphragm (Cbd), the basin-like muscle

(Blm) relaxes (dotted lines), then the flexible cuticle of the basin-like structure (Bls) return in its original position.

Hence, also the flap (Flp) moves up and goes towards the hypopharynx (Hyp) and the ring (Rin) tends to turn back to

its original position and starts to occupy the lumen of the precibarium. The sap starts to flow inside the bell-like

invagination (Bli), filling it up and creating a pressure that push the flap (Flp) against the hypopharynx (Hyp). When

the precibarial valve is close, the cibarium pumps the sap towards the mesenteron (Mes), and part of it is pushed

towards the precibarial valve. The pressure of the fluid (dashed line) pushes it into the internal wall of flap (Flp),

forcing it to be attached to the hypopharynx (Hyp).

https://doi.org/10.1371/journal.pone.0213318.g003

Precibarial valve in Philaenus spumarius (L.)

PLOS ONE | https://doi.org/10.1371/journal.pone.0213318 February 28, 2019 7 / 9

https://doi.org/10.1371/journal.pone.0213318.g003
https://doi.org/10.1371/journal.pone.0213318


Acknowledgments

Scanning electron microscopy data were obtained at the Department of Materials, Environ-

mental Sciences and Urban Planning (SIMAU; Marche Polytechnic University, Italy) and

transmission electron microscopy at the University Center for the Electron Microscopy

(CUME; University of Perugia).

Author Contributions

Conceptualization: Emanuele Ranieri, Paola Riolo, Rodrigo P. P. Almeida, Nunzio Isidoro.

Data curation: Sara Ruschioni, Emanuele Ranieri.

Formal analysis: Sara Ruschioni, Nunzio Isidoro.

Funding acquisition: Paola Riolo, Rodrigo P. P. Almeida.

Investigation: Sara Ruschioni, Emanuele Ranieri, Roberto Romani.

Methodology: Sara Ruschioni, Roberto Romani, Nunzio Isidoro.

Project administration: Sara Ruschioni, Paola Riolo.

Resources: Paola Riolo, Rodrigo P. P. Almeida.

Supervision: Sara Ruschioni, Paola Riolo, Nunzio Isidoro.

Validation: Sara Ruschioni, Paola Riolo, Roberto Romani, Rodrigo P. P. Almeida, Nunzio

Isidoro.

Visualization: Sara Ruschioni, Emanuele Ranieri, Nunzio Isidoro.

Writing – original draft: Sara Ruschioni.

Writing – review & editing: Sara Ruschioni, Emanuele Ranieri, Paola Riolo, Roberto Romani,

Rodrigo P. P. Almeida, Nunzio Isidoro.

References
1. Backus E. Sensory systems and behaviours which mediate hemipteran plant-feeding: A taxonomic

overview. J Insect Physiol. 1988; 34(3): 151–165.

2. Forbes AR. The stylets of the green peach aphid, Myzus persicae (Homoptera: Aphididae). Can Ento-

mol. 1969; 101: 31–41.

3. Pollard DG. The insect pests of vegetables in the Sudan. Bulletin No. 16. Khartoum: Agricultural Publi-

cation Committee; 1955.

4. Janssen JAM, Tjallingii WF, van Lenteren JC. Electrical recording and ultrastructure of stylet penetra-

tion by the greenhouse whitefly. Entomol Exp Appl. 1989; 52: 69–81.

5. Purcell AH, Finlay AH, McLean DL. Pierce’s disease bacterium: mechanism of transmission by leafhop-

per vectors. Science. 1979; 206(4420): 839–841. https://doi.org/10.1126/science.206.4420.839 PMID:

17820765

6. Backus EA, McLean DL. The sensory systems and feeding behavior of leafhoppers. I. The aster leaf-

hopper, Macrosteles fascifrons Stål (Homoptera, Cicadellidae). J Morphol. 1982; 172(3): 361–379.

https://doi.org/10.1002/jmor.1051720310 PMID: 30103577

7. Hunter WB, Ullman DE. Precibarial and cibarial chemosensilla in the western flower thrips, Frankliniella

occidentalis (Pergande) (Thysanoptera: Thripidae). Int J Insect Morphol. 1994; 23(2): 69–83.

8. Hunter WB, Hiebert E, Webb SE, Polston JE, Tsai JH. Precibarial and cibarial chemosensilla in the

whitefly, Bemisia tabaci (Gennadius) (Homoptera: Aleyrodidae). Int J Insect Morphol. 1996; 25(3): 295–

304.

9. Almeida RP, Blua MJ, Lopes JR, Purcell AH. Vector transmission of Xylella fastidiosa: applying funda-

mental knowledge to generate disease management strategies. Ann Entomol Soc Am. 2005; 98(6):

775–786.

Precibarial valve in Philaenus spumarius (L.)

PLOS ONE | https://doi.org/10.1371/journal.pone.0213318 February 28, 2019 8 / 9

https://doi.org/10.1126/science.206.4420.839
http://www.ncbi.nlm.nih.gov/pubmed/17820765
https://doi.org/10.1002/jmor.1051720310
http://www.ncbi.nlm.nih.gov/pubmed/30103577
https://doi.org/10.1371/journal.pone.0213318


10. Backus EA, McLean DL. The sensory systems and feeding behavior of leafhoppers. II. A comparison of

the sensillar morphologies of several species (Homoptera: Cicadellidae). J Morphol. 1983; 176(1): 3–

14. https://doi.org/10.1002/jmor.1051760102 PMID: 30068056

11. McLean DL, Kinsey MG. The precibarial valve and its role in the feeding behavior of the pea aphid,

Acyrthosiphon pisum. ESA Bull. 1984; 30(2): 26–31.

12. Backus EA. Anatomical and sensory mechanisms of leafhopper and planthopper feeding behavior. In:

Nault LR, Rodriguez JG editors. The leafhoppers and planthoppers. New York: Wiley; 1985. pp.163–

194.

13. Backus EA, Brown JK. Sharpshooter feeding behavior in relation to transmission of Xylella fastidiosa: A

model for foregut-borne transmission mechanisms. Vector-Mediated Transmission of Plant Pathogen,

in press. Aps Symp Ser. 2016;173–195.

14. Ullman DE, McLean DL. Anterior alimentary canal of the pear psylla, Psylla pyricola Foerster (Homo-

ptera, Psyllidae). J Morphol. 1986; 189(1): 89–98. https://doi.org/10.1002/jmor.1051890108 PMID:

29929343

15. Ponsen MB. The site of potato leafroll virus multiplication in its vector, Myzus persicae: An anatomical

study. A A G Bijdr. 1972; 72(16): 1–147.

16. Rodrigues AS, Silva SE, Marabuto E, Silva DN, Wilson MR, Thompson V, et al. New mitochondrial and

nuclear evidences support recent demographic expansion and an atypical phylogeographic pattern in

the spittlebug Philaenus spumarius (Hemiptera, Aphrophoridae). PLoS One, 2014; 9(6): e98375.

https://doi.org/10.1371/journal.pone.0098375 PMID: 24892429

17. Mundinger F.G. The control of spittle insects in strawberry plantings. J Econ Entomol. 1946; 39: 299–

305.

18. Wiegert RG. Population energetics of meadow spittlebugs (Philaenus spumarius L.) as affected by

migration and habitat. Ecol Monogr. 1964; 34: 217–241.

19. Weaver CR, King DR. Meadow spittlebug, Philaenus leucophthalmus (L.). Ohio: Agricultural Experi-

ment Station, Research bulletin; 1954. pp. 741.

20. Halkka O, Raatikainen M, Vasarainen A, Heinonen L. Ecology and ecological genetics of Philaenus

spumarius (L.) (Homoptera). Ann Zool Fennici. 1967; 4: 1–18.

21. Whittaker JB. Density regulation in a population of Philaenus spumarius (L.) (Homoptera: Cercopidae).

J Anim Ecol. 1973; 42: 163–172.

22. Buczacki S, Harris K. Collins guide to the pests, diseases and disorders of garden plants. London: Wil-

liam Collins Sons and Co Ltd; 1991. pp. 512–524.

23. Severin HHP. Spittle-insect vectors of Pierce’s disease virus. I. Characters, distribution, and food

plants. Hilgardia. 1950; 19; 339–381.

24. Cornara D, Saponari M, Zeilinger AR, de Stradis A, Boscia D, Loconsole G, et al. Spittlebugs as vectors

of Xylella fastidiosa in olive orchards in Italy. J Pest Sci. 2017; 90(2): 521–530.

25. Cornara D, Bosco D, Fereres A. Philaenus spumarius: when an old acquaintance becomes a new threat

to European agriculture. J Pest Sci. 2018; 1–16.

26. Whittaker JB. Polymorphism of Philaenus spumarius (L.) (Homoptera, Cercopidae) in England. J Anim

Ecol. 1968; 99–111.

27. Nickel H, Hildebrandt J. Auchenorrhyncha communities as indicators of disturbance in grasslands

(Insecta, Hemiptera)—a case study from the Elbe flood plains (northern Germany). Agric Ecosyst Envi-

ron. 2003; 98(1–3): 183–199.

28. Ruschioni S, Riolo P, Verdolini E, Peri E, Guarino S, Colazza S, et al. Fine structure of antennal sensilla

of Paysandisia archon and electrophysiological responses to volatile compounds associated with host

palms. PLoS One. 2015; 10(4), e0124607. https://doi.org/10.1371/journal.pone.0124607 PMID:

25905711

29. Quennedey A. Insect epidermal gland cells: ultrastructure and morphogenesis. Microscopic Anatomy of

Invertebrates. In: Harrison FW F.W., Locke M, editors. New York: Wiley-Liss; 1998. pp. 177–207

Precibarial valve in Philaenus spumarius (L.)

PLOS ONE | https://doi.org/10.1371/journal.pone.0213318 February 28, 2019 9 / 9

https://doi.org/10.1002/jmor.1051760102
http://www.ncbi.nlm.nih.gov/pubmed/30068056
https://doi.org/10.1002/jmor.1051890108
http://www.ncbi.nlm.nih.gov/pubmed/29929343
https://doi.org/10.1371/journal.pone.0098375
http://www.ncbi.nlm.nih.gov/pubmed/24892429
https://doi.org/10.1371/journal.pone.0124607
http://www.ncbi.nlm.nih.gov/pubmed/25905711
https://doi.org/10.1371/journal.pone.0213318

