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Hypermetamorphosis in a leaf-miner allows insects to cope
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Abstract Hypermetamorphosis has been described in

several Lepidoptera leaf-miner species (mostly Gracillar-

iidae, Epipyropidae, and Phyllocnistidae) and can be

defined as a strong modification of the larval morphology

associated with a switch in its feeding mode. Evolution of

this larval feeding strategy presumably influences nutri-

tional resources that can be exploited and has strong con-

sequences for plant morphology. The following study

focuses on Phyllonorycter blancardella (Lepidoptera:

Gracillariidae), a leaf-miner developing on Malus domes-

tica. We characterize the morphology of larval mouthparts

and the resulting morphological impact on leaf tissues. Our

results show that first instars do not strongly affect the leaf

anatomy and leave most plant cells intact, while later

instars significantly disrupt leaf tissues. Additionally,

young larvae are ‘‘fluid-feeders’’ and feed on plant cell

fluids resulting from the progression of the larvae through

the lower layer of the leaf spongy parenchyma. They

occupy a feeding niche clearly distinct from later instars

that are ‘‘tissue-feeders’’. Hypermetamorphosis in P.

blancardella most likely allows insects to cope with a

confined nutritional space by partitioning the limited

feeding resources, and may help leaf-miners to optimize

their nutrition.

Keywords Plant–insect interface �
Hypermetamorphosis � Feeding strategies � Leaf and insect

anatomy � Leaf-miners

Introduction

Hypermetamorphosis is defined as dramatic changes in

morphology associated with a switch of larval feeding

modes between successive instars (Snodgrass 1935; Grassé

1951; Pottinger and LeRoux 1971; Kumata 1978; Wagner

et al. 2000; Davis and Deschka 2001). It is common in

parasitoids but also occurs in other insects and is usually

associated with a parasitic lifestyle (Snodgrass 1935;

Clausen 1940; Hagen 1964). Ecologists generally use the

term hypermetamorphosis, whereas the term heteromor-

phosis is preferred by some entomologists, even though it

is ambiguous because it also refers to the relatively minor

differences that characterize consecutive instars in virtu-

ally all insects (Snodgrass 1935). In the same way that

holometabolous development allows a division of function
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between the larva and adult insect, hypermetamorphosis

can be viewed as an exaggerated form of holometaboly

characterized by an additional division of function within

the larval stage (Snodgrass 1935). It is usually the first

instar that deviates structurally and behaviourally from the

others, but in some groups, one or more of the subsequent

instars are also distinctive (Snodgrass 1935). Molecular

mechanisms underlying hypermetamorphosis are still

unknown. The adaptive significance attributed to hyper-

metamorphosis includes protection and combat, host-

finding, foraging and food acquisition (Snodgrass 1935).

In Lepidoptera, such hypermetamorphosis mostly occurs

in Gracillariidae (and sometimes in Epipyropidae and

Phyllocnistidae) which is one of the largest families of

Lepidoptera containing over 2,000 described species, most

of them leaf-miners (Lees et al. 2014). This unusual phe-

nomenon allows leaf-miner insects to evolve during a

single moult from ‘‘sap-feeding’’ to ‘‘tissue-feeding’’ habits

during their larval lifetime (Davis and Deschka 2001).

Despite a close investigation of the larval morphology of

several Gracillariidae species (Grassé 1951; Kumata 1978;

Wagner et al. 2000; Davis and Deschka 2001), we still lack

a clear understanding of hypermetamorphosis and its

adaptive significance for phytophagous insects. Morpho-

logical changes in larval mouthparts have never been cor-

related with larval feeding behaviour or its consequences

for plant morphology. Here, we characterize the interaction

between the spotted tentiform leaf-miner moth Phyllon-

orycter blancardella (Fabricius 1781) and its host plant, the

apple tree Malus domestica. We suggest that the intraspe-

cific evolution of larval feeding modes allows early and

late larval instars to occupy different feeding niches.

Additionally, hypermetamorphosis in P. blancardella pre-

sumably influences the intensity of plant mechanical

damage, with a predicted increase in the alteration of leaf

anatomy by the late instars that are tissue-feeders.

The larval development of P. blancardella is divided

into five instars with two supposed feeding modes: L1–L2–

L3 larval instars (head capsule between 0.11 and 0.30 mm)

are considered to be ‘‘sap-feeders’’ and L4–L5 larval

instars (head capsule between 0.24 and 0.40 mm) are

considered to be ‘‘tissue-feeders’’ (Fig. 1) (Pottinger and

LeRoux 1971; Djemaı̈ et al. 2000; Giron et al. 2007). This

endophytophagous insect is a multivoltine micro-lepi-

dopteran widely distributed in Europe (Pottinger and Le-

Roux 1971). Adult females lay eggs on the lower surface of

green apple tree leaves in random locations. When larvae

hatch, they directly enter into the leaf through the epider-

mis without prolonged contact with the ambient environ-

ment. Larvae are condemned to make the best of their

mother’s choice as they cannot abandon the leaf selected

by the mother for oviposition. Some leaf-miners are able to

Fig. 1 Lifecycle of the leaf-

miner larva P. blancardella
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change from one mine (or one leaf) to another in case of

inadequate food supply (Needham et al. 1928)—such as the

Diptera larva Scaptomyza flava (Fallen 1823) (Whiteman

et al. 2011), the Coleoptera larva Neomycta rubida (Broun

1880) (Martin 2010) and the micro-Lepidoptera Coleo-

phora klimeschiella (Toll 1952) (Khan and Baloch 1976)—

but such strategies are very rare and only restricted to

certain groups. Unlike these temporary miners, P. blan-

cardella larvae are constrained to their mine and larvae live

concealed within plant tissues and feed internally (Kaiser

et al. 2010). Usually, only one mine is found per leaf, but

higher population densities can lead up to three mines per

leaf (Pottinger and LeRoux 1971). In case of two larvae

accidentally joining their mines, larval competition (mostly

occurring at the sap-feeding developmental stage) will lead

to only one adult successfully developing (Pottinger and

LeRoux 1971). Mines are randomly distributed in trees and

can occur in every location on a leaf (Pottinger and LeRoux

1971).

In this study, we first describe the morphology of larvael

mouthparts associated with presumably ‘‘sap-feeding’’ and

typical ‘‘tissue-feeding’’ habits for young and late instars,

respectively. Then, we determine the impact of the cater-

pillar on its host plant by describing the anatomy of mined

tissues with respect to the larval feeding style. Finally, we

discuss the ecological implications of the evolution of

larval feeding strategies.

Materials and methods

Biological material

Leaves infected by larvae (N = 150; one leaf per tree)

were randomly collected in the field between 08:00 a.m.

and 10:00 a.m. early in autumn (October–November), on

16- to 18-year-old apple trees (‘‘Elstar’’ varieties), in a

biologically managed orchard in Thilouze, France

(47�1403500North, 0�3404300East). Collected leaves were

immediately dissected on ice to extract larvae. Tissue

samples from M. domestica leaves were directly fixed

using FAA (50 % ethanol, 5 % acetic acid and 5 %

formaldehyde) (see below). Head capsule measurements

were used to determine larval instars (Pottinger and Le-

Roux 1971). L3 and L5 larvae were then directly dehy-

drated and stored in absolute acetone until further analysis

(see below).

Microscopy of larval mouthparts

The mouthpart structure was examined by scanning elec-

tron microscopy (SEM) of dehydrated and fixed heads of

L3 (N = 8) and L5 (N = 11). Specimens were dried out

under successive 50 % (10 min), 70 % (10 min), 90 %

(15 min) and 100 % (20 min) ethanol baths and stored

2 days in absolute acetone. Air-dried samples were

mounted with conductive carbon adhesive on aluminium

blocks and sputter-coated with platinum. Photographs were

taken using a field transmission scanning electron micro-

scope (SEM) Zeiss UltraPlus (Carl Zeiss S.A.S., Marly-Le-

Roi, France) at the Electronic Microscopy Platform of the

University of Tours (France). Head capsule and mouthpart

measurements were performed directly using scanning

micrographs. All measurements are presented in lm

(mean ± SEM).

Currently, no information exists on the sensory organs

of the P. blancardella larva. Therefore, in this study, we

attempted to identify the function of sensilla by analogy

with sensory organs found in the literature on other Lepi-

doptera larvae (Snodgrass 1935; Grimes and Neunzig

1986; Faucheux 1995; Davis and Deschka 2001; Liu et al.

2011).

Morphology of plant tissues

Apple tree leaves from the field (N = 150; one leaf per

tree) were transferred in the laboratory to fresh FAA and

fixed for 16 h at 4 �C. Leaf tissues were then dehydrated in

an ethanol/tert-butanol series immediately followed by

paraffin embedding (Mahroug et al. 2006). From these

blocks, a tissue array containing about fifty representative

tissue samples from collected leaves assembled on a single

histologic slide was conducted. Sections (10 lm) obtained

using a rotary microtome were spread on silane-coated

microscopy slides and subsequently dewaxed in xylene (2

times 15 min) followed by an ethanol rehydration series

directly preceding the staining. In order to observe the

general morphology of plant tissues, sections were directly

observed without staining and without mounting. Lugol

staining [1 % (w/v) I2 1 % (w/v) KI aqueous solution] was

performed in order to observe starch-accumulating plastids.

All staining preparations were performed for 2–5 min until

sufficient stain intensity was obtained, and slides were

subsequently rinsed in water, dried and mounted in

immersion oil under a cover slip before microscopy

observation. Micro-dissected pieces of fresh unfixed mined

area were mounted in water under a coverslip and directly

observed from a top view. Images were taken with a ste-

reomicroscope equipped with a DFC280 Leica digital

camera for wide views, and with a BX21 Olympus

microscope equipped with a DP50 Olympus digital camera

for closer views. In all cases, images were captured using

the cell^D Olympus imaging software.
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Results

Microscopy of larval mouthparts

Fluid-feeding larvae (early stages)

Fluid-feeding larval instars have a triangle prognathous,

elongated and dorsoventrally flattened head (Fig. 2a). The

head is widest near its base. The head capsule (Table 1) is

translucent yellow, whereas the mouthparts are reddish

brown. The alimentary canal is conspicuous and is emerald

green anteriorly when the larva is actively feeding. The

mouthparts are incomplete as the maxillae, labial palpi and

spinneret are absent at this developmental stage.

The labrum is massive, bilobed, with the anterior margin

serrated (Table 1; Fig. 2b).

Each mandible lacks sensilla. The mandibles are mas-

sive, flat, with two large incisor cusps (external part) and

numerous short hair-like molar cusps (internal part) mov-

ing at the horizontal level (Table 1; Fig. 2c).

The hypopharynx arises behind the mouth and forms a

tube leading to the oesophagus (Table 1; Fig. 2d). The

labium is massive, bilobed, and the edge is covered with

numerous hair-like sensilla (Tables 1, 2; Fig. 2e). On the

inner face of the labium, there are two pairs of labial gland-

like unknown structures (Fig. 2g).

The antennae are short and bear three segments: a basal

segment without sensilla, a medial segment and a distal and

Fig. 2 Scanning electron micrographs of mouthparts of a third (fluid-

feeder) and fifth (tissue-feeder) larval instar of P. blancardella.

a Front view of the fluid-feeder mouthparts and a schematic

representation of the general head view on the top left (ventral view).

b Labrum (dorsal view). c Mandibles (front view). d Hypopharynx

(front view). e Labium (ventral view). f Antenna (front view) with

three sensilla basiconica (B1, B2 not visible, B3) and two sensilla

chaetica (C1 not visible, C2) on the second segment and three sensilla

basiconica (B4, B5 not visible, B6) and one sensillum styloconicum

on the third segment. g Labial gland-like unknown structure (lateral

view). h Front view of the tissue-feeder mouthparts and a schematic

representation of the head general view on the top left (ventral view).

i Labrum with six pairs of sensilla chaetica (C1–C6) (dorsal view).

j Mandibles (ventral view) with two sensilla chaetica (C1–C2).

k Antenna (lateral view) with three sensilla basiconica (B1–B3) and

two sensilla chaetica (C1–C2) on the second segment and three

sensilla basiconica (B4–B6) and one sensillum styloconicum on the

third segment. l Maxilla (lateral view) with two sensilla chaetica (C1

not visible, C2) composed of a maxillary palp with seven sensilla

basiconica (B1–B7), one sensillum styloconicum (St1), one sensillum

digitiformium and one sensillum placodeum on the second segment;

and a galea with two sensilla styloconica (St2–St3) and three sensilla

basiconica (B8–B10). m Labial palpi (lateral view) with one

sensillum styloconicum and one sensillum chaeticum. n Spinneret

(front view). AN Antenna, GA Galea, HP Hypopharynx, LP Labial

palpi, LI Labium, LR Labrum, MD Mandibles, MP Maxillary palp,

B Sensilla basiconica, C Sensilla chaetica, D Sensillum digitiformi-

um, P Sensillum placodeum, St Sensillum styloconicum, SP Spin-

neret, US Unknown structure. Triangular arrows represent segments

of the different organs
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short segment (Table 1; Fig. 2f). Only the two latter seg-

ments bear sensilla. The second segment carries three

sensilla basiconica and two sensilla chaetica, and the third

segment bears three sensilla basiconica and one sensillum

styloconicum (Table 2).

Tissue-feeding larvae (late stages)

Tissue-feeding larval instars have a more rounded (cylin-

drical) and shorter (relative to its body length) head and

which is not as dorsoventrally compressed (Fig. 2h) com-

pared to third larval fluid-feeder instars. The head has a

hypognathous attachment and is ventral and obliquely

inclined with the mandibulate mouthparts directed down-

wards as the larva feeds in an upside–down position within

the mine. The frontal portion of the head capsule is sup-

plied with a pair of antennae and the mouthparts. The

mouthparts are complete, and maxillae (maxillary palpi

and galea), hypopharynx, labial palpi and spinneret are

present.

The head capsule is widest near its mid-length for L5

(Table 1). The most conspicuous changes over the third

larval instar are a deepening of the head capsule and a

lowering of the labium. The head is golden yellow and the

mouthparts red brown. The alimentary canal is conspicuous

and coloured similarly to the fluid-feeding instars.

The labrum that is articulated with the clypeus is

prominently bilobed (Table 1; Fig. 2i). Each normally

developed lobe is slightly notched and bears five sensilla:

three setae and two campaniform sensilla on its upper side

(Table 2). The margin of each lobe and the epipharynx (the

inner surface of the labrum) are covered with numerous

hair-like sensilla (Table 2). Moreover, the epipharynx also

bears eight flattened sensilla chaetica (Table 2).

The mandibles are strongly developed and sclerotized,

slightly excavated on the inner side and convex on the

outer side (Table 1; Fig. 2j). The apex of mandibles is

strongly dentate with five prominent distal elongate acute

incisor cusps. The molar area is absent. Each mandible

carries two long sensilla chaetica (Table 2) situated on

the basal part of the outer surface along the anterior

margin.

The antennae are short and have three segments: a basal

scape, a medial pedicel and a distal flagellum (Table 1;

Fig. 2k). The basal scape is the broadest and longest seg-

ment and devoid of any evident sensilla. The pedicel car-

ries three sensilla basiconica and two sensilla chaetica

(Table 2). The apical flagellum bears three sensilla basi-

conica and one sensillum styloconicum (Table 2).

Each maxilla consists of a cardo, stipes, galea and a

maxillary palpus (Table 1; Fig. 2l). The cardo and stipes

each bear a sensillum chaeticum (Table 2). The maxillary

palpi bear two segments (Table 1). The basal segment is

devoid of any evident sensilla. The distal segment carries

seven sensilla basiconica, one sensillum styloconicum, one

sensillum digitiformium and one sensillum placodeum

(Table 2).

The galea bears two sensilla styloconica and three sen-

silla basiconica (Tables 1, 2).

The labium has a pair of labial palpi (Fig. 2m) and a

spinneret (Fig. 2n) from which silk is secreted by larvae.

The spinneret terminates in a short, tubular, bifurcate lobe

that forms two dorsal guard valves to protect the distal part

of the spinneret (Table 1).

Table 1 Mouthpart

measurements of P.

blancardella fluid-feeding and

tissue-feeding larval instars

All data are presented in lm as

mean ± SEM

L3—Fluid-feeders (N = 8) L5—Tissue-feeders (N = 11)

Length (lm) Width (lm) Length (lm) Width (lm)

Head capsule 274.68 ± 5.35 261.63 ± 2.15 318.14 ± 9.08 364.18 ± 8.03

Antenna

Basal segment 15.66 ± 1.60 – 20.33 ± 3.86 –

Medial segment 16.97 ± 1.81 – 15.60 ± 1.78 –

Distal segment 11.10 ± 1.32 – 10.16 ± 1.00 –

Labrum 89.64 ± 4.55 28.74 ± 0.97 76.16 ± 1.83 37.07 ± 0.90

Mandible 46.35 ± 1.52 29.15 ± 5.14 57.49 ± 6.56 34.54 ± 1.87

Maxilla – – 61.11 ± 7.02 27.81 ± 2.84

Maxillary palpi

Basal segment – – 4.16 ± 0.48 14.35 ± 0.94

Distal segment – – 8.70 ± 0.67 8.61 ± 0.28

Galea – – 43.20 ± 4.94 26.06 ± 4.02

Spinneret – – 29.37 ± 2.76 11.38 ± 0.24

Labial palp – – 22.89 ± 2.51 9.15 ± 1.86

Labium 97.43 ± 3.65 22.25 ± 1.28 – –
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The labial palpi carry one long sensillum styloconicum

and one short sensillum chaeticum (Tables 1, 2).

Morphology of mined plant tissues

Unmined leaves have, from the adaxial surface to the

abaxial surface, a single layer of upper epidermis, one layer

of palisade parenchyma with reduced spaces between cells,

one ‘‘layer’’ of spongy parenchyma (as thick as the palisade

zone) with large lacunae and a single layer of lower epi-

dermis carrying stomata (Fig. 3c, j).

Mine of fluid-feeding larvae (early stage)

Mined zones are not very visible from above during early

larval instars (Fig. 3b) but start to be seen from the abaxial

leaf side as larvae progress through the spongy parenchyma

(Fig. 3e). Pictures of transverse sections of plant tissues

Table 2 Presumed function of sensilla in P. blancardella identified by analogy with sensory organs found in the literature on other Lepidoptera

larvae (Snodgrass 1935; Grimes and Neunzig 1986; Faucheux 1995; Davis and Deschka 2001; Liu et al. 2011)

L3—Fluid-feeders L5—Tissue-feeders

Antenna

Sensilla basiconica Olfactory function Olfactory function

Sensilla chaetica Mechanosensory function providing

tactile stimulus reception

Mechanosensory function providing tactile stimulus

reception

Sensilla styloconica Thermal detectors Thermal detectors

Labrum

Setae – Mechanical function

Campaniform sensilla – Mechanical function

Hair-like sensilla – Gustatory function providing information on the

food quality

Epipharynx

Hair-like sensilla – Gustatory function providing information on the

food quality

Sensilla chaetica Mechanoreceptors with tactile function

Mandible

Sensilla chaetica – Mechanoreceptors to monitor the pressure on the

mandibles and food texture and to coordinate the

movement of the mouthparts

Maxilla

Sensilla chaetica – Mechanical function

Maxillary palpi

Sensilla basiconica – Gustatory and olfactory functions and perhaps also

contact chemoreceptors

Sensilla styloconica – Gustatory and olfactory functions and perhaps also

contact chemoreceptors

Sensilla digiformia Thermoreceptor

Sensilla placodea Olfactory function

Galea

Sensilla styloconica – Mechanoreceptors detecting the pressure expressed

on the mouthparts and information about food texture

Sensilla basiconica Contact chemoreceptors and mechanoreceptors

detecting the pressure expressed on the mouthparts

and information about food texture and

coordinating the movement of the mouthparts

Labial palp

Sensilla styloconica – Mechanoreceptor

Sensilla chaetica – Mechanoreceptor

Labium

Hair-like sensilla Gustatory function providing

information on the food quality

–
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mined by the fluid-feeding larval instars show that larva

starts by delimitating the total surface of their mine (L1)

and by cutting through the spongy parenchyma (L2–L3—

Fig. 3a). Some spongy parenchyma cells remain tied to the

lower epidermal cells (Fig. 3f) while others remain

attached to the palisade parenchyma above (Fig. 3g). At

this stage, palisade parenchyma tissues remain intact and

linked to the upper epidermal cells (Fig. 3g). Area

exploited by the insect is bordered by the major vein on one

side and usually by a secondary vein on the other side

(Fig. 3d). Mechanical stress on plant cells remains very

limited at this stage with no major cell consumption, as just

a few cells from the spongy parenchyma are damaged by

the larva.

Mine of tissue-feeding larvae (late stages)

During the later larval instars, mined areas are visible from

both abaxial and adaxial leaf sides (Fig. 3i, l) with clear

translucent white patches on the upper epidermis (Fig. 3i,

k) and ‘‘shrunken’’ plant tissues on the lower epidermis. A

transverse section of the mine revealed that tissue-feeder

instars (L4–L5) cannot expand the total surface of the mine

but progressively feed from internal tissues. The larvae

consume mesophyll tissues, but leave vascular tissues and

the epidermis intact (Fig. 3h). The mine is formed by the

consumption of the mesophyll tissues, starting by the

spongy parenchyma (Fig. 3h—section 2) and followed by

the palisade parenchyma (Fig. 3h—section 3 and Fig. 3n).

Fig. 3 Morphology of the mine created by P. blancardella on apple

tree leaves. a During early stages, larvae separate mesophyll cells

from the lower epidermis. b Mine not very visible from the upper leaf

surface. c Unmined control tissues. d The area exploited by the insect

is bordered by the major vein on one side and usually a secondary

vein on the other side. e The mine starts to be visible from the lower

leaf surface. f Intact lower epidermis with remaining spongy

parenchyma cells and uneaten palisade parenchyma. g Upper epider-

mis, spongy and palisade parenchyma cells (starch-accumulating

plastids stained with Lugol) are intact, illustrating that the delimita-

tion of the mine occurs through the loosened spongy parenchyma

tissues. h Larvae exclusively feed on mesophyll tissues (all the

spongy parenchyma and part of the palisade parenchyma). (1)

Unmined tissues (see Fig. 3j for details); (2) ‘‘fluid-feeding’’ larvae

first consume the lower spongy parenchyma (see Fig. 3a–g for

details); (3) tissue-feeding larvae move upwards and consume all

palisade parenchyma cells. i Upper surface view of the mine.

j Unmined control tissues. k All but upper epidermal tissues have

been eaten creating white translucent patches called ‘‘feeding

windows’’. Feeding windows on the upper epidermis are bordered

by secondary veins. Green uneaten tissue patches are ‘‘interwin-

dows’’. l Lower surface view of the mine. m Intact lower epidermal

structure is reinforced by silk creating a tentiform mine shape.

n Intact upper epidermis lacking mesophyll cells appears as feeding

windows, and remaining cells of the palisade parenchyma (starch-

accumulating plastids stained with Lugol) form the area inbetween

the feeding windows. FW feeding window, IW interwindow, LE lower

epidermis, M mine, ME mesophyll, MV major vein, PP palisadic

parenchyma, SP spongy parenchyma, UE upper epidermis, S silk, SV

secondary vein
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Areas where all but the epidermis has been consumed

result in the formation of feeding windows appearing as

white translucent patches (Fig. 3i, k, n). These feeding

windows are separated by green, starch-containing uneaten

tissues called interwindows (Fig. 3k, n). Larvae usually

leave an intact area in the middle of the mine (Fig. 3i). Silk

threads secreted by the larvae lead to the shrinkage of the

lower epidermis giving the mine a tentiform shape

(Fig. 3h, l, m). After the hypermetamorphosis of larval

mouthparts (see Fig. 2), the feeding pattern of larvae

evolves leading to more drastic consequences on the leaf

anatomy with major cell consumption.

Discussion

Plant–insect interface dynamics during insect

development

In the Phyllonorycter genus, all species are believed to

possess three early sap-feeding and two later tissue-feeding

instars (Davis and Deschka 2001) and P. blancardella

conforms to this hypothesis. In P. blancardella, the

mouthpart morphology of the ‘‘sap-feeding’’ larval instars

(L1–L3) is particularly well adapted to enter the leaf tissues

and to initiate the mine where all their subsequent devel-

opment will take place. Larvae are apodal, prognathous and

dorsoventrally—flattened allowing progression in a

restricted space (Fig. 2a). First instars initiate a slender

subpalissade tract on the underside of the leaf and then

define the outline of their mine by separating the two leaf

integuments. The succeeding two instars continue feeding

in the spongy parenchyma that, by the third instar, is

enlarged to form a blotch. At this stage, mandibles are

large, flat and move horizontally (Fig. 2c) allowing them to

cut through the loosened spongy parenchyma tissue

(Fig. 3a). The larva feeds on plant intercellular fluids,

resulting from the progression of the larva through the

spongy parenchyma tissue, separating the lower tissue

layers from palisade parenchyma tissues and leaving most

plant cells intact. The hypopharynx on the inner surface of

the labium enables them to draw plant fluids to the

oesophagus via capillary action (Fig. 2d) (Botha and Evert

1978). Instars called ‘‘sap-feeders’’ have in fact peculiar

mouthparts that are very different from classic sap-feeder

insects like aphids. They do not feed directly on plant

xylem or phloem using a stylet but rather on oozing sap and

clearly avoid plant vascular tissues. Based on the obser-

vations from larval mouthparts and damage to leaf tissues,

young larvae should be called ‘‘fluid-feeding’’ rather than

‘‘sap-feeding’’ instars.

After a remarkable hypermetamorphosis of mouthparts,

later instars (L4–L5) tend to conform to classical tissue-

chewing insects. Indeed, larvae develop ‘‘chewing’’

mouthparts, represented by a pair of strongly toothed

mandibles with five cusps to cut off pieces of plant tissues

and crush them before ingestion (Fig. 2h). Specific mor-

phological modifications and changes in the feeding

behaviour allow the larva to chew out mesophyll cells and

to progress upward through the leaf from the lower to the

upper epidermis, a superposition of feeding events

(Fig. 3h). The larva feeds deeper into the leaf by first

consuming the spongy parenchyma and then removing

most of the palisade tissue within the mine (Fig. 3h, n).

Associated with this change of feeding habit, the head has a

hypognathous inclination and larvae become eruciform

(Fig. 2h). Like many free-living caterpillars, larval leaf-

miners also develop a fully functional spinneret (Fig. 2n).

The tissue-feeding instar begins to immediately optimize

the space of the mine by spinning silken threads on the

lower surface of the mine, presumably to accommodate the

increased depth of the body (Fig. 3h, l, m). Contracting as

they dry, silken threads draw the edges of the mine closer

together, arching the mine surfaces and resulting in a ten-

tiform structure. This conspicuous arched ridge produces a

spacious cavity in which the larva is able to move freely.

The body volume of the insect was found to occupy about

3 % of the total mine volume (Pincebourde et al. 2006).

The tissue-feeder larvae lie on their backs in the mine and

feed upwards, chewing out irregular chunks of palisade

cells as far as the intact upper epidermis. Leaves appear

spotted as a result of larval feeding. On the upper leaf

surface, there are silvery-white patches (called ‘‘feeding

windows’’) interspersed with green patches of unfed tissues

(Fig. 3h, i, k). A young tissue-feeder larva creates a new

window for each feeding event. Later, enlarged windows

are created as a result of the superposition of feeding

events. At this stage, massive disruption of plant tissues

can be observed with a strong alteration of the plant vas-

cular system.

Feeding strategy and ecological advantages

The endophagous lifestyle—represented by gall-inducers,

stem-borers and leaf-miners (Cornell 1989)—presumably

provides adaptive advantages over external-feeders, and

several hypotheses have been proposed to explain its

adaptive significance (Price et al. 1987; Connor and Tav-

erner 1997). The selective feeding hypothesis states that by

living concealed within plant tissues, endophagous insects

can reach most nutritive tissues while avoiding major plant

defences to maximize nutrients intakes (Connor and Tav-

erner 1997). As described by the selective feeding

hypothesis, P. blancardella larvae concentrate their feed-

ing activity on the mesophyll, starting with the lower

spongy parenchyma and then moving up towards the
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palisade cells. A preference for mesophyll tissues is a

common feature in many other leaf-miners (e.g. Sehgal and

Trehan 1963; Tauber and Tauber 1968; Sehgal 1971; De

Clerck and Shorthouse 1985; Kato 1998; Almeida-Cortez

and Melo De Pinna 2006). Several studies have related this

behaviour to higher nitrogen or protein content and/or

higher water content of the mesophyll (Kimmerer and

Potter 1987; Trier and Mattson 1997). Miners may also

benefit from feeding on the mesophyll because of higher

amino acid or carbohydrate contents as well as lower lignin

and phenolic contents (Scheirs et al. 2001; Melo De Pinna

et al. 2002; Giron et al. 2007; Body et al. 2013; Body and

Giron unpublished data). Similar to other leaf-miners, P.

blancardella does not consume the epidermis, which is

beneficial from a nutritive perspective, as it has a low

nutrient content and often elevated concentration of lignin

and other defensive compounds (Hochuli 1993; Scheirs

et al. 2001; Giron unpublished data). Mines occur in all

parts of the leaf (but mostly along the main vein) and are

completely bordered in all directions by major veins and

veinlets that are not eaten. Leaf-miner P. blancardella

larvae clearly avoid lignified tissue, and when larvae are

constrained to cross veins in the older stages, the con-

sumption of veins is minimized and lignified tissues are

directly eliminated in faeces without prior digestion (data

not shown). Avoidance of veins is a common behaviour of

both ectophagous and endophagous phytophagous insects,

and miners avoid veins by mining tissues layers that do not

contain veins or by mining around them (Hering 1951;

Sehgal and Trehan 1963; Sehgal 1971; Kimmerer and

Potter 1987; Trier and Mattson 1997). Larvae are likely

deterred from eating veins because veins are tough to

consume and of poor nutritional content (Scheirs et al.

2001).

Altogether, our results demonstrate that hypermetamor-

phosis permits early and late larval instars to occupy dif-

ferent feeding niches, providing superior nutrition within a

confined nutritional space by partitioning the limited feed-

ing resources. Additionally, plant mechanical damage,

induced by early developing instars prior to hypermeta-

morphosis, is limited with minimized interaction between

insect-produced elicitors and plant cell content. Whether the

intra-specific evolution of feeding modes over the course of

insect development contributes to a compromised plant

defence system or forces the insect to face two types of plant

resistance will require further investigations.
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