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Abstract Aphid saliva can suppress the blocking of sieve

elements, a reaction that plants employ to inhibit aphid

feeding, but aphid saliva can also elicit plant defence

responses. Such plant responses might affect interactions

between different aphid species and intraspecifically, e.g.

among different biotypes. The objectives of our study were

to investigate if feeding behaviour and performance of two

biotypes of the lettuce aphid Nasonovia ribisnigri are

affected by (1) feeding by the other biotype and (2) feeding

by the green peach aphid Myzus persicae or the potato

aphid Macrosiphum euphorbiae. Additionally the effect of

feeding in a group was studied. All experiments were

performed on both a resistant and an isogenic susceptible

lettuce cultivar. Feeding or probing by conspecific or

heterospecific aphids had different effects on Nasonovia

ribisnigri biotypes. Aphids were only slightly affected by

feeding or probing of the same biotype on both susceptible

and resistant lettuce. N. ribisnigri virulent biotype Nr:1

suppressed the resistance against Nr:0 in the resistant cul-

tivar. In contrast, defence was induced by Nr:1 against Nr:0

in susceptible lettuce. Co-infestation by M. euphorbiae and

M. persicae had minor effects on Nr:0. Defence against

Nr:1 was induced on both susceptible lettuce and resistant

lettuce by Nr:0 and M. euphorbiae. Additionally, M. per-

sicae induced defence in resistant lettuce against Nr:1.

Effectors in the saliva of Nr:1 aphids are likely responsible

for the defence suppression in lettuce. Identification of

these effectors could lead to a better understanding of the

mechanism of virulence in N. ribisnigri.

Keywords Lettuce � Aphid � Virulence � Co-infestation �
Suppression

Introduction

Nasonovia ribisnigri (Mosely), the black currant-lettuce

aphid, is an important pest of lettuce, causing significant

economic losses in the lettuce industry (McCreight 2008).

Control of this aphid was based on host plant resistance

conferred by the Nr-gene, originating from Lactuca virosa

L. (a distant wild relative of cultivated lettuce), which

provided near-complete resistance against this aphid

(Reinink and Dieleman 1989). This resistance, however, is

no longer effective, because virulent populations of N.

ribisnigri, designated as biotype Nr:1, have been reported

infesting resistant lettuce since 2007 (Thabuis et al. 2011).

The exact resistance mechanism encoded by the Nr-gene

is still unknown. However, resistance components were

shown to operate during the pathway of the aphid stylets to

the phloem and when in the phloem itself (Ten Broeke

et al. 2013), inhibiting and blocking sustained feeding of

avirulent N. ribisnigri, biotype Nr:0. Nr:0 aphids are not

able to ingest phloem and cannot survive on resistant let-

tuce. In contrast, Nr:1 aphids are able to survive and ingest

phloem of resistant lettuce, performing equally well on

resistant and susceptible lettuce cultivars (Ten Broeke et al.

2013). The mechanism underlying the virulence of Nr:1

aphids is unknown. It is hypothesised that the ability of

virulent aphid biotypes to overcome R-gene-based resis-

tance could be attributed to the loss or modification of

avirulence gene products, thereby suppressing plant
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defences and/or evading recognition by the plant (Hogen-

hout and Bos 2011; Parker and Gilbert 2004).

Aphid saliva plays an important role in suppressing the

blocking of sieve elements and the food channel in the

aphid’s stylets (Will et al. 2007). In contrast, the saliva of

aphids may also act as an elicitor of plant defences

(Cherqui and Tjallingii 2000). Because aphids induce plant

defences, pre-infestation of plants by aphids might affect

the behaviour and performance of other aphids. The effect

of previous infestation on aphids that subsequently attack

the plant depends on the aphid species. For example,

intraspecific pre-infestation of Vicia faba (L.) had benefi-

cial effects for Aphis fabae (Scopoli); however,

Rhopalosiphum padi (Linnaeus) did not seem to benefit

from intraspecific pre-infestation of Triticum aestivum L.

(Prado and Tjallingii 1997). Increase in susceptibility after

pre-infestation was found by Civolani et al. (2010) for

Myzus persicae (Sulzer) on susceptible tomato, Lycoper-

sicon esculentum L.

Different biotypes of the same aphid species may

influence each other’s performance on resistant and sus-

ceptible plants. For example, pre-infestation of T. aestivum

by a virulent biotype of Schizaphis graminum (Rondani)

increased the susceptibility of the plant to an avirulent

biotype of this species (Dorschner et al. 1987). In contrast,

Hebert et al. (2007) found that a virulent isolate of

Macrosiphum euphorbiae (Thomas) did not enhance the

performance of avirulentM. euphorbiae. The first objective

of our study was to investigate the effect of co-infestation

of virulent biotype Nr:1 of N. ribisnigri on the feeding

behaviour and performance of avirulent biotype Nr:0 and

vice versa, on both a susceptible and resistant lettuce cul-

tivars. Although many previous studies focus on the effect

of pre-infestation on aphid behaviour or performance, we

investigated the effect of pre-infestation and simultaneous

feeding or probing by aphids on the behaviour of other

aphids; the aphids initially inoculated were left on the

plants during the experiments. We refer to the effect of

feeding or probing by aphids, because in the treatment in

which Nr:0 aphids were inoculated on the resistant cultivar,

sustained feeding probably did not occur. To study the

effect of feeding in a group, we also investigated the effect

of feeding by the same biotype on Nr:0 and Nr:1 aphids on

the two lettuce cultivars.

Both M. persicae and M. euphorbiae occur on lettuce

crops. The Nr-gene confers partial resistance against cer-

tain M. persicae isolates and has no effect on M. euphor-

biae (Reinink and Dieleman 1989). The second objective

of our study was to investigate the effect of co-infestation

by M. persicae or M. euphorbiae on the feeding behaviour

and performance of Nr:0 and Nr:1 biotypes of N. ribisnigri

on a susceptible and resistant lettuce cultivar. The perfor-

mance of both M. persicae and M. euphorbiae on both the

susceptible and the resistant lettuce cultivar was evaluated

to check if the aphids performed equally well on both

cultivars.

Materials and methods

Plants and aphids

The plants used in the experiments were two near-isogenic

L. sativa cultivars, i.e. Corbana, carrying the Nr-gene and

resistant to N. ribisnigri Nr:0, and Terlana, susceptible to

Nr:0 and Nr:1 aphids; both supplied by Enza Zaden,

Enkhuizen, The Netherlands. Plants were grown in a

greenhouse compartment at 18–20 �C, 60% RH and 14-/

10-h photoperiod. The potting soil was treated with

ENTONEM (a formulation of the entomopathogenic

nematode, Steinernema feltiae, www.koppert.com) once a

week, to control soil infestation by larvae of sciarid flies.

Three-week-old plants were used for the experiments.

Two biotypes of N. ribisnigri, Nr:0 and Nr:1 were used

in the experiments. Nr:0 aphids (collected in The Nether-

lands in 2001) were reared on Terlana, and Nr:1 aphids

(collected in Germany in 2007) were reared on Corbana, in

a greenhouse compartment at 18–20 �C, 60% RH and 14-/

10-h photoperiod. Both M. euphorbiae and M. persicae

were reared on Corbana, under the same climatic condition

as the N. ribisnigri populations. In the colonies of N.

ribisnigri and M. euphorbiae, both alate and apterous

adults were present. In the rearing of M. persicae, only

apterous adults were present.

EPG recording

To study the effect of co-infestation on the feeding beha-

viour of N. ribisnigri, the electrical penetration graph

technique (EPG) was used. This technique allows the

electrical recording of the feeding behaviour of aphids and

other piercing-sucking insects. In the EPG set-up, a plant

and a piercing insect are made part of an electrical circuit,

by attaching a thin gold wire to the insect’s dorsum and

inserting an electrode in the soil of the plant. For details on

the EPG methods used see Ten Broeke et al. (2013). Eight

hour recordings were made from winged adult aphids

(alatae) of unknown age of N. ribisnigri and M. euphorbiae

aphids. For M. persicae, wingless adults were used due to

the absence of winged aphids in the rearing. The EPG

patterns that we distinguished in the analysis were stylet

pathway (C), non-penetration period (NP), phloem phase

(E), phloem salivation (E1), phloem ingestion (E2), xylem

ingestion (G) and penetration difficulties (F).

Each biotype of N. ribisnigri was tested in a group of 10

aphids, e.g. other biotype of N. ribisnigri, the same biotype
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of N. ribisnigri, M. euphorbiae and M. persicae on both

Corbana and Terlana plants (Table 1). Additionally, all

aphid biotypes and species were also tested separately on

Corbana and Terlana plants as a control. Two days prior to

EPG recordings, plants were infested by placing 10

third/fourth-instar nymphs on a leaf, contained a in clip

cage (ten Broeke et al. 2016). The clip cage was removed

before recording, and a foam ring was placed around the

aphids to contain them on the leaf during the EPG

recording. The test aphid was placed on the leaf in the

middle of the 10 nymphs. For every treatment (Table 1), 24

replicates were recorded. Every aphid and plant individual

was only used once. Incomplete recordings were excluded

from the analyses, leaving between 17 and 23 replicates per

treatment.

Performance test

Performance of the two biotypes of N. ribisnigri in all

treatments (see Table 1) was measured by assessing nym-

phal survival and development time from nymph to the

adult stage.

For the co-infestation treatments, ten 76-h-old nymphs

of the treatment aphid were transferred to a leaf and con-

tained in a clip cage. After one day, five 24-h-old nymphs

of the test aphid were transferred into the clip cages with

the treatment aphids. Treatment aphids that turned into

adults during the experiments were replaced by nymphs, to

prevent an increase in density of treatment aphids due to

reproduction. For the combinations, Nr:0/Nr:1 colour dif-

ferences between the biotypes allowed distinction, whereas

for the Nr:0/Nr:0 and Nr:1/Nr:1 combination, the differ-

ence in developmental stage allowed distinction. For the

control experiments (no co-infestation), five 24-h-old

nymphs were transferred to a lettuce leaf and contained in a

clip cage.

The mortality and the developmental stage of the test

aphids were recorded daily until they reached the adult

stage. To obtain 24-h-old nymphs, about 150 adult aphids

were kept in Petri dishes on leaves of cultivar Terlana

(Nr:0) or Corbana (Nr:1, M. euphorbiae and M. persicae)

for 24 h. Experiments were conducted in a greenhouse

compartment at a temperature of 18–20 �C, 60% RH and

14-/10-h photoperiod. For every treatment, 20 plants were

tested.

Statistics

All statistical tests were performed with IBM SPSS

Statistics version 19. EPG parameters were calculated for

every aphid tested using the EPG analysis worksheet cre-

ated by Sarria et al. (2009). The Mann–Whitney U test was

used for pairwise comparisons between different treatments

applying the Bonferroni correction for multiple compar-

isons. Fisher’s exact test was performed to analyse differ-

ences in the percentage of aphids that showed phloem

ingestion (E2). For aphid performance, every plant was

considered one replicate. Results were first calculated per

plant, and means and standard error were calculated over

all plants. The Mann–Whitney U test was used to test for

significant differences in aphid mortality (in the perfor-

mance experiment), time until mortality and development

time as an effect of treatment.

Results

Effects of feeding in a group of the same biotype

No significant differences were found between Nr:0 aphids

feeding in a group and single aphids on cultivar Terlana

(Tables 2, 3; 5 in Appendix; Fig. 1b). On Corbana, Nr:0

aphids in a group displayed a higher number of probes

(P = 0.001) compared to single aphids. Performance was

not affected (Table 3).

Nr:1 aphids in a group on Terlana displayed a higher

number of probes (P = 0.001) compared to single aphids

on Terlana (Table 2; Fig. 1d). On Corbana, EPG parame-

ters of Nr:1 aphids in a group did not differ significantly

from single Nr:1 aphids.

Table 1 Experimental treatments investigated, in terms of test plant,

test aphids and aphid biotype or species co-infested

Test plant Test aphid Treatment

Terlana Nr:0 –

Terlana Nr:0 Nr:0

Terlana Nr:0 Nr:1

Terlana Nr:0 Macrosiphum euphorbiae

Terlana Nr:0 Myzus persicae

Corbana Nr:0 –

Corbana Nr:0 Nr:0

Corbana Nr:0 Nr:1

Corbana Nr:0 Macrosiphum euphorbiae

Corbana Nr:0 Myzus persicae

Terlana Nr:1 –

Terlana Nr:1 Nr:1

Terlana Nr:1 Nr:0

Terlana Nr:1 Macrosiphum euphorbiae

Terlana Nr:1 Myzus persicae

Corbana Nr:1 –

Corbana Nr:1 Nr:1

Corbana Nr:1 Nr:0

Corbana Nr:1 Macrosiphum euphorbiae

Corbana Nr:1 Myzus persicae
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Effects of Nr:1 on Nr:0 aphids

Nr:0 aphids placed in a group of Nr:1 aphids on Terlana

spent less time in the phloem phase (P = 0.003), of which

14% was spent on salivation, compared to 2% for single

Nr:0 aphids (P = 0.001) (Tables 2; 5 in Appendix). Sig-

nificantly less time was spent on phloem ingestion

(P = 0.006) (Fig. 1b) by Nr:0 aphids in an Nr:1 group

compared to individual aphids. Development time was

longer in an Nr:1 group compared to single aphids

(P\ 0.0001) (Table 3).

On Corbana, the percentage of Nr:0 aphids displaying

phloem ingestion was higher in an Nr:1 group compared to

single Nr:0 aphids (P = 0.013; Tables 2; 5 in Appendix;

Fig. 1). None of the single Nr:0 aphids survived the per-

formance test on Corbana; however, 15% survived in a

group of Nr:1 aphids (P = 0.001) (Table 3).

Effects of Nr:0 on Nr:1 aphids

Nr:1 aphids placed in a group of Nr:0 aphids on Terlana

spent less time on phloem events (P = 0.005) compared to

Table 2 EPG parameters (mean ± SEM) of N. ribisnigri population Nr:0 and Nr:1 on L. sativa cultivars, Corbana (C) and Terlana (T) as single

aphids or in a group of Nr:0, Nr:1, M. euphorbiae (Macro) and M. persicae (Myzus)

Test aphid: T T(Nr:0) T(Nr:1) T(Macro) T(Myzus)

Nr:0 (n = 20) (n = 18) (n = 23) (n = 21) (n = 22)

Duration of first NP 366 ± 115 154 ± 41 519 ± 274 423 ± 95 337 ± 64

Time to 1st visible E from start 1st probe 5879 ± 1007 5239 ± 901 7485 ± 1237 5814 ± 8120 4706 ± 553

Contribution E1 to E (%) 1.64 ± 0.55 7.24 ± 4.29 12.91 ± 6.05** 5.73 ± 3.90 21.37 ± 7.50*

% aphids showing E2 100 86 87 100 86

Number of probes 8.45 ± 1.53 12.29 ± 2.31 11.78 ± 1.64 11.00 ± 2.20 16 ± 2.60*

Test aphid: C C(Nr:0) C(Nr:1) C(Macro) C(Myzus)

Nr:0 (n = 19) (n = 23) (n = 18) (n = 21) (n = 23)

Duration of first NP 417 ± 142 315 ± 140 339 ± 95 120 ± 22 485 ± 110

Time to 1st visible E from start 1st probe 7643 ± 1350 12,010 ± 1894 8755 ± 1250 10,275 ± 1287 8915 ± 1415

Contribution E1 to E (%) 98.66 ± 0.99 97.52 ± 2.48 74.78 ± 8.43 89.96 ± 4.39 87.67 ± 7.12

% aphids showing E2 10 6 42* 24 13

Number of probes 27.05 ± 2.11 43.67 ± 3.79*** 34.16 ± 3.34 46.67 ± 2.87*** 41.78 ± 3.18***

Test aphid: T T(Nr:1) T(Nr:0) T(Macro) T(Myzus)

Nr:1 (n = 19) (n = 22) (n = 22) (n = 20) (n = 17)

Duration of first NP 400 ± 112 199 ± 69 217 ± 35 719 ± 220 166 ± 74

Time to 1st visible E from start 1st probe 3959 ± 716 4089 ± 576 7242 ± 1171 5499 ± 1131 5315 ± 1288

Contribution E1 to E (%) 4.69 ± 1.95 7.92 ± 2.88 22.10 ± 7.89* 19.97 ± 6.20** 17.89 ± 8.04

% aphids showing E2 100 100 82 90 88

Number of probes 9.05 ± 1.74 15.18 ± 1.75* 13.95 ± 1.72 22.25 ± 3.51** 16.53 ± 3.64***

Test aphid: C C(Nr:1) C(Nr:0) C(Macro) C(Myzus)

Nr:1 (n = 20) (n = 18) (n = 20) (n = 18) (n = 19)

Duration of first NP 464 ± 119 368 ± 130 519 ± 181 647 ± 201 402 ± 77

Time to 1st visible E from start 1st probe 4181 ± 694 5881 ± 1236 10,232 ± 1511*** 6900 ± 1154 6347 ± 832

Contribution E1 to E (%) 5.09 ± 1.55 15.76 ± 6.74 40.94 ± 10.03*** 47.39 ± 9.61*** 5.70 ± 1.90

% aphids showing E2 100 94 65** 72* 95

Number of probes 7.30 ± 1.55 16.94 ± 3.62 22.30 ± 3.39*** 30.39 ± 3.54*** 18.05 ± 2.27***

Pairwise comparisons were made for EPG parameters between plants without other aphids and plants with other aphids, and were analysed by the

Mann–Whitney U test, applying the Bonferroni correction to account for the four comparisons made by setting a = 0.013. Significance of

differences in percentage of aphids showing E2 was analysed by Fisher’s exact test. Time parameters are in seconds

NP non-penetration, E phloem event, E1 phloem salivation and E2 phloem ingestion

*P\ 0.013; **P\ 0.005; ***P\ 0.001
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single Nr:1 aphids (Table 5 in Appendix). The phloem

phase consisted for 24% out of salivation for Nr:1 aphids in

an Nr:0 group compared to 5% for single aphids

(P = 0.011). Development time was shorter for Nr:1

aphids in an Nr:0 group compared to single Nr:1 aphids

(P = 0.005) (Table 3).

On Corbana, Nr:1 aphids in an Nr:0 group displayed a

higher number of probes (P\ 0.0001), spent less time in

the phloem phase (P\ 0.0001) and on phloem ingestion

(P = 0.007), and took longer to reach the first visible

phloem contact (P\ 0.0001) compared to single Nr:1

aphids (Table 2; Fig. 1c). The phloem phase consisted for

42% out of salivation for the aphids in the Nr:0 group

versus 5% for single aphids (P = 0.0001). Additionally,

the percentage of Nr:1 aphids displaying phloem ingestion

was lower in an Nr:0 group compared to single aphids

(P = 0.004). Performance was not affected (Table 3).

Effects of Macrosiphum euphorbiae

No significant differences in EPG parameters were found

between Nr:0 aphids feeding in a group of M. euphorbiae

and single Nr:0 aphids on Terlana (Table 2; 5 in Appendix;

Fig. 1b). Development time was higher in a group of M.

euphorbiae compared to single Nr:0 aphids (P = 0.001)

(Table 3). On Corbana, Nr:0 aphids in a group of M.

euphorbiae showed a higher number of probes compared to

single Nr:0 aphids (P\ 0.0001). The age at death was

higher in an M. euphorbiae group compared to single

aphids on Corbana (P = 0.006).

Nr:1 aphids in a group of M. euphorbiae on Terlana

spent less time on phloem phase (P = 0.001), a higher

percentage of the phloem phase was spent on salivation

(P = 0.003) and the number of probes was higher

(P = 0.003) compared to single Nr:1 aphids (Table 2;

Fig. 1d). Additionally, the percentage of aphids displaying

phloem ingestion was lower in an M. euphorbiae group

compared to single aphids (P = 0.010). Performance was

not affected (Table 3). On Corbana, Nr:1 aphids in an M.

euphorbiae group displayed also a higher number of probes

(P\ 0.0001) and less time was spent on phloem events

(P\ 0.0001), compared to single aphids. The percentage

of time spent on salivation in the phloem phase was 5% for

single Nr:1 aphids versus 47% for Nr:1 aphids in a M.

euphorbiae group (P\ 0.0001). The development time

was longer in an M. euphorbiae group compared to single

aphids Corbana (P = 0.007) (Table 3).

Effects of Myzus persicae

The number of probes was higher when Nr:0 aphids were

feeding in a group of M. persicae on both cultivar Terlana

Table 3 Performance

parameters (mean ± SEM) for

the N. ribisnigri population Nr:0

and Nr:1 on L. sativa cultivars,

Corbana (C) and Terlana (T) as

single aphids or in a group of

Nr:0, Nr:1, M. euphorbiae

(Macro) and M. persicae

(Myzus)

Test aphid: Nr:0 T T(Nr:0) T(Nr:1) T(Macro) T(Myzus)

% aphids survived 90 ± 3.08 94 ± 2.20 88 ± 3.09 91 ± 2.70 93 ± 3.00

Age at death 3.50 ± 0.42 3.83 ± 0.79 4.23 ± 0.46 3.06 ± 0.43 3.30 ± 0.49

Development time 8.63 ± 0.10 8.24 ± 0.20 9.97 ± 0.13*** 9.25 ± 0.12*** 8.79 ± 0.23

Test aphids: Nr:0 C C(Nr:0) C(Nr:1) C(Macro) C(Myzus)

% aphids survived 0 0 15 ± 4.34** 7 ± 3.00 4 ± 2.34

Age at death 3.17 ± 0.12 3.36 ± 0.15 4.26 ± 0.32** 3.88 ± 0.19* 4.21 ± 0.23**

Development time 13.13 ± 0.52 12.00 ± 0.56 12.00 ± 0.00

Test aphid: Nr:1 T T(Nr:1) T(Nr:0) T(Macro) T(Myzus)

% aphids survived 88 ± 3.37 80 ± 4.34 87 ± 3.67 92 ± 2.25 91 ± 2.70

Age at death 3.38 ± 0.59 3.38 ± 0.30 3.89 ± 0.49 5.00 ± 0.94 4.44 ± 0.64

Development time 9.88 ± 0.19 9.28 ± 0.21 8.70 ± 0.13*** 10.31 ± 0.23 9.87 ± 0.13

Test aphid: Nr:1 C C(Nr:1) C(Nr:0) C(Macro) C(Myzus)

% aphids survived 84 ± 3.46 78 ± 3.45 87 ± 3.33 87 ± 3.94 89 ± 3.12

Age at death 3.38 ± 0.32 3.27 ± 0.39 4.45 ± 0.57 3.98 ± 0.37 3.61 ± 0.33

Development time 9.32 ± 0.14 9.28 ± 0.14 9.32 ± 0.12 10.03 ± 0.16* 10.25 ± 0.25*

Pairwise comparisons were made for performance parameters between plants without other aphids and

plants with other aphids, and were analysed by the Mann–Whitney U test, applying the Bonferroni cor-

rection to account for the 4 comparisons made by setting a = 0.013

*P\ 0.013; **P\ 0.005; ***P\ 0.001
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(P = 0.008) and Corbana (P = 0.001) compared to single

Nr:0 aphids (Table 2). The age at death of Nr:0 aphids was

higher in a group of M. persicae on Corbana compared to

single Nr:0 aphids (P = 0.004) (Table 3).

No significant differences were found between Nr:1

aphids on Terlana in an M. persicae group and single

aphids. On Corbana, Nr:1 aphids within an M. persicae

group displayed a higher number of probes (P\ 0.0001),

took longer to display the first phloem ingestion

(P = 0.012) and spent less time on xylem feeding

(P = 0.006) compared to single Nr:1 aphids (Table 2; 5 in

Appendix). Development time was longer for aphids in an

M. persicae group compared to single aphids on Corbana

(P = 0.009).

Discussion

Living in a group

Some aphid species are known to benefit from living in

groups. Aphis fabae and Brevicoryne brassicae are known

to benefit from living in a colony (Dixon and Wratten

1971; Hayamizu 1984). B. brassicae showed enhanced

growth and increased fecundity when living in a group,

compared to solitary individuals, and enhanced nutritional

quality of phloem sap is suggested as the underlying

mechanism (Hayamizu 1984). Sandström et al. (2000)

showed that aphid feeding resulted in enhanced nutritional

quality of the phloem sap by higher concentrations of

Fig. 1 The total duration of EPG parameter E2 (phloem ingestion)

(median, first and third quartiles and range) for N. ribnisnigri Nr:0 on

Corbana (A), Nr:0 on Terlana (B), Nr:1 on Corbana (C) and Nr:1 on

Terlana (D) as single aphids (Control) or in a group of Nr:0, Nr:1, M.

euphorbiae (Macro) and M. persicae (Myzus). Pairwise comparisons

were made for total duration of E2 between plants without other

aphids and plants with other aphids, and were analysed by the Mann–

Whitney U test, applying the Bonferroni correction to account for the

four comparisons made by setting a = 0.013. Bars with bold asterisks

differ significantly from the control plants. Outliers are plotted as

asterisks and circles
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essential and other amino acids; however, this effect was

shown to be species-specific; feeding by S. graminum and

Diuraphis noxia Mordvilko increased the nutritional qual-

ity of the phloem sap, whereas feeding by R. padi did not.

Enhanced susceptibility was also found for a susceptible

tomato cultivar after pre-infestation of M. persicae (Civo-

lani et al. 2010) and susceptible potato and peach varieties

after conspecific pre-infestation of M. persicae or of M.

euphorbiae (Dugravot et al. 2007; Sauge et al. 2002).

However, on potato plants, these effects were only

observed on previously infested leaves; systemic leaves

showed a decrease in susceptibility, suggesting a systemic-

induced resistance triggered by pre-infestation (Dugravot

et al. 2007). This difference in effect between local and

systemic leaves was also found by Prado and Tjallingii

(2007) for B. brassicae on local and systemic pre-infested

leaves of broccoli. Weng et al. (2005) showed that the

duration of pre-infestation is important; infestation of

wheat by S. graminum led to induced susceptibility after 2

days; however, after these two days, induced resistance was

observed.

In our study, the aphids are not affected by feeding in a

group of the same biotype. Both, Nr:0 on Corbana and Nr:1

on Terlana in a group of the same biotype, displayed a

higher number of probes compared to single aphids, which

are likely to be caused by disturbance of other aphids in the

group; however, duration of phloem ingestion and perfor-

mance was not affected.

Defence suppression in lettuce

It is unknown what mechanism underlies the virulence in

Nr:1 aphids. Our data suggest that Nr:1 aphids are able

to suppress the Nr-based defence mechanism in resistant

lettuce that is effective against Nr:0 aphids. In the

absence of Nr:1 aphids, Nr:0 aphids did not survive the

performance test on Corbana, whereas 15% survived and

developed into adults in a group of Nr:1 aphids. Addi-

tionally, a significantly higher proportion of Nr:0 aphids

in the Nr:1 group displayed phloem ingestion. This

suppression, however, seems to be local and not

spreading systemically, because only 15% of the Nr:0

aphids was benefitting. Nr:1 aphids might, for example,

only be able to suppress the defence of one sieve tube, or

one bundle of sieve tubes. Defence suppression for

avirulent aphids was also found for S. graminum on

resistant winter wheat by a virulent biotype (Dorschner

et al. 1987). In contrast, a virulent biotype of the same

aphid species on barley did not alter the feeding beha-

viour of an avirulent biotype (Hays et al. 1999). Similar

results were found by Herbert et al. (Hebert et al. 2007)

for the combination of a virulent and avirulent biotype of

M. euphorbiae on resistant and susceptible tomato. It

should be noted that the above studies were performed

employing pre-infestation, the aphids were removed

before the actual experiment.

The interaction of piercing/sucking insects with their

host plant has analogies with pathogen-plant interactions,

both triggering mainly the SA-dependent pathway and in

some cases the JA- and ethylene-dependent pathways

(Walling 2000). Additionally, aphids were shown to induce

the expression of genes involved in defences against

pathogens (De Vos et al. 2005). For pathogens, the ability

to overcome R-gene-based resistance is often attributed to

the loss or modification of avirulence gene products, to

evade the detection by the plant and/or suppressing plant

defences through the injection of effectors, which is also

hypothesised to be the underlying mechanism of aphid

virulence (Hogenhout and Bos 2011; Parker and Gilbert

2004). Effectors are proteins that potentially interact with

plant signalling cascades, and can suppress plant defence,

modulate plant processes beneficial for aphid colonisation,

and elicit effector-triggered resistance, by recognition of

effectors by receptors involved in plant resistance (Carolan

et al. 2011; Hogenhout and Bos 2011).

Several effectors have been identified in the past years

in other aphid species (Bos et al. 2010; Carolan et al.

2009, 2011, 2014, 2015; De Vos and Jander 2009; Harmel

et al. 2008; Nicholson et al. 2012; Vandermoten et al.

2014; Will et al. 2012). Some of these effectors are

responsible for enhanced susceptibility, while others

induced defences. A M. persicae effector was shown to

enhance M. persicae fecundity, therefore being advanta-

geous for the colonisation by this aphid species (Bos et al.

2010; Pitino and Hogenhout 2013). However, orthologs of

this effector produced by Acyrthosiphon pisum (Harr.) had

no effect on M. persicae (Pitino and Hogenhout 2013).

Atamian et al. (2013) identified two M. euphorbiae effec-

tors responsible for enhanced M. persicae fecundity in N.

benthamiana. Only one of these was able to increase the

fecundity of M. euphorbiae on tomato. Several other

studies also identified effectors responsible for enhanced

susceptibility (Elzinga et al. 2014; Mutti et al. 2008;

Naessens et al. 2015; Pitino et al. 2011; Wang et al. 2015).

Some effectors are able to induce defences. For example,

De Vos and Jander (2009) identified proteinaceous elicitors

from M. persicae, and Chaudhary et al. a saliva component

(GROEL) from M. euphorbiae, that both are involved in

inducing defences in Arabidopsis thaliana. Two candidate

effectors were identified by Bos et al. (2010), and induced

defences in Nicotiana benthamiana resulting in decreased

aphid fecundity. It is of interest to identify the effector in

the saliva of Nr:1 aphids that is responsible for the viru-

lence and suppression of resistance against Nr:0.
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Induced defence in lettuce

In contrast to the defence suppression onCorbana, behaviour

and performance of Nr:0 aphids are negatively affected by

Nr:1 aphids on Terlana. Duration of phloem ingestion was

shorter and, probably as a consequence, the development

time longer in the presence of Nr:1. About 10% of the Nr:0

aphids did not even start phloem ingestion in the presence of

Nr:1, during the 8 h of EPG recording. Additionally, theNr:0

aphids in an Nr:1 group salivated more, indicating difficul-

ties to overcome the wound response of lettuce by producing

more watery saliva. Similar results were found for Nr:1

aphids feeding on Terlana together with Nr:0 aphids; more

salivation, longer development time and 18% of the aphids

did not start phloem ingestion. Both the virulent Nr:1 and

avirulent Nr:0 aphids seem to increase defence in Terlana

against the other biotype, which was not observed when they

were feeding in a group of their own biotype. However, the

overall survival did not differ. Resistance induced as a result

of pre-infestation by the same biotype was also found in

Medicago truncatula Gaertn. pre-infested by Acyrthosiphon

kondoi Shinji (Klingler et al., 2005) and peach cv. Rubira

pre-infested by M. persicae (Sauge et al. 2002), both

decreasing the duration of phloem ingestion.

Nr:0 also increased resistance against Nr:1 on Corbana.

Again, the phloem ingestion was shorter and the aphids

salivated more. However, on the longer term, the survival

and development time were not affected. We cannot prove

that Nr:0 was actually feeding from Corbana, although

stylet penetration should have taken place. The feeding

behaviour of virulent S. graminum on resistant barley was

also negatively affected by pre-infestation by an avirulent

biotype; phloem ingestion was shorter and a larger number

of probes was observed (Hays et al. 1999).

The effect of heterospecific aphid species on N.

ribisnigri

A previous study showed that the Nr-gene confers partial

resistance against certain M. persicae isolates and has no

effect onM. euphorbiae (Reinink and Dieleman 1989). The

M. persicae biotype in our study was shown to be virulent

on Corbana, performing and feeding equally well on both

Corbana and Terlana. Only minor differences were found

in EPG parameters and performance for M. euphorbiae on

Terlana and Corbana plants (Table 4 in Appendix).

For Nr:0 and Nr:1 aphids in combination with M.

euphorbiae and M. persicae, differences were found in the

effect of the co-infesting aphid species, and also in the

reaction of both biotypes to feeding by these species.

Macrosiphum euphorbiae seemed to increase defence in

both Terlana and Corbana against Nr:1; the percentage of

time spent on phloem salivation and number of probes was

higher. Additionally, on Terlana,M. euphorbiae also caused

a reduction in phloem ingestion. The increased defence in

Terlana seems to be of short duration, because the develop-

ment time and survival were not affected. On Corbana, the

development time was negatively affected by M. euphor-

biae, indicating a long-term increased defence by M.

euphorbiae. Nr:1 was not affected by M. persicae on Ter-

lana, whereas on Corbana defence was induced; the number

of probes was higher; and the development time was longer.

For Nr:0 on Terlana, M. euphorbiae also increased the

development time, but no differences were found in EPG

parameters, indicating a slower induction of defence. On

Corbana, only the number of probes was affected by M.

euphorbiae. In contrast, Dugravot et al. (2007) found a

reduction in the number of probes forM. persicae on potato

after previous infestation by M. euphorbiae. Myzus persi-

cae only increased the number of probes on both Corbana

and Terlana for Nr:0.

As shown above, both biotypes react differently to the

feeding or probing ofM. euphorbiae andM. persicae, andM.

euphorbiae and M. persicae might elicit different plant

responses, therefore these interactions can be considered

asymmetrical (Moran and Whitham 1990). On the one hand,

plant responses to aphids are aphid species-specific (Messina

et al. 2002), on the other hand, the response of an aphid species

to aphid feeding-induced plant responses might also differ

between aphid species (Smith and Boyko 2007). Therefore,

the alteration in plant responses upon aphid feeding, may

affect the fitness of other aphids negatively, positively or not at

all (Petersen and Sandström 2001). This could be caused by

the differences in composition of saliva between aphid species

which might elicit different plant responses (Prado and Tjal-

lingii 1997). Asymmetrical interactions between aphids were

also found forD. noxia and R. padi on winter wheat (Messina

et al. 2002), Monellia caryella Fitch and Melanocallis

caryaefoliae Davis on pecan (Petersen and Sandström 2001)

and for the root aphid Pemphigus betae (Doane) and the gal-

ling aphid Hayhurstia atriplicis (L.) on Chenopodium album

plants (Moran and Whitham 1990).

Species of different taxonomic groups can also influence

the feeding behaviour of aphids, for example, by induction

of susceptibility by plant growth-promoting rhizobacterium

(Pineda et al. 2012) and induced/increased resistance by

endophytes (Siegel et al. 1990), nematodes (Ogallo and

McClure 1996; Wurst and van der Putten 2007), caterpil-

lars (Soler et al. 2012) and whiteflies (Xue et al. 2010).

Conclusions

Nasonovia ribisnigri biotypes are differently affected in their

behaviour on resistant and susceptible lettuce by feeding or

probing of conspecific and heterospecific aphids. Virulent
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biotype Nr:1 suppresses the absolute resistance in lettuce

against Nr:0. On susceptible lettuce, co-infestation of one

biotype led to induced defence against the other biotype.

Induced defencewas also observed on the resistant cultivar for

Nr:1 upon co-infestation of Nr:0, M. persicae and M.

euphorbiae. However, the induced defences only affected

feeding behaviour and in some cases development time, but

not survival.More information is needed about the effectors in

the saliva of the aphids tested here, that are likely responsible

for the suppression and induction of defence in lettuce, to

better understand the mechanism of virulence inN. ribisnigri.
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Appendix

See Tables 4 and 5.

Table 4 EPG parameters (mean ± SEM) of M. euphorbiae (Macro) and M. persicae (Myzus) on L. sativa cultivars, Corbana (C) and Terlana

(T)

Macrosiphum euphorbiae Myzus persicae

Corbana (n = 21) Terlana (n = 19) Corbana (n = 22) Terlana (n = 19)

Duration of first NP 294 ± 156 200 ± 125* 131 ± 44 150 ± 39

Duration of NP before 1st visible E 1510 ± 380 1681 ± 296 1114 ± 454 645 ± 124

Number of probes to the 1st E1 4.90 ± 0.53 5.68 ± 0.76 7.09 ± 1.24 5.05 ± 0.63

Time to 1st visible E from start 1st probe 3775 ± 609 4593 ± 1244 4636 ± 861 4288 ± 569

Total duration of E 16,267 ± 1500 16,252 ± 1919 14,456 ± 1647 11,496 ± 1877

Total duration of E1 1580 ± 304 1404 ± 322 1654 ± 415 1870 ± 364

Contribution E1 to E(%) 13 ± 3 15 ± 5 25 ± 7 29 ± 7

Total duration of single E1 724 ± 121 938 ± 192 1378 ± 433 1331 ± 337

% aphids showing E2 100 100 91 95

Total duration of E2 14,687 ± 1624 14,847 ± 2028 14,083 ± 1837 10,161 ± 2014

Time to 1st E2 from start 1st probe 6126 ± 1434 8592 ± 1900 8936 ± 1859 9811 ± 1660

Time to 1st sustained E2 from start 1st probe 9437 ± 1697 9538 ± 1904 7382 ± 1429 11118 ± 1656

Number of E2 periods 2.90 ± 0.34 1.95 ± 0.26 1.82 ± 0.27 2.16 ± 0.34

Number of sustained E2 periods 2.05 ± 0.20 1.58 ± 0.21* 1.41 ± 0.20 1.37 ± 0.23

Total duration of NP 3457 ± 645 3736 ± 613 2051 ± 538 2074 ± 394

Total duration of C 7775 ± 985 7718 ± 1255 11117 ± 1335 14446 ± 1651

Total duration of F 1653 ± 283 2973 ± 1149

Total duration of G 2483 ± 478 2079 ± 230 2325 ± 488 1993 ± 249

Number of probes 9.86 ± 1.38 10.32 ± 1.60 16.82 ± 2.54 14.68 ± 1.97

Number of short probes (C\ 3 min) 4.76 ± 1.15 5.32 ± 1.05 8.05 ± 1.87 5.05 ± 1.05

Pairwise comparisons were analysed by the Mann–Whitney U test. Significance of differences in percentage of aphids showing E2 was analysed

by Fisher’s exact test. Time parameters are in seconds

NP non-penetration, C pathway, E phloem event, E1 phloem salivation, E2 phloem ingestion, G xylem ingestion, F penetration difficulties

*P\ 0.05; **P\ 0.005; ***P\ 0.001

Table 5 EPG parameters (mean ± SEM) of N. ribisnigri population Nr:0 and Nr:1 on L. sativa cultivars, Corbana (C) and Terlana (T) as single

aphids or in a group of Nr:0, Nr:1, M. euphorbiae (Macro) and M. persicae (Myzus)

Test aphid: Nr:0 T T ? Nr:0 T ? Nr:1 T ? Macro T ? Myzus

Duration of NP before 1st visible E 1619 ± 255 2281 ± 609 1884 ± 358 2222 ± 491 2107 ± 402

Time to 1st E2 from start 1st probe 6414 ± 1070 7022 ± 1242 8718 ± 1484 6519 ± 1026 6438 ± 837

Time to 1st sustained E2 from start 1st probe 6414 ± 1070 7419 ± 1366 8984 ± 1498 7229 ± 1079 6063 ± 711
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Table 5 continued

Test aphid: Nr:0 T T ? Nr:0 T ? Nr:1 T ? Macro T ? Myzus

Total duration of E 21,933 ± 1083 19,954 ± 1738 15,513 ± 1662** 20,280 ± 1429 17,254 ± 2050

Total duration of E1 294 ± 78 723 ± 249 664 ± 98** 382 ± 140 857 ± 245

Total duration of single E1 197 ± 58 267 ± 62 427 ± 120 184 ± 31 339 ± 90

Number of E2 periods 1.20 ± 0.12 1.52 ± 0.37 1.30 ± 0.20 1.38 ± 0.13 1.45 ± 0.26

Number of sustained E2 periods 1.15 ± 0.08 1.00 ± 0.14 1.04 ± 0.12 1.05 ± 0.08 1.14 ± 0.21

Number of probes to the 1st E1 8.15 ± 1.51 8.11 ± 1.76 7.23 ± 1.00 7.67 ± 1.17 8.67 ± 0.96

Total duration of NP 1753 ± 329 2786 ± 654 2611 ± 465 2834 ± 659 3692 ± 765

Total duration of C 4923 ± 848 7466 ± 1344 8818 ± 1150* 5151 ± 873 7758 ± 1275

Total duration of F 3049 ± 462 3858 1984 ± 1656

Total duration of G 1912 ± 211 4532 ± 2020 3882 ± 856 2462 ± 497 2569 ± 298

Number of short probes (C\ 3 min) 4.85 ± 1.19 6.10 ± 1.46 6.30 ± 1.08 6.76 ± 1.48 8.91 ± 1.96

Test aphid: Nr:0 C C ? Nr:0 C ? Nr:1 C ? Macro C ? Myzus

Duration of NP before 1st visible E 2786 ± 688 5671 ± 1049 2728 ± 685 3614 ± 721 5699 ± 864**

Time to 1st E2 from start 1st probe 13640 ± 5614 11701 12103 ± 2611 12087 ± 2365 8164 ± 4349

Time to 1st sustained E2 from start 1st probe 12451 ± 3648 7055 14532 ± 4696

Total duration of E 434 ± 97 393 ± 97 3580 ± 1467 372 ± 115 1594 ± 718

Total duration of E1 424 ± 96 361 ± 78 821 ± 209 254 ± 47 814 ± 270

Total duration of single E1 403 ± 94 348 ± 73 405 ± 106 182 ± 33 490 ± 130

Number of E2 periods 0.11 ± 0.07 0.06 ± 0.06 0.68 ± 0.24 0.29 ± 0.12 0.43 ± 0.28

Number of sustained E2 periods 0.00 ± 0.00 0.00 ± 0.00 0.32 ± 0.13 0.05 ± 0.05 0.22 ± 0.13

Number of probes to the 1st E1 7.83 ± 1.16 17.86 ± 2.16*** 12.67 ± 1.84 18.74 ± 2.55** 15.59 ± 2.10*

Total duration of NP 7095 ± 944 9572 ± 820 6282 ± 822 8635 ± 893 9531 ± 765

Total duration of C 19,283 ± 769 16,957 ± 707 16,932 ± 1179 17,543 ± 664 16,091 ± 748*

Total duration of F 3896 890 ± 240 4990

Total duration of G 2881 ± 556 3150 ± 813 3476 ± 759 3082 ± 765 2408 ± 372

Number of short probes (C\ 3 min) 11.58 ± 1.84 25.89 ± 3.51** 17.84 ± 2.78 26.90 ± 2.74*** 24.78 ± 2.97***

Test aphid: Nr:1 T T ? Nr:1 T ? Nr:0 T ? Macro T ? Myzus

Duration of NP before 1st visible E 1391 ± 271 1825 ± 332 1701 ± 383 3413 ± 915 1986 ± 576

Time to 1st E2 from start 1st probe 5373 ± 1002 7684 ± 1030 8533 ± 1420 6337 ± 1022 6167 ± 1390

Time to 1st sustained E2 from start 1st probe 5925 ± 1094 9395 ± 1317 9180 ± 1495 7713 ± 1187 6433 ± 1350

Total duration of E 21,405 ± 1205 17,307 ± 1367 13,370 ± 1959** 11,799 ± 1975** 17,523 ± 1907

Total duration of E1 767 ± 262 739 ± 119 662 ± 125 1015 ± 348 1025 ± 380

Total duration of single E1 250 ± 40 356 ± 69 372 ± 69 714 ± 348 624 ± 196

Number of E2 periods 6.95 ± 1.45 6.36 ± 0.93 6.40 ± 0.83 8.16 ± 1.37 9.53 ± 2.41

Number of sustained E2 periods 1.47 ± 0.14 1.86 ± 0.20 1.09 ± 0.16 1.65 ± 0.27 1.65 ± 0.28

Number of probes to the 1st E1 1.37 ± 0.11 1.27 ± 0.12 0.86 ± 0.14* 1.25 ± 0.22 1.41 ± 0.21

Total duration of NP 1952 ± 393 3507 ± 395 3264 ± 524 6574 ± 1106*** 3162 ± 649

Total duration of C 4563 ± 801 6978 ± 811 11,156 ± 1428*** 10,295 ± 1104*** 7484 ± 1368

Total duration of F 2610 ± 1471 2178 ± 772

Total duration of G 2877 ± 820 3045 ± 611 4894 ± 1304 2519 ± 375 1786 ± 396

Number of short probes (C\ 3 min) 5.16 ± 1.20 9.00 ± 1.20 6.00 ± 0.87 12.80 ± 2.44* 9.47 ± 2.49

Test aphid: Nr:1 C C ? Nr:1 C ? Nr:0 C ? Macro C ? Myzus

Duration of NP before 1st visible E 993 ± 168 2454 ± 636 3678 ± 666*** 2630 ± 489** 2980 ± 576**

Time to 1st E2 from start 1st probe 5563 ± 1015 6194 ± 1360 12,842 ± 1783** 9829 ± 1886 8652 ± 1229*

Time to 1st sustained E2 from start 1st probe 6673 ± 1122 9687 ± 1903 12,744 ± 2138 13,111 ± 2737 8652 ± 1229
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Table 5 continued

Test aphid: Nr:1 C C ? Nr:1 C ? Nr:0 C ? Macro C ? Myzus

Total duration of E 20,634 ± 1249 15,530 ± 2158 9760 ± 2145*** 6303 ± 1872*** 17,039 ± 1185

Total duration of E1 773 ± 186 617 ± 147 1055 ± 189 637 ± 118 701 ± 155

Total duration of single E1 667 ± 235 461 ± 136 576 ± 142 447 ± 120 401 ± 106

Number of E2 periods 4.20 ± 0.34 7.06 ± 1.23 13.71 ± 2.79* 10.28 ± 1.47*** 11.61 ± 1.91**

Number of sustained E2 periods 1.75 ± 0.20 1.72 ± 0.24 0.90 ± 0.18** 1.50 ± 0.35 1.37 ± 0.14

Number of probes to the 1st E1 1.50 ± 0.15 1.17 ± 0.17 0.65 ± 0.15*** 0.56 ± 0.15*** 1.37 ± 0.14

Total duration of NP 1788 ± 360 4790 ± 1082 5260 ± 721*** 7135 ± 974*** 3815 ± 559**

Total duration of C 4984 ± 743 7588 ± 1191 12589 ± 1335*** 13566 ± 1262*** 7596 ± 1041

Total duration of F 2697 1925 3620 3403 ± 1181
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*P\ 0.013; **P\ 0.005; ***P\ 0.001
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