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Aphid-host plant interactions: does aphid honeydew exactly reflect
the host plant amino acid composition?
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Abstract Plants provide aphids with unbalanced and low

concentrations of amino acids. Likely, intracellular sym-

bionts improve the aphid nutrition by participating to the

synthesis of essential amino acids. To compare the aphid

amino acid uptakes from the host plant and the aphids

amino acid excretion into the honeydew, host plant exu-

dates (phloem ? xylem) from infested and uninfested

Vicia faba L. plants were compared to the honeydew

produced by two aphid species (Acyrthosiphon pisum

Harris and Megoura viciae Buckton) feeding on V. faba.

Our results show that an aphid infestation modifies the

amino acid composition of the infested broad bean plant

since the global concentration of amino acids significantly

increased in the host plant in response to aphid infestations.

Specifically, the concentrations of the two amino acids

glutamine and asparagine were strongly enhanced. The

amino acid profiles from honeydews were similar for the

two aphid species, but the concentrations found in the

honeydews were generally lower than those measured in

the exudates of infested plants (aphids uptakes). This work

also highlights that aphids take large amounts of amino

acids from the host plant, especially glutamine and aspar-

agine, which are converted into glutamic and aspartic acids

but also into other essential amino acids. The amino acid

profiles differed between the host plant exudates and the

aphid excretion product. Finally, this study highlights that

the pea aphid, a ‘‘specialist’’ for the V. faba host plant,

induced more important modifications into the host

plant amino acid composition than the ‘‘generalist’’ aphid

M. viciae.
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Introduction

Aphids feed on the phloem and the xylem sap of plants

(Spiller et al. 1990; Smith 1926; Saheed et al. 2007) and are

the most common honeydew producing insects. This aphid

excretory product consists in an aqueous mixture of dif-

ferent chemical compounds, of which the most important

are sugars (90–95% of the dry weight) and amino acids

(Auclair 1963). Many studies have shown that the chemical

composition of aphid honeydew varies with (1) the host

plant species (Hendrix et al. 1992; Fischer and Shingleton

2001; Karley et al. 2002), (2) the nutritional state of the

host plants (Mittler 1958; Douglas 1993), (3) the aphid

species, developmental stage and age (Hendrix et al. 1992;

Arakaki and Hattori 1998; Fisher et al. 2002; Sandström

et al. 2000), (4) the rate and duration of aphid infestation

(Faria et al. 2008), (5) the presence of ants (mutualism)

(Yao and Akimoto 2001; 2002; Way 1963), (6) the pres-

ence of bacterial intracellular symbionts (Wilkinson et al.
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1997), (7) the parasitism state (Cloutier 1986) and the

presence of secondary plant metabolites (Malcolm 1990).

Plant-derived phloem sugars (67–89% of the sugar content)

such as glucose, fructose, sucrose or maltose and free

amino-acids such as asparagine, glutamine, glutamate and

serine (78% of the amino acid content) seem to be uni-

versally present in honeydew (Hogervorst et al. 2007;

Woodring et al. 2004). The sugar composition of honeydew

reflects the composition of phloem sap but various other

mono-, di-, and oligo-saccharides are also synthesized by

the sap feeder (action of gut enzymes on plant derived

sucrose) such as melezitose, erlose (fructomaltose), raffi-

nose and trehalose (Wäckers 2000, 2005; Mittler 1958;

Hendrix et al. 1992). The amino acid composition of the

honeydew corresponds to the phloem sap content: aspara-

gine and glutamine were reported as the two major amino

acids in honeydew but also in the phloem sap of some plant

species (Sasaki et al. 1990; Douglas 1993). Aphids exploit

intracellular symbionts (endosymbionts) to incorporate

nitrogenous wastes into essential amino acids or transform

non essential amino acids in phloem sap into essential

amino acids (Smith and Douglas 1987; Prosser and

Douglas 1991). The main nitrogen sources of aphids are

free amino acids found in very low and unbalanced con-

centrations in the phloem sap and it is well known that

aphids, like other animals, cannot synthesize all the amino

acids (Douglas 1993). Endosymbiotic bacteria from the

genus Buchnera are therefore considered as indispensable,

providing essential amino acids to their host (Febvay et al.

1999; Douglas 1998).

Only few studies take in consideration the xylem

ingestion by aphids. Smith (1926) already showed that the

aphid Mysus persicae Sulzer uses both xylem and phloem

sap. Futhermore, aphids are known to drink periodically

from the xylem (Tjallingii 1994) and Saheed et al. (2007)

demonstrated that the aphid Diuraphis noxia Mordvilko

exploited the xylem in barley plants. It has been suggested

that during the day an aphid will accumulate a water def-

icit, as a result of losing water to its relatively concentrated

gut contents (Cull and van Emden 1977). According to

Spiller et al. (1990), xylem ingestion may be a common

and efficient method of restoring and maintaining the water

balance of the insect.

In this study, we simultaneously considered xylem and

phloem sap and used the terms ‘‘host plant exudate’’ or

‘‘host plant content’’ to define these two aphid intakes.

The aim of this study was to compare the amino acid

profiles from the host plant exudates to the profiles

obtained with the honeydews of two aphid species (Acyr-

thosiphon pisum and Megoura viciae). Analyses were

realised with exudates collected from uninfested and

infested Vicia faba host plants in order to determine (1)

how the amino acid exudate composition is modified when

aphids feed on the host plant and (2) how these modifica-

tions affect the honeydew amino acid content.

Materials and methods

Biological material

In a climate-controlled room (16 h light photoperiod;

60–70% RH; 20 ± 2�C), the host plants Vicia faba L.

(var. Major) were grown in 9 cm 9 8 cm plastic pots

containing a mixture of vermiculite and perlite (1/1) and

were infested with 150 aphids Acyrthosiphon pisum Harris

or Megoura viciae Buckton. Both aphid species were col-

lected in field crops in 1990 and are reared for years at the

University of Liege, Gembloux Agro-Bio tech (Department

of Functional and Evolutionary Entomology). Aphids are

weekly transferred on new V. faba host plants (grown in a

mixture of vermiculite and perlite) and maintained in a

climate-controlled room (16 h light photoperiod; 60–70%

RH; 20 ± 2�C).

Host plant exudates and honeydew collection

To collect the honeydew, a V. faba plant infested with 150

aphids during 48 h (A. pisum or M. viciae) was placed

10 cm above an aluminium foil. In sterile conditions, the

honeydew droplets falling on the aluminium sheet were

directly collected using microcapillaries of 2 ll volume. If

not directly used, the samples obtained were conserved at

-20�C.

In order to collect the host plant exudates, 15 days-old

infested (150 aphids during 48 h - A. pisum or M. viciae -)

and uninfested V. faba plants were used. The apical parts of

plants were cut and the exudates were collected using

microcapillaries of 10 ll volume. The so collected exudate

corresponds to a combined sample from all phloem and

xylem vessels (Weibull et al. 1990). If not directly used,

the samples obtained were conserved at -20�C.

Amino acids analyses

To analyse the honeydew free amino acid composition for

the two aphid species (Modified Commission Directive

98/64/EC method for free amino acids), 50 ll of fresh

honeydew were used and diluted ten times in milli-Q

water. Similarly, 50 ll of plant exudates were used from

both infested and non-infested host plants, and diluted 10

times. Deproteinization was realised by adding 500 ll of a

5% solution of 5-sulfosalicylic acid solution containing

1,000 nM/ml of norleucine (internal standard). After

incubation at 4�C during 1 h, the samples were centrifuged

during 5 min at 4,750 rpm. The supernatant was filtered
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(0.2 lm) and finally placed in a HPLC vial. HPLC analyses

were carried out on a Biochrom 20 Plus amino acids ana-

lyser (Pharmacia, Cambridge, UK, ref. 80-2111-01).

Samples were injected on a cation-exchange column

(Biochrom, High Performance Sodium Oxidised Feedstuff

Column ref. 80-2112-18) and the amino acids were sepa-

rated by elution with sodium citrate buffers of increasing

pH. Post-column derivatization was used in order to detect

the amino acids at 570 and 440 nm (only for proline).

Amino acid standard solution was prepared by mixing 4 ml

amino acid standard solution Sigma–Aldrich (Steinheim,

Germany, ref. AA-S-18), 2 ml cysteic acid 2.5 lM/ml

sodium citrate buffer pH 2.2, 2 ml methionine sulfone

2.5 lM/ml sodium citrate buffer pH 2.2 and 2 ml norleu-

cine 5 lM/ml sodium citrate buffer pH 2.2 and by adjust-

ing the volume to 20 ml with sodium citrate buffer pH 2.2

(Biochrom, ref. 80-2037-67). Amino acid standard solu-

tions were separately injected to calibrate the analyser and

quantify each amino acid. Five replications were performed

for each aphid species and each exudates sample.

Statistical analyses

To compare the amino acid concentrations between the

exudates of non-infested and infested plants, but also to

compare the amino acid concentrations determined for the

honeydews or for the plant exudates, One-way analysis of

variance (ANOVA) followed by Tukey’s test was used. All

statistical tests were conducted by using Minitab v.15 for

Windows�.

Results

Amino acids analyses

The 20 amino acids, identified from all collected samples,

are presented in Figs. 1 and 2.

Aphid infested plant exudates versus uninfested plant

exudates

When the aphids A. pisum fed on the V. faba plant, the total

amino acid concentration strongly increased (2.55 times)

since the amino acids alanine, aspartic acid, histidine,

isoleucine, lysine, phenylalanine, valine and the two ami-

dated amino acids (asparagine and glutamine) significantly

increased in concentration (One-way Anova analysis, Tu-

key’s test) (Figs 1, 2). At the contrary, when considering

the M. viciae aphids, no significant differences were noted

between the amino acids from the exudates of infested and

uninfested plants (One-way Anova analysis, Tukey’s test)

Fig. 1 Average (?SE) amino acid concentrations (Ala, Asp, Cys,

Glu, Gly, Pro, Ser, Tyr, Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp,

Val) (nmol/ll) in plant exudates (phloem ? xylem) of uninfested and

infested Vicia faba plants with the aphids Acyrthosiphon pisum or

Megoura viciae and amino acid concentrations (nmol/ll) in the

Acyrthosiphon pisum or Megoura viciae honeydews (n = 5). For one

considered amino acid, means sharing similar letters are not

significantly different (Anova, Tukey’s test, P \ 0.05). N.S. indicates

‘‘no significant difference’’
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and, in this case, the total amino acid concentration only

increased 1.63 times.

A. pisum infested plant exudates particularly showed

important modification for the amino acids glutamine (Gln)

and asparagine (Asn) in comparison to the uninfested plant

exudates (One-way Anova analysis, Tukey’s test) (Fig. 2):

glutamine and asparagine concentrations were increased

2.45-fold and represented 61.8% of the total amino acids.

The increase of Gln ? Asn was less marked (1.66 times)

when M. viciae fed on the plants, but these two amino acids

also represented the most important proportion of amino

acids (65.83% of the total amino acids).

Plant exudates versus aphid honeydews

Honeydew amino acid profiles were similar for the two aphid

species (One-way Anova analysis, Tukey’s test) with the

exception that lysine was excreted in larger amount by the

aphid A. pisum (Fig. 1). The total amino acid concentrations

in the honeydews were respectively 162.39 ± 32.41 and

177.76 ± 13.74 nmol/ll for the aphids A. pisum and

M. viciae, smaller than the values noted for the infested

plants, exudates (329.19 ± 151.61 nmol/ll for A. pisum and

209.37 ± 82.53 nmol/ll for M. viciae). The two amidated

amino acids asparagine (Asn) and glutamine (Gln) together

averaged 50% of the total amino acids for the two aphid

species honeydews.

When comparing the honeydew amino acid composi-

tions to the amino acid profiles found for the infested host

plants exudates (aphids intakes), the aphids A. pisum or

M. viciae were shown to induce different kind of changes

in the host plant. Compared to the amino acid concentra-

tions determined for the infested host plant exudates,

concentrations of glutamate, proline and arginine were

higher for both aphid species honeydews but histidine,

isoleucine, valine and the two amidated amino acids

(asparagine and glutamine) were less concentrated in the

A. pisum excretory product than in the infested host plants

exudates (One-way Anova analysis, Tukey’s test) (Figs. 1,

2). For the aphid A. pisum, it clearly appeared that the

Gln ? Asn concentrations strongly and significantly dif-

fered between the infested host plant exudates and the

honeydew (One-way Anova analysis, Tukey’s test), indi-

cating that A. pisum took large amount of glutamine and

asparagine from the host plant exudate (203.45 ±

70.18 nmol/ll), but only excreted these two amino acids in

smaller proportions (89.53 ± 28.69 nmol/ll) (Fig. 2). The

same observation was noted for the aphid M. viciae but no

significant difference was observed (One-way Anova

analysis, Tukey’s test): the Gln ? Asn concentrations

were 137.83 ± 61.68 nmol/ll and 86.89 ± 3.98 nmol/ll,

respectively for the M. viciae intakes and excretions

(Fig. 2).

If the amino acids concentrations are compared between

uninfested plant exudates and both aphid species honey-

dews, increases are noted for aspartate, glutamate, proline,

arginine and lysine into the honeydews (One-way Anova

analysis, Tukey’s test) (Fig. 1).

Discussion

Amino acids are the only nitrogen source for aphids, one of

the basic nutriments indispensible for growth (Mattson

1980) since insects transform amino acids into other prod-

ucts (Urich 1994) and use them as an energy source (Rhodes

et al. 1996). Nitrogen is present in phloem sap as free amino

acids of unbalanced composition with only low concentra-

tions of most of the essential amino acids (only 20% essential

amino acids) that insects cannot synthesise (Douglas 1993;

Girousse et al. 1991; Sandström and Moran 1999).

For this reason, aphids ingest plant exudates at a high

rate to accumulate sufficient amounts of amino acids. At

Fig. 2 Average (?SE) amino acid concentrations (Gln ? Asn)

(nmol/ll) in plant exudates (phloem ? xylem) of uninfested and

infested Vicia faba plants with the aphids Acyrthosiphon pisum or

Megoura viciae and amino acid concentrations (nmol/ll) in the

Acyrthosiphon pisum or Megoura viciae honeydews (n = 5). Means

sharing similar letters are not significantly different (Anova, Tukey’s

test, P \ 0.05)
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the same occasion, aphids also intake sugars in excess,

which are largely excreted into the honeydew (Douglas

2006). The role of vertically-transmitted symbionts Buch-

nera sp. (Douglas 2006; Shigenobu et al. 2000) that can

improve aphid nutrition only by correcting the composition

of ingested amino acids in phloem sap, is largely docu-

mented: symbionts essentially use glutamine and aspara-

gine respectively converted (hydrolyzed) into glutamic

acid and aspartic acid. Several different amino acids,

including some essential ones (leucine, phenylalanine,

valine,…), are synthesized from these four amino acids

(Sasaki and Ishikawa 1995; Sasaki et al. 1993; Douglas

1998; Douglas and Prasser 1992; Wilkinson and Douglas

1995). For example, bacteria of the genus Buchnera con-

tribute up to 90% of the essential amino acids required by

the pea aphid Acyrthosiphon pisum feeding on Vicia faba,

which host plant only contains 21.6% of essential amino

acids according to Sandström and Pettersson (1994). In our

study this percentage of essential amino acids, in the

exudate of infested plants reached an average of 20%.

Like other studies speculating that aphids induce chan-

ges in the composition of plant exudate in their own favour

(Telang et al. 1999; Sandström et al. 2000; Sandström and

Moran 2001), we confirmed that aphids alter the compo-

sition of the sap of their host plants by increasing the total

concentration of amino acids. This augmentation of amino

acids in the plant was observed with the aphid A. pisum, a

‘‘specialist’’ aphid for the host plant V. faba in contrast

with the aphid M. viciae (a ‘‘generalist’’ aphid). Indeed, if

alanine, aspartic acid, histidine, isoleucine, lysine phenyl-

alanine, valine, glutamine and asparagine concentrations

all increased when the A. pisum aphids fed on the V. faba

plants, no significant changes were induced by the ‘‘gen-

eralist’’ aphid M. viciae. More specifically, for the pea

aphid, our analyses have shown a significant increase for

the amino acids glutamine and asparagine (2.45 times)

while M. viciae did not affect the concentrations of those

two amino acids. In this sense, Petersen and Sandström

(2001) have shown a drastic increase (two fold) for the

amino acid glutamine when the aphid Melanocallis cary-

aefoliae Davis fed on the pecan Carya illinoensis plant.

Also, Sasaki et al. (1990) determined that glutamine was

the major amino acid in the phloem sap of the bean plant

on which the aphids feed. Similarly to our study, when

considering the pea aphid, colonies of Aphis fabae Scopoli

induced elevated levels of asparagine, aspartic acid, ala-

nine, phenylalanine, valine and isoleucine in Vicia faba

plants (Poehling 1985). In contrast to our results, this

author also noted elevated levels for proline, leucine and

methionine.

In addition, glutamine and asparagine were determined

as the most abundant amino acids in the aphid Acyrthosi-

phon pisum hemolymph (Sasaki and Ishikawa 1995) but

also in the phloem sap of the different host plants (Sasaki

et al. 1990; Douglas 2006).

From our results, it could be assumed that the presence

of aphids modifies the host plant content by enhancing the

nutritional quality of the host plant exudate. Aphids are

allowed to take up large amounts of glutamine and aspar-

agine what is advantageous since other essential amino

acids are synthesised from glutamine. In other studies,

phloem-feeder’s ability to induce changes in their host

plants was demonstrated to be linked to galling (Dreger-

Jauffret and Shorthouse 1992), chlorotic lesions, necrosis

(Tedders and Thompson 1981) and morphological changes

(reduction in the size of roots and leaves) (Hawkins et al.

1986). These alterations are associated with changes in the

phloem composition (Olmstead et al. 1997; Telang et al.

1999; Sandström 2000) and with increases in amino acid

concentration in whole leaf tissue (Dorschner et al. 1987;

Riedell 1989). It is also assumed that some substances in

the saliva of the aphids elicit reactions in the plants

inducing senescence and at the same time an increased

translocation of amino acids resulting from breakdown of

leaf proteins (Dorschner et al. 1987).

In this study, the amino acid quantities detected in the

honeydew demonstrated that the two aphid species used

glutamine and asparagine to synthesise essential amino

acids. On one hand, our results showed that the concen-

trations of essential amino acids increased in the honeydew

when compared to the exudates of uninfested plants

(excepted for methionine and tryptophane): this could be

explained by the direct modification of the host plant

content in response to aphids on the plant, but also by the

symbionts, which supply aphids with essential amino acids

(Douglas 2006). Differences between the results obtained

for the two aphid species certainly reflected small differ-

ences in the composition of the ingested phloem sap and/or

differences in physiological capabilities of aphids or sym-

bionts (Sandström and Moran 1999).

On the other hand, for the two aphid species, our anal-

yses have shown that honeydew contained larger quantities

of amino acids than those from the exudate of uninfested

plants. Indeed, honeydews of both aphid species contained

higher concentrations of aspartic acid, glutamic acid, pro-

line and arginine than those from the exudates of infested

plants.

Furthermore, when looking at the concentrations of the

two amidated amino acids asparagine and glutamine, a

strong difference between the exudate of infested plants

and the pea aphid honeydew can be noted in contrast with

the M. viciae honeydew. Only lower quantities of these two

amino acids were excreted into the honeydew, which

confirms that they were used and transformed by the

symbionts after their intakes from the host plant. As

showed in our study, Douglas (1993) reported that

Aphid-host plant interactions
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asparagine and glutamine were the predominant honeydew

amino acids even when feeding on plants containing very

low levels of these amino acids. Concentrations of gluta-

mine and asparagine found in the honeydew corresponded

to those noted for the non-infested V. faba plant, suggesting

that aphids induce changes in the host plant when feeding

to obtain large amount of these amino acids. These are later

known to be metabolized into aspartate and glutamate and

used by symbionts to synthesize other amino acids only

present at low concentrations in the plant. Specifically, for

both aphid species, proline, arginine and glutamate con-

centrations in the honeydew were higher than those found

from the host plant exudates. This showed that symbionts

have produced large amount of glutamate from the large

quantity of glutamine found in the host plant in response to

aphids before to be partially excreted in the honeydew.

In conclusion, this study highlights that the two aphid

species (A. pisum and M. viciae) elicit different changes in

the host plant exudates, showing that the ‘‘specialist’’ aphid

A. pisum induces more important modifications in the

amino acid composition of the V. faba host plant than the

‘‘generalist’’ aphid M. viciae. Concentrations of glutamine

and asparagine are particularly increased when the pea

aphid feeds on the plant, which is reflected in the honey-

dew containing large amount of glutamate produced from

the large amount of glutamine absorbed. Because ‘‘spe-

cialists’’ only feed on one host plant, one hypothesis that

could explain the different changes induced by the two

aphid species is that the pea aphid is specifically adapted to

the V. faba plant in contrast with the aphid M. viciae, a

‘‘generalist’’. For this reason and in an advantageous way,

our study suggests that the ‘‘specialist’’ pea aphid is able to

induce more important changes in the V. faba host plant in

order to ingest sufficient nitrogen and adequate amount of

the different amino acids.
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