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ABSTRACT 

Cucurbits have long been known to possess two types of phloem: fascicular (FP) within 

vascular bundles and extrafascicular phloem (EFP) surrounding vascular bundles and 

scattered through the cortex. Recently, their divergent composition was revealed, with FP 

having high sugar content consistent with conventional phloem, but EFP having much lower 

sugar levels and a very different proteome. However, the evolutionary advantages of 

possessing both FP and EFP have remained unclear. Here, we present four lines of 

quantitative evidence which together support the hypothesis that FP represents a typical 

phloem and is an attractive diet for aphids, whereas aphids avoid feeding on EFP. First, 

aphid stylet track endings were more abundant near the abaxial FP element of minor veins, 

suggesting a feeding preference for FP over EFP. Second, sugar profiles from stylet exudates 

were wholly consistent with FP origins, further supporting preference for FP and avoidance 

of EFP. Third, supplementation of EFP exudate into artificial diets confirmed an aversion to 

EFP in choice experiments. Finally, EFP exudate had negative effects on aphid performance. 

Based on aphids’ inability to thrive on EFP, we conclude that EFP is atypical and perhaps 

should not be classed as a phloem system. 

 

Summary Statement 

Unlike the sugar-rich fascicular phloem of cucurbits, the atypical extrafascicular phloem is 

low in sugars and its function has remained unclear. Here we used aphids as a major group 

of phloem feeders to demonstrate quantitatively that extrafascicular phloem is avoided by 

aphids and it strongly impairs their performance. On this basis, we propose that 

extrafascicular phloem may be less involved in nutrient distribution but instead may 

potentially act in herbivore resistance.  
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Introduction 

A principal function of phloem systems is to distribute nutrients throughout vascular plant 

bodies, but studies on several species indicate additional functions in long-distance 

signalling and tolerance to abiotic and biotic stresses. Cucurbits have been widely used as 

models for phloem physiology and biochemistry due to their capacity to release large 

quantities of exudates from incisions into petioles and stems. One unusual feature of 

phloem in cucurbits is their two spatially separated systems: fascicular phloem (FP) and 

extrafascicular phloem (EFP) (Crafts 1932; Zhang et al. 2010). The former is restricted to 

both sides of the xylem in the main vascular bundles (bicollaterally), whereas the latter is a 

distributed network that extends both radially and axially in the stem, leaf and petiole. 

There are reasons to question the nature of cucurbit exudate, now known to emanate 

almost exclusively from EFP not FP (Zhang et al. 2010; Turgeon & Oparka 2010; Lopez-

Cobollo et al. 2016), especially whether it is representative of angiosperm phloem in 

general. Cucurbit EFP exudate contains considerably less sugar (10-30 mM) than predicted 

for assimilate transport, and much less than phloem sugar content in other species (~1 M). 

In particular, exudate has low concentrations of stachyose, one of the main transported 

raffinose family oligosaccharides (RFOs) in cucurbits, compared with relatively high amounts 

of monosaccharides and amino acids (Richardson et al. 1982; Fiehn 2003; Zhang et al. 2012). 

Substantial evidence indicates that, although physically adjacent, FP and EFP differ radically 

in composition, and are thus deduced to have minimal mixing of contents and likely have 

divergent functions (Zhang et al. 2010; Zhang et al. 2012; Gaupels et al. 2012; Lopez-Cobollo 

et al. 2016). The proteome profiles from microdissected tissues and protein plugs of 

individual FP sieve elements (Zhang et al. 2010; Lopez-Cobollo et al. 2016) and of pure 

phloem pumpkin sap collected via aphid stylectomy (Gaupels et al. 2012), were all very 

similar, but clearly different from the EFP exudate proteome (Lin et al. 2009; Zhang et al. 

2010; Zhang et al. 2012; Gaupels et al. 2012; Lopez-Cobollo et al. 2016). Approximately 1100 

proteins have been identified in Cucurbita maxima exudates, quantitatively dominated by 

the major proteins PP1 and PP2 (Lin et al. 2009); however, very low levels of these proteins 

are present in FP (Lopez-Cobollo et al. 2016). In contrast, FP contains high levels of several 

Sieve Element Occlusion Related (SEOR) proteins, originally identified as Fascicular Phloem 
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Protein 1 (FPP1; Zhang et al. 2010), but these proteins are very low abundance in EFP 

exudate (Lopez-Cobollo et al. 2016). We previously demonstrated that FP is blocked 

immediately upon cutting whereas EFP exudes spontaneously for several minutes from cut 

stems and petioles, suggesting a failure of EFP to rapidly deposit protein or callose plugs 

(Zhang et al. 2010; Lopez-Cobollo et al. 2016). 

In this study, we aimed to establish whether EFP has biological functions either as a food 

source for aphids, a major class of phloem sucking insects, or through negative effects on 

these herbivores. Testing whether aphids feed on FP or EFP (or both systems) in cucurbits 

might provide insights into which system is more akin to the typical phloem from which 

aphids have evolved to feed. Aphids have been valuable tools in studies of phloem function, 

partly because of their ability to tap into sieve elements that contain many nutrients, 

especially sugars at high concentrations, thus enabling sampling of pure phloem sap from 

cut stylets (Auclair 1963; Prado & Tjallingii 1994; Hayashi & Chino 1990). On landing on a 

potential host plant, aphids push their stylets mainly through intercellular paths, often 

making brief perforations in cells en route towards the sieve element. Most probes inside 

epidermal and mesophyll cells are transient; however, when a phloem sieve element is 

reached, aphids can settle to feed on phloem sap continuously for many hours or days 

(Tjallingii 1995). 

Comparison of the features of EFP and laticifers indicates strong similarities that suggest 

broadly conserved defensive functions (Gaupels et al. 2012). On this basis, we formulated 

the hypothesis that aphids consistently feed from sugar-rich FP, and not from EFP, with the 

latter having potential negative impacts on aphid performance. An alternative view is that 

EFP, due to its relatively low sugar and high amino acid content (Fiehn 2003) would have a 

lower C:N ratio that might represent a better dietary composition. As tools to test these 

options, we used two aphid species, Aphis gossypii (cotton-melon aphid) and Myzus 

persicae (green peach aphid), both of which readily colonise cucurbit species. We used 

microscopy of stylet paths to follow the aphids’ stylets towards their feeding location, 

compared the sugar profiles of individual stylet exudates with those of FP and EFP, and 

tested effects on aphid preferences and performance when fed on artificial diets 

supplemented with EFP exudate. Altogether, our results suggest that EFP represents a toxic 

or deterrent diet that is strongly avoided by aphids. In contrast, aphids feed exclusively on 
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FP, in agreement with the proposal that FP is more similar to the single phloem system 

present in species lacking EFP. 

MATERIALS AND METHODS 

Plant materials 

Experimental plants were pumpkin (Cucurbita maxima cv Ghost Rider), grown at 24°/20°C 

day/night with 16 h photoperiod at 120 μmol m-2 s-1 provided by fluorescent tubes in a 

controlled environment growth room (Unigro Ltd). Plants for aphid culturing, aphid 

performance experiments and stylectomy were approx. 3 weeks old with 3 to 4 true leaves 

expanded, and those for EFP exudate collection for inclusion in diets were larger (2 to 3 

months old) to provide sufficient exudate volume. 

 

Aphids 

Aphids were cultured in a controlled environment growth room at constant 19°C, relative 

humidity 50% day, 65% night and 120 μmol m-2 s-1 light provided as a 16 h photoperiod by 

fluorescent tubes (1:1 mix of warm white and cool white, Starcoat T5). Clone US1L of green 

peach aphid (Myzus persicae) and a clone of cotton-melon aphid (Aphis gossypii) provided 

by Rothamsted Research, United Kingdom, were maintained on Cucurbita pepo pumpkin cv. 

Ghost Rider and Cucurbita maxima winter squash cv. High Sugar plants (Tozer Seeds), with 

sub-culturing at intervals of 10-12 d (M. persicae) or 12-15 d (A. gossypii) by transferring 

young adults onto new plants. 

EFP collection for artificial diets 

Phloem exudate (EFP contents) was collected into microcentrifuge tubes from cut stems of 

3 month old C. maxima plants. EFP used in aphid artificial diets was added to a solution of 

20% (w/v) sucrose or a complete diet (see below), with both containing 10 mM 

dithiothreitol (DTT) to prevent EFP coagulation. 
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Choice experiments 

Choice experiments used artificial diets to evaluate aphid preference for sucrose versus EFP-

supplemented sucrose diet. Diet rings were made using diets sealed between two sheets of 

Parafilm (Chicago Parafilm, USA) membrane stretched over a brass ring. For M. persicae, 

120-150 μl of diet was pipetted into rings of 20 mm internal diameter, whereas for A. 

gossypii 70-80 μl of diet was pipetted into rings of 12 mm internal diameter. Each EFP diet 

contained 30% sucrose, 10 mM DTT and varying dilutions of freshly collected EFP exudate. 

There were four dilutions of EFP supplemented diet (0, 2.5%, 5%, 10% and 20% by volume), 

each tested as a two-way choice against 30% sucrose. Aphids were starved for 10 to 15 min 

before the start of experiment. Ten 3rd instar nymphs of each aphid species were introduced 

in the middle of the petri dish. For M. persicae and A. gossypii, petri dishes 88 mm or 55 mm 

internal diameter, respectively, were used. There were 20 paired replications (petri dishes) 

for each choice combination. A green cellulose acetate filter was placed on top of all petri 

dishes to simulate a leaf surface. Numbers of aphids settled or not settled on diet rings were 

recorded at 24, 48 and 72 h. 

Aphid performance assays 

For survival assays, ten 6-7 day old M. persicae nymphs were transferred with a fine brush 

to each well of 24-well plates, then the wells were sealed with stretched Parafilm. Small 

depressions were made in the Parafilm above each well to accommodate 100 μl diet 

solution which comprised: distilled water, 20% sucrose, or dilutions (5%, 10%, 20% v/v) of 

EFP exudate. All EFP exudate diets were dilutions of exudate into 20% sucrose and 10 mM 

DTT. An additional control of 10 mM DTT in 20% sucrose served to test whether DTT alone 

had any impact on aphid performance. A second layer of Parafilm was used to seal in the 

diet solutions, then a green cellulose acetate filter was placed over the top of the plate. 

Aphid survival was evaluated daily intervals for 5 d. 

To estimate relative growth rates, third instar nymphs of A. gossypii or M. persicae were 

individually weighed on a microbalance (Mettler/Toledo MX5) and each was then 

transferred to one well of 24-well plates. Diets contained between layers of Parafilm were 

set up as described above. The base diet was 20% (w/v) sucrose or a complete artificial diet 

from the M. persicae diet of Dadd and Mittler (1966). Base diets supplemented with 
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increasing amounts of freshly collected EFP exudate (2.5%, 5%, 10% or 20%, v/v) were 

tested. All EFP exudate diets included 10 mM DTT to prevent EFP protein coagulation. 

Controls were base diet, 10 mM DTT in base diet, and water. Twenty replicates (aphids) on 

each diet were used for each species. The weight of each surviving aphid was measured 

again after 2 d. Mean relative growth rate (MRGR) was calculated using the following 

formula (Radford 1967; Leather & Dixon 1984): 

MRGR (g-1 g-1 d) = (logW2 - logW1) / (t2 - t1) 

where MRGR is the mean relative growth rate, W1 is the weight at time t1 and W2 is the 

weight at t2. t1 is time of initial measurement, t2 is time of final measurement. 

Microscopy 

Fresh leaves were first cut into pieces of approximately 1 cm2, sandwiched between two 

pieces of polystyrene for support, and secured onto a sledge microtome. Transverse 

sections were then cut to a thickness of 110-130 μm. For visualisation of phloem complexity, 

sections from healthy leaves were cleared and stained using a modified pseudo-Schiff 

propidium iodide (mPS-PI) technique described by Truernit et al. (2008). Fluorescence was 

visualised by confocal microscopy on a Leica TCS SP2 instrument, using an excitation laser of 

488 nm and an emission window of 520 to 720 nm. 

For visualisation of aphid stylet tracks, sections from leaves infested with M. persicae or A. 

gossypii were cleared, stained with acid fuchsin, and counterstained with aniline blue as 

described by Brennan et al. (2001). Staining was observed by light or uv fluorescence 

microscopy. To quantify the number of stylet track endings present on either the abaxial or 

adaxial side of cucurbit minor veins, leaf tissue was collected from heavily infested plants, 

then processed, stained and observed as above. A total of 660 stylet tracks were analysed. 

Stylectomy 

Experiments were done with M. persicae on leaves of young pumpkin plants. Following 

stylet cutting by RF-microcautery (Gaupels et al. 2008), exudates were collected directly into 

glass capillaries and transferred into 60% aqueous acetonitrile extraction solution, then 

analysed by LC-MS. For stylet samples, 12 independent cut stylets were analysed; for EFP, 
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exudate samples (n=11) were collected from cut petioles of the same plants used for stylet 

samples. In some cases, successive stylectomy and EFP exudate samples were collected 

from the same sources to test whether composition varied over time. For sugar analysis of 

EFP exudate, 5 μl exudate was added to a water:chloroform mix (400:300 μl) and vortexed 

briefly then centrifuged for 2 min at 13,200 g. The polar upper phase was placed into a 

second tube then freeze-dried, re-dissolved in 60% aqueous acetonitrile and passed through 

a 0.45 μm pore syringe filter. 

Sugar analysis by LC-MS 

Exudate samples (2 μl), from stylectomy or petiole sources, were analysed by Liquid 

chromatography (LC)-electrospray ionisation/tandem mass spectrometry (MS-MS) using an 

Agilent 1100 HPLC coupled to an Applied Biosystems Q-TRAP 6500 (AB SCIEX, 

Massachusetts, USA). Chromatographic separation was carried out by Hydrophilic 

Interaction Liquid Chromatography (HILIC) on an Agilent Carbohydrate column (5 μm, 250 x 

4.6 mm), at 30°C. The flow rate was 1.4 ml min-1 with a linear gradient of 85% A (CH3CN) to 

50% B (H2O) over 20 min, then held at 50% for 3 min before composition returned to 85% A 

for 10 min equilibration prior to the next injection. To reduce contamination of the MS, the 

first 3 min of the run was directed to waste. Detection of sugars was by Multiple Reaction 

Monitoring (MRM). Data were acquired and analysed using Analyst 1.6.2 software (AB 

SCIEX). The MS was operated in the negative ionisation mode using an IonDrivetm Turbo V 

ion source. Optimal conditions were determined using the Quantitative Optimisation feature 

of the Analyst software both by infusing standards into the MS by syringe pump and 

injecting standards into a 1.4 μl min-1 solvent flow (90% A). Optimised source conditions 

were: temperature 550°C, ion source gas 1 50 psi, ion source gas 270 psi, ion spray voltage -

4500 V, curtain gas 45 psi, CAD gas setting medium. An Enhanced Scheduled MRM method 

was used for the analysis with EP (-10) and CXP (-5) held constant for all transitions. 

Retention times (rt), collision energies (CE) and declustering potentials (DP) were specific for 

each compound, with parameters listed in Table S1. As fructose and glucose have the same 

parent/daughter ions and close retention times, a single transition set was used for both, 

with an extended retention time window centred between the two compounds. 

Quantification was based on calibration curves (0.5 to 50 μg ml-1) of authentic sugar 

standards (Sigma-Aldrich Company Ltd). Isotopically labelled (U-13C12) sucrose (Omicron 
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Biochemicals Inc), added to the standards and samples at 10 μg ml-1, was used to normalise 

the sample responses. A 1/x2 weighting was applied to the calibration curves. The MRM 

transitions shown in bold in Table S1 were used for quantification, with additional MRMs 

used to confirm correct compound identification. An example LC-MS-MRM chromatogram of 

standard sugars is shown at Fig. S2a. A minimum of eleven independent samples for each 

sample type was analysed. 

Statistical analysis 

Stylet track ending data were analysed by Student’s t-test. Other analyses were conducted 

using the StatistiXL v1.10 add-in package within Excel. Aphid survival data and aphid 

preference data in choice experiments were analysed by repeated measures ANOVA and 

Tukey’s HSD test. Aphid relative growth rate data were analysed by ANOVA and Tukey’s HSD 

test. ANOVA output tables are provided in Table S2. Sugar analysis data were analysed by 

Principal Components-based factor analysis with normalised Varimax rotation applied. 

 

RESULTS 

The majority of aphid stylet endings are in or near fascicular phloem 

To explore the hypothesis that EFP may not represent a normal phloem for aphids, we first 

designed a system for evaluating whether aphids appeared to be feeding on FP or EFP, by 

visualising stylet tracks using stains or fluorophores (Fig. 1). We took advantage of the fact 

that despite the complexity of cucurbit phloem, the anatomy becomes greatly simplified in 

the highest order minor veins, which possess only a single sieve element – companion cell 

(SE-CC) unit on either side of the xylem. Based on relative sizes of SE and CC, the abaxial 

element is assigned as fascicular phloem whereas the adaxial element represents EFP (Fig 

S1; Botha 2008; Turgeon et al. 1975; Turgeon & Webb 1976). For both A. gossypii and M. 

persicae, we found that aphids readily settled on both leaf surfaces. This allowed us to test 

whether aphid location on one or other leaf surface would influence stylet probing/feeding 

preferences for the minor vein adaxial or abaxial phloem element. Proportions of M. 

persicae stylet track endings visible in each location revealed a significantly higher frequency 

(P <0.001) of endings in abaxial phloem i.e. FP (Fig. 2a–b), with preference ratios of 4:1 or 
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higher, regardless of which side the aphids were feeding from. These data indicate that M. 

persicae did not always select the phloem that they would first encounter; notably track 

endings from adaxial aphids were relatively scarce in adaxial phloem. For A. gossypii, a 

similar preferential trend for abaxial FP was seen for aphids on the abaxial leaf surface (P 

<0.01; Fig. 2c). There was no significant difference in numbers of stylet track endings in FP 

and EFP for A. gossypii feeding from the adaxial leaf surface (Fig. 2d); this result again 

indicates that aphids were not necessarily selecting the first encountered phloem type. As A. 

gossypii is smaller than M. persicae, we wondered whether it might be compromised in its 

ability to penetrate to the more distant phloem. However, pumpkin leaves are approx. 300 

μm thick, very similar to the maximum stylet length of A. gossypii (300 to 350 μm; Liu et al. 

2003), and therefore unlikely to be a limitation here. 

Sugar analysis of stylectomy exudate indicates exclusive feeding on fascicular phloem 

Although the stylet data indicate track endings in or near both EFP and FP, with a preference 

for the latter, there was no direct evidence of actual feeding from either phloem type. We 

therefore analysed sugar profiles of phloem exudates collected after microcautery of stylets 

of M. persicae feeding on pumpkin plants. We also collected EFP exudate from cut petioles 

of the same host plants to provide reference sugar profiles. By separately analysing the 

stylectomy exudate from individual aphids, we were able to assign whether each was 

feeding from FP or EFP. Based on the relative abundance of monosaccharides (glucose, 

fructose), disaccharides (sucrose, trehalose) and raffinose family oligosaccharides (RFOs: 

raffinose, stachyose, verbascose), the sugar profiles from all stylectomy exudates were very 

similar to that previously described for FP tissue (Zhang et al. 2010), with the dominant 

sugars being stachyose, verbascose and sucrose, but low amounts of monosaccharides (Fig. 

3a; Fig. S2c). The sugar profiles of the EFP exudates collected in the present work were very 

different, with monosaccharides and sucrose dominant, and only small amounts of RFOs 

(Fig. 3a; Fig. S2b). A principal components analysis (PCA) of all the sugar data indicated a 

clear separation of stylectomy and EFP samples (Fig. 3b), confirming that they most likely 

had different origins, and therefore that the stylectomy samples all derived from FP not EFP. 

One stylectomy sample (S-n1) on the PCA plot appeared somewhat similar to EFP exudate, 

but examination of its absolute sugar levels indicated stachyose content much higher than 

any of the EFP samples, and a second successive collection (S-n2) of exudate from the same 
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stylet had a profile more similar to that of other stylets. On this basis, there is no evidence 

that any of the aphids in this experiment were feeding on EFP. 

EFP exudate inclusion in diets has negative effects on aphids 

Although the data on stylet track endings indicate a strong preference for minor vein abaxial 

FP in leaves and sugar profiles strongly indicate feeding from FP, we were not able to 

conclude whether the EFP constituents were responsible for the apparent avoidance of EFP. 

The ultimate positions of stylets in leaves result from complex sensing and behaviours 

during probing, phloem penetration and sustained feeding. To examine direct effects of EFP, 

we tested aphid preferences in a two-choice design using artificial diets with or without 

addition of increasing amounts of EFP exudate. To counteract the tendency of exudate to 

coagulate several minutes after collection, we added DTT to the diet mixtures, having first 

established that survival over 4 d was maximal on a 20% sucrose diet (Fig. S3a) and then 

verified that DTT concentrations up to 10 mM did not affect aphid survival over the same 

period (Fig. S3b). Counts of aphids settled on EFP and non-EFP diets after 3 d indicated that 

inclusion of EFP resulted in strong aversion by both species (Fig. 4). The effect of EFP 

exudate was significant even at very low proportions ( 5% for both species; P <0.001), with 

increasingly strong negative responses when greater amounts of EFP were incorporated. 

Similar trends were already present after 1 and 2 d, although the proportion of aphids 

scored as settled on diets was generally lower (Fig. S4). 

We next used no-choice artificial diet experiments to discern whether the avoidance of EFP 

represented a behavioural/sensory preference or whether presence of EFP in diets affected 

aphid performance. Measurement of relative growth rate over 2 d after introducing the 

aphids to one of a range of artificial diets supplemented with EFP indicated strong negative 

impacts for both A. gossypii (Fig. 5a–b) and M. persicae (Fig. 5c). After subtracting the small 

effect of DTT, a significantly reduced relative growth rate was found in all experiments with 

diets including EFP exudate at 20% or higher for M. persicae and at all concentrations for A. 

gossypii. There was thus a stark contrast between the weight increase of aphids on sucrose 

or complete diets and the substantial weight loss of those on many of the EFP-based diets. 

Analysis of survival of M. persicae over several days showed a clear dose-dependent 

response to EFP. Incorporation of EFP at 5% or more resulted in significantly reduced 
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survival from 2 to 3 d (P <0.05), and more dramatic effects from 4 d (P <0.001). The highest 

level of EFP tested (40%) gave a survival curve no different from when aphids were provided 

with a water-only diet (Fig. 5d), with almost complete mortality by 5 d. Containment of 

aphids with empty diet sachets, in effect a “nil-by-mouth” treatment, resulted in even faster 

decline in survival. In contrast, aphids provided with non-EFP diets had survival rates near 

100%. 

DISCUSSION 

We started this work with the knowledge that the sugar and proteome profiles differ greatly 

between cucurbit FP and EFP systems, but we did not know how these compositions would 

affect phloem feeders such as aphids, nor whether EFP contributes to defences against such 

herbivores. In searching for phloem food sources, aphids probe with their stylets along 

intercellular paths and often sample individual cell contents by puncturing. Sensory 

perception of cellular components results in responses that can be classed as positive (host 

acceptance, feeding) or negative (deterrence/antixenosis, toxicity/antibiosis). Although 

probing and feeding behaviour can be inferred from readouts of electro-penetrography 

(EPG), it was unclear whether feeding from EFP and FP would result in significantly 

differentiated EPG characteristics. Instead, a combination of four quantitative experimental 

approaches led to the clear conclusion that FP is the normal food source for aphid feeding 

on cucurbits. In contrast, EFP is not preferred, and when provided as a supplement within 

no-choice artificial diets, has strong negative impacts on aphid performance. 

Stylet track endings are more abundant in FP than in EFP 

Using wide-field and confocal scanning microscopy, stylet paths within leaves could readily 

be visualised after application of standard stains or fluorophores. Stylet path imaging has 

routinely been used in studies of plant-aphid interactions (Hogen Esch & Tjallingii 1992; 

Brennan et al. 2001; Urbańska 2010; Hewer et al. 2011; Pointeau et al. 2012), and does not 

require the stylet to remain in place during sample collection and processing. This is because 

the secreted stylet sheath has a distinctive composition that enables it to be clearly 

contrasted against plant tissue backgrounds. In addition, plant cellular responses to probing 

may include local deposition of additional visualisable materials such as callose or defensive 

secondary metabolites. 
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Although it was not always possible to determine exactly which plant cell was associated 

with a stylet track ending, it was relatively straightforward to score endings for location in 

adaxial or abaxial phloem of the highest order minor veins of cucurbit leaves, using the 

xylem as a spatial reference point. These minor veins normally contain only a single abaxial 

and a single adaxial sieve tube. The size of the SE relative to its adjoining CCs or 

intermediate cells (ICs) indicate that the abaxial phloem (large ICs, small SE) functions in 

phloem loading and is part of the FP system, whereas the much larger adaxial SE is 

connected to the EFP network, as previously described (Turgeon et al. 1975; Turgeon & 

Webb 1976). The validity of this assignment is strengthened by the fact that other families 

with bicollateral fascicular phloem but lacking EFP (e.g. Solanaceae) have only the abaxial 

phloem in their minor veins (Schmitt et al. 2008). We tested whether aphids would feed on 

the nearest phloem they encountered during probing: aphids settled on abaxial or adaxial 

leaf surfaces were assessed for stylet tracks in minor veins by scoring for track endings in 

nearer (‘cis’) or distant (‘trans’) phloem. Both M. persicae and A. gossypii exhibited 

preferences for FP sites (over four-fold average across experiments) even when the FP was 

more distant from the leaf entry surface than the EFP element. In the case of A. gossypii on 

adaxial leaf surfaces, numbers of track endings in EFP and FP were near equal but distance 

to abaxial FP is greater, suggesting that, even here, FP was preferred. 

It is likely that the majority of track end points for well-settled aphids (in this case for ≥24 h) 

represent actual feeding sites. Therefore, by counting a large number of endings, a picture 

of the overall preference could be built up. Although we used leaves as the test system, 

responses can be extrapolated to feeding behaviours on stems. Stems possess additional 

EFP especially located in the cortical tissues below the epidermis, and these EFP elements 

would be encountered by phloem feeders on the path towards the more deeply buried 

vascular bundles. 

Sugar profiles of stylet exudates are consistent with FP origin 

Sugar analysis of exudates from cut stylets of M. persicae feeding on pumpkin indicates a 

consistent profile dominated by RFO sugars, of which stachyose was the most abundant, 

highly similar to FP analysis reported by Zhang et al. (2010). In contrast, EFP exudates, from 

cut petioles of the same plants from which the aphids had been feeding, were dominated by 
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sucrose and reducing sugars such as glucose and fructose. In addition, trehalose was 

detected in all EFP samples but never in the stylectomy samples. On the basis of these 

highly divergent profiles, and from the fact that the stylet sugar profiles matches predictions 

for species that transport RFO sugars in phloem, we conclude that aphids, at least M. 

persicae, feed exclusively on FP and not EFP. This finding is broadly consistent with Hewer et 

al. (2010) who found that high molarity of sugars such as sucrose or raffinose was preferred 

by aphids. 

When given the choice, EFP exudate is avoided by aphids 

Using choice experiments where aphids were offered pairs of artificial diets with or without 

EFP exudate supplementation, a significant avoidance of EFP exudate was detected for both 

species even when highly diluted (5% exudate), consistent with the data on stylet track 

endings. This preference was noted within 24 h (Fig. S4) and continued for at least 72 h. A 

proportion of aphids were scored as not settled on either diet, suggesting that the diets 

overall were not optimal for long-term feeding. This conclusion is consistent with evidence 

that aphids can survive, grow and reproduce on a simple sucrose diet for several days, but 

ultimately they become nutritionally deficient (Dadd & Mutler 1965). Here, there was no 

evidence that the composition of EFP exudate was of nutritional benefit. If there are 

valuable nutrients in EFP exudate, then their effects are apparently outweighed by 

deterrent or possibly toxic components. 

EFP exudate has strong negative impacts on aphid performance 

Because stylectomy sugar analysis and choice experiments both indicated that EFP 

appeared to be non-preferred, we wished to ascertain whether this represented a neutral 

response (e.g. EFP not recognised as phloem) or a negative one (EFP has deterrent or toxic 

constituents). By providing no-choice artificial diets supplemented with increasing amounts 

of freshly collected EFP exudate, it was apparent that EFP dilutions significantly reduced 

growth rate and survival of both species. For growth rate, M. persicae appeared less 

sensitive to EFP (20% dilution; Fig. 5c) than A. gossypii (2.5 to 10% dilution, Fig. 5a-b). It was 

necessary to add DTT to prevent protein coagulation, which in itself might suffice as a 

defensive mechanism. On its own, DTT had no detectable impact on survival (Fig. S3b, Fig. 

5d). However, DTT did result in a small significant negative effect on growth rate, but not 
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nearly as substantial as the effect of EFP+DTT. Sucrose-only or complete artificial diets were 

sufficient to sustain positive growth rates for at least 2 d, and the majority of aphids 

survived for at least 4 d. In comparison, a water-only control, lacking any nutritional inputs, 

resulted in negative growth rates and high mortality over the same period. Nonetheless, 

water, which aphids sometimes acquire by xylem feeding, resulted in longer survival than if 

empty diet sachets were provided. These growth rate and survival profiles can be 

considered as reference points for normal feeding, drinking only and nil-by-mouth. Aphids 

on EFP exudate diets often had poorer performance than water controls, suggesting that 

not only were they failing to gain nutrients but there were also most likely suffering from 

antixenotic and/or antibiotic effects. The low sugar content of EFP (~30 mM, compared to 

~1 M in FP) is atypical for phloem and thus might be predicted to be a poor diet for aphids. 

However, the C:N ratios of FP and other normal phloems is extremely high, meaning that 

aphids can be N-limited. The copious excretion of sugar-rich honeydew is clear evidence of C 

excess in their diet. By contrast, EFP exudate N content (as protein and other nitrogenous 

compounds; Richardson et al. 1982; Fiehn 2003; Zhang et al. 2010) is relatively high 

compared with FP, thus EFP could be construed as having a more favourable C:N ratio. 

Nevertheless, it has been shown that phloem sap is a nutritionally unbalanced diet for 

phloem-feeding insects, providing only a limited range of primary amino acids, with the 

others being synthesised de novo most likely via endogenous aphid and endosymbiont 

enzymes (Sandström & Moran 1999; Haribal & Jander 2015). This capacity for amino acid 

metabolism indicates that, although total N content of FP may be low, C:N ratios are unlikely 

to be the key factor on aphid choices between FP and EFP diets. 

Does EFP function in defence? 

Although we do not have direct proof that aphids feed (or attempt to feed) on EFP, the 

quantitative data reported here indicate that EFP may share features with other defence 

systems in plants, including laticifers (Gaupels & Ghirardo 2013) and specialised cells such as 

those dedicated to myrosinase-glucosinolate or alkaloid production. Laticifers are composed 

of modified cells that contain milky, yellow or colourless sap of highly variable composition 

(Pickard 2008). This latex/sap can confer herbivore or disease resistance (Pickard 2008; 

Konno et al. 2004). Indeed, EFP shows strong resemblance to laticifers: both form tubular 

networks; both exhibit prolific exudation of cell contents upon wounding; and this release in 
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both cases can have defence functions (Hagel et al. 2008; Konno 2011). Latex exudation due 

to aphid feeding on inflorescences of lettuce (Lactuca sativa) resulted in higher mortality 

compared to latex exudation on stalks and leaves (Dussourd 1995). Similarities exist with 

systems found in the Brassicaceae, which have specialised cells located between the 

endodermis and adjacent to the vascular bundle. S-cells contain glucosinolates and adjacent 

idioblasts contain myrosinases (thioglucoside glucohydrolases) that hydrolyse glucosinolates 

upon tissue damage. The isothiocyanates released have been demonstrated to be toxic to a 

wide range of microorganisms, nematodes, and insects (Koroleva et al. 2000; Wittstock et 

al. 2003; Burow & Wittstock 2009). Likewise, in Papaver somniferum, benzylisoquinoline 

alkaloids are synthesised through reactions occurring in a number of discrete locations 

before accumulating finally in specialized laticifers (Bird et al. 2003; Facchini & De Luca 

1995; Weid et al. 2004). 

 

Conclusion 

Our results support the hypothesis that EFP has negative impacts on aphids, as 

demonstrated here through several lines of quantitative evidence. In contrast, FP appears to 

be the true phloem in cucurbits, equivalent to phloem within vascular bundles of other 

plant families. The evolutionary origins of EFP remain unclear, as do the developmental 

regulators that lead to differentiation of EFP cell types. Cucurbit EFP exudate is a complex 

mixture of proteins, such as the major PP1 and PP2 that result in gelling, and small 

molecules such as cucurbitacins, but further studies are needed to establish which 

components are responsible for the negative impacts on aphids. If EFP is essentially a form 

of laticifer, there are likely some further commonalities yet to be discovered between 

cucurbits and other families with laticifers and similar specialised systems. Finally, it is 

notable that cucurbits possess relatively few classic Nucleotide Binding – Leucine Rich 

Repeat (NB-LRR) resistance genes (Huang et al. 2009; Garcia-Mas et al. 2012; Guo et al. 

2013): 44 to 81, compared with hundreds found in most other sequenced species. Although 

definitive proof of a defence function (Gaupels and Ghirardo 2013) might require, for 

example, cucurbits lacking EFP, it is intriguing to speculate that EFP could provide sufficient 
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alternative defences that obviate the pressure to more extensively expand and diversify NB-

LRR proteins. 
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Figure 1. Leaf minor veins and location of stylet track endings. (a)-(c) Leaf minor veins 

visualised by confocal microscopy after staining with propidium iodide. (a) Low 

magnification perpendicular section of leaf, vascular bundle arrowed, (b,c) higher 

magnification views of vascular bundle. Adaxial phloem has companion cell and sieve 

element (Ad P) of near equal cross sectional area, whereas abaxial phloem has large 

“intermediate” companion cells and smaller sieve element (Ab P). Xylem tracheid (X). See 

Fig. S1 for reference electron micrographs from Turgeon et al. (1975) indicating assignment 

of cell types. (d)-(g) Stylet track endings in abaxial phloem (d, f) and adaxial phloem (e, g), 

with aphids located on abaxial (d, e) or adaxial (f, g) leaf surface. Staining by acid fuchsin and 

aniline blue. Arrows indicate track endings in phloem either above (adaxial) or below 

(abaxial) the single xylem element. (h) Locations of adaxial (Ad) and abaxial (Ab) phloem 

relative to xylem of minor vein. Wide-field fluorescence micrograph showing aniline-blue 

stained stylet track ending in abaxial phloem. Xylem is visible due to autofluorescence. 
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Figure 2. Aphid stylet track endings are found preferentially near fascicular phloem 

elements of pumpkin leaf minor veins. Data are mean proportion (±SE) of stylet track 

endings found clearly in or adjacent to abaxial FP or adaxial EFP elements of highest order 

minor veins. (a, b) Myzus persicae entering from abaxial (a) or adaxial (b) leaf surface, 

respectively. (c, d) Aphid gossypii entering from abaxial (c) or adaxial (d) leaf surface, 

respectively. Stylet tracks in perpendicular sections were visualised by light or fluorescent 

microscopy and indicated whether stylet penetrated from abaxial or adaxial leaf surface. 

Five independent experiments were conducted for M. persicae (total 662 tracks counted) 

and three for A. gossypii (total 212 tracks counted). Track endings in phloem nearer leaf 

stylet entry point were scored as “cis”, and those in more distant phloem were scored as 

“trans”. For each panel, a Student’s t-test was conducted on the means of each independent 

experiment. ***, P <0.001; **, P <0.01; NS, not significant. 
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Figure 3. Phloem sugar profiles from stylet exudation indicate exclusive feeding on FP. Stylet 

exudates and EFP exudates were analysed by LC-MS-MRM. (a) Mean (± SE) relative sugar 

composition of EFP exudate and stylet exudate. For each sample, sum of sugars was 

normalised to 100%. (b) Principal components-based factor analysis bi-plot of loadings 

(sugar variables, in red) and scores (individual samples). EFP exudate samples (E) bounded 

by dashed line and stylet exudates (S) bounded by solid line. Each lower case letter indicates 

an individual stylet or exudate source, and numbers indicate successive samples collected 

from same source. For stylet samples, 12 independent cut stylets were analysed; for EFP, 

samples (n=11) were collected from cut petioles of the same plants used for stylet samples. 
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Figure 4. EFP exudate causes a dose-dependent aversion response in aphids. (a) M. persicae, 

(b) A. gossypii. Aphids were given a choice of sucrose diet (open circles) or a sucrose diet 

supplemented with increasing amounts of freshly collected EFP exudate (filled squares). 

Data are proportions of aphids at 72 h scored as feeding on sucrose or sucrose+EFP. All diets 

contained 30% sucrose, and 10 mM DTT was added to EFP exudate dilutions. Data for 

aphids not settled on a diet ring and data for 24 and 48 h are in Fig. S4. n = 20 test 

chambers, each containing 10 aphids. *** Aphid distribution between +EFP and –EFP choice 

significantly different (P <0.001) by repeated measures ANOVA and Tukey’s HSD test. NS, 

not significant. 
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Figure 5. EFP exudate negatively affects aphid performance. Incorporation of different 

amounts of EFP exudate into complete or sucrose-based artificial diets shows increasingly 

negative impacts on aphid relative growth rate and survival. Mean RGR (±SE) measured over 

48 h of (a) A. gossypii on diets based on 20% sucrose, n = 9 to 19 aphids per treatment 

surviving to end of experiment, (b) A. gossypii on complete diets, n = 7 to 17 aphids 

surviving and (c) M. persicae on complete diets, n = 12 to 20 aphids surviving. Green bars 

are EFP series, all with 10 mM DTT included, black bar is control diet and blue bar is water. 

For (a) to (c), bars within each panel sharing same letter are not significantly different by 

ANOVA and Tukey’s HSD test. Comp = complete diet control. (d) Mean survival (±SE) of M. 

persicae on diets based on 20% sucrose. n = 10 replicated batches of 5 aphids per 

treatment. 10 mM DTT was included in all EFP diets (solid lines). Controls without DTT are 

shown as broken lines. All EFP treatments of 5% and higher had significantly lower survival 

(P <0.05) than 0% EFP by 2-3 d by repeated measures ANOVA and Tukey’s HSD test. 

 


