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Preference of Pentalonia 
nigronervosa for infected 
banana plants tends to reverse 
after Banana bunchy top virus 
acquisition
Ignace Safari Murhububa 1,3,4,6*, Claude Bragard 2, Kévin Tougeron 5 & Thierry Hance 1

Pentalonia nigronervosa Coquerel (Hemiptera: Aphididae) is the vector of the Banana Bunchy Top 
Virus (BBTV), the most serious viral disease of banana (Musa spp.) in the world. Before acquiring the 
virus, the vector is more attracted to infected banana plants in response to the increased emissions 
of volatile organic compounds (VOCs). Here, we test the hypothesis that BBTV acquisition directly 
modifies the preference of P. nigronervosa for infected banana plants, and that the change in 
preference results from the alteration of the organs linked to the VOC detection or to the behaviour of 
the vector. We found that the preference of P. nigronervosa for infected banana plants reverses after 
virus acquisition in dessert banana, while it remains similar between healthy and infected banana 
plants before and after the acquisition of BBTV. At the same time, aphids reared on infected bananas 
had smaller forewing areas and hind tibia length than aphids reared on healthy bananas, although 
the number of secondary rhinaria on the antennae was lower on dessert banana-reared aphids than 
plantain-reared aphids, this was not affected by the infection status of the aphid. These results 
support the "vector manipulation hypothesis—VMH" of pathogens to promote their spread. They have 
implications for the BBTV management.

The banana aphid, Pentalonia nigronervosa Coquerel (Hemiptera, Aphididae) is the vector of the Banana bunchy 
top virus (BBTV), a virus causing banana bunchy top disease (BBTD), which is the most serious viral disease of 
bananas  worldwide1–3. Being a member of the family Nanoviridae and the genus Babuvirus, BBTV has a genome 
consisting of several segments of circular single-stranded DNA encapsulated in small isometric  particles4–7. The 
disease is manifested by a general dwarfing of the plant, narrow leaves, chlorosis of the leaf margins, and dark 
green discontinuous streaks on the leaves, petioles and pseudotrunks. Leaves of infected plants become progres-
sively smaller and erect, giving the plant a bushy  appearance8.

In the plant, BBTV is restricted to phloem tissues. In infected plants, the cells surrounding the phloem vessels 
contain an abnormal number of chloroplasts, giving rise to the macroscopic symptoms of dark green streaks. 
After infection, BBTV replicates and gradually accumulates in all parts of the plant, except in leaves formed 
before infection, in which the virus is present, but does not replicate. This explains the fact that the vector is not 
able to acquire the virus from these  leaves9,10. BBTV is transmitted after a sap uptake by the aphid vector on an 
infected plant, in a persistent, circulative and non-propagative  manner10,11. Being a persistent virus, acquisition 
of BBTV requires prolonged feeding (hours) on an infected plant. Virions pass from the insect gut into the 
hemolymph and eventually salivary tissues (hence “circulatory transmission”), without replicating in the vector 
(hence “non-propagative”)12,13.
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In certain aphid species, the search for and selection of the host plant are mainly facilitated by the volatile 
organic compounds (VOCs) emitted by the  plants14–17. The profiles of these VOCs can vary in quality and 
quantity with the infection by phytoviruses. For example, Safari Murhububa et al.18 showed that P. nigronervosa 
was more attracted to infected banana plants than to healthy ones, through an increased in VOC emission. 
The preference of vectors to infected plants, as is the case for BBTV, could contribute to increased virus spread. 
However, a preference for infected plants will accelerate the spread of BBTV only when infected plants are rare, 
not when they become widespread in a plant  population19,20. In this case, to facilitate the spread of the BBTV, it 
would be necessary that, once the virus acquired, the vector will be deterred from infected plants and attracted 
to healthy banana plants.

Indeed, the interaction between the plant and the pathogen often produces a feedback effect on the vectors. 
While non-infectious vectors sometimes prefer infected plants, infectious vectors tend to prefer uninfected hosts 
favouring transmission and global  spread20–24. This is the case in the study by Rajabaskar et al.21, where non-
virulent My. persicae preferred to settle on Barley yellow dwarf virus (BYDV)-infected potato plants compared 
to uninfected plants, while viruliferous My. persicae (carrying Potato leafroll virus-PLRV) preferentially settled 
on uninfected potato plants compared to infected plants. Similarly, in the in vitro study by Ingwell et al.20, the 
aphid Rhopalosiphum padi, after acquiring the barley yellow dwarf virus (BYDV), preferred uninfected wheat 
plants, while the non-infecting aphid preferred BYDV-infected plants. This change in behaviour should favour 
the spread of the virus since the preference of non-infectious vectors for infected plants will favour acquisition, 
while the preference of infectious vectors for non-infected hosts will favour transmission. Natural selection on 
the parasite or pathogen has favoured the ability to induce host behaviour that enhances its transmission, which 
is usually referred to as the vector manipulation hypothesis (VMH)20,25.

The question is thus how BBTV can modify the behaviour of its host regarding to plant attractivity although 
its no-propagative nature. As BBTV does not multiply in the aphids, we hypothesize that during development 
on an infected plant, BBTV may act through a change in the plant quality on the alates (winged aphids), even if 
non-propagative viruses also interact with the vector at the cellular level during movement between tissues and 
organs and may potentially influence the physiology and behaviour of the  vector26.

In previous work, we have demonstrated that infection of banana with BBTV enhances the reproductive capa-
bilities of P. nigronervosa, despite the decrease in the size of aphids reared on infected banana  plants17. Moreover, 
other studies have reported that the size of an aphid can also vary according to virus  infection27. On the other 
hand, aphids have olfactory receptor systems responsible for the detection of plant VOCs, through olfactory 
sensilla including primary and secondary rhinaria on the  antennae28,29, as shown in several electrophysiological 
 studies30–34, and a flight system allowing dispersal of winged forms to other  plants33.

Our aims was thus to determine the consequences of BBTV acquisition, during development on an infected 
plant, on the selection behaviour of banana plants by P. nigronervosa as well as on the wing size and antennal 
secondary rhinaria of the alates, knowing that it is the winged morphs that are actually responsible for the 
transmission of phytoviruses, and to this end are equipped with an elaborate sensory system for detection, flight 
and localization of host  plants35. As in Safari  Murhububa18, healthy and infected seedlings of two of the most 
representative banana varieties in the world: Cavendish dessert banana (AAA genome) and Pacific plantain 
(AAB genome)36–38 were used in this work.

Materials and methods
Insects and plants
The P. nigronervosa colony was obtained from parthenogenetic females collected from a healthy banana plant in 
the province of South Kivu (Democratic Republic of the Congo), and then continuously reared on live banana 
plants, free of any disease, and planted in pots (Thermoformed red MCI 17:2L) on a potting soil substrate. The 
aphid-banana plant combination was maintained in cages (200 × 100 × 100 cm) of small-mesh netting, placed in 
air-conditioned chambers at 25 ± 2 °C, a relative humidity of 40 ± 5%, and an artificial photoperiod of 12/12 h. 
Alates (viruliferous and non-viruliferous) were obtained when aphid population density increased significantly, 
or when banana quality decreased  significantly35,39.

As P. nigronervosa transmits the BBTV virus in a non-propagative  manner10,11, all newly produced nymphs 
are non-viruliferous. The viruliferous winged adults used in this work were therefore reared on infected plants 
throughout their lives (from nymph production to winged adult) to ensure that the colonies contained only 
viruliferous individuals. An adult female was deposited on a live plant infected with BBTV, and was carefully 
removed from the infected plant 24 h later, along with the excess nymph produced, leaving only one nymph from 
which five clonal colonies (corresponding to one colony per plant) of viruliferous winged aphids were obtained. 
The colonies of non-viruliferous winged aphids used in this work were obtained in the same way from healthy 
plants. Five colonies of viruliferous and non-viruliferous aphids were considered in this mass aphid survey. 
Twenty winged aphids, including ten taken at random from an infected banana plant and ten taken at random 
from a healthy banana plant, were tested by PCR to confirm the acquisition of BBTV (Supplementary Figure S1). 
All aphids sampled from the infected plant were found to be viruliferous and all aphids sampled from the healthy 
plant were found to be non-viruliferous.

The plant material consisted of dessert banana plants of the cultivar Cavendish (strict triploid M. paradisi-
aca—AAA), and plantains of the cultivar Pacific (hybrids and triploids M. balbisiana—AAB), either symptomatic 
(with symptoms of BBTV) or asymptomatic (without symptoms of the disease). Four treatments were considered: 
1° aphids reared on healthy dessert banana (HDB) and 2° healthy plantain banana (HPB), 3° aphid reared on 
infected dessert banana (IDB) and 4° infected plantain banana (IPB). The plants were identified and collected 
from peasant plantations in the province of South Kivu in (Democratic Republic of Congo), with the support 
of the International Institute of Tropical Agriculture-IITA/Kalambo (Bukavu, DR Congo), in accordance with 
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Dowiya et al.40, then certified by the Plant Clinic of the ’Agro Louvain-Services’ platform (located in the plant 
pathology laboratory of the Université catholique de Louvain, Louvain-la-Neuve, Belgium). This study therefore 
complies with local regulations and guidelines in the Democratic Republic of Congo.

As transmission of the virus by mechanical inoculation has never been  successful41,42, all the plants used 
including the healthy ones were maintained and propagated in the tropical greenhouse (local n°13; G2) of the 
UCLouvain (Louvain-la-Neuve, Belgium) using the PIF technique (Plants from Stem Fragments)43–47 and were 
irrigated daily, until they reached 40–60 days of age (4–6 leaf stage), for their use in aphid rearing, as well as 
for viruliferous and non-viruliferous alate aphid attractiveness tests. Severe symptoms of BBTV were observed 
for plants obtained directly by the PIF technique from infected banana bulbs, since offspring from an infected 
strain are automatically  infected48,49. Plants were tested twice by PCR to confirm the genotype (Supplementary 
Figure S2) and infection status (Supplementary Figure S3) of each plant.

Choice test to assess aphid preferences
In this experiment, both viruliferous and non-viruliferous alates were used to assess the attractiveness of P. 
nigronervosa to different types of banana plants. This was achieved following methods based on Safari Murhu-
buba et al.18, by using a short-range aphid flight device in a wooden cage (200 × 100 × 100 cm), the front of which 
was covered with a fine-mesh fabric to facilitate experimental handling. Each test was repeated 20 times, and 
at each repetition, two types of live banana plants (never used before) of each genotype at the 4–6 leaf stage (≈ 
50 cm high) were placed in the cage. Twenty alate aphids reared from larval deposition to adult on the infected 
plants (viruliferous aphids) or on healthy plants (non-viruliferous aphids), were placed in an open Petri dish, 
on the other side of the cage and at an equal distance from the two plants (≈ 15 cm), to test their choice between 
the two olfactory sources. For each of the two aphid types, four tests were performed: HDB–HPB, HDB–IDB, 
HPB–IPB and IDB–IPB. Two further tests were carried out as controls for each of the two aphid types: HDB–Soil 
(pot containing soil alone), and HPB–Soil.

The aphid choices were evaluated by counting the number of aphids found on each of the two types of banana 
plants 24 h after their deposition in the cage. The banana plants and the viruliferous and non-viruliferous alates 
used in each replicate and treatment had never been used before.

Measurement of aphids
To assess the consequences of plant quality when infected by BBTV on VOC detection by aphids, the secondary 
rhinaria (SR) on the third, fourth and fifth antennal segments (segments that bear SR in P. nigronervosa)50 were 
counted on aphids from healthy and BBTV-infected dessert and plantain banana plants. Forewing area was also 
measured on the same individuals. Altogether, 20 aphids (20 replicates) per treatment (totaling 80) alate aphids 
from four different types of banana plants (treatments) were assessed. The hind tibia length (mm) of theses alate 
aphids, representative of body  size51 was measured as a co-variable to assess its respective correlations with fore-
wing area and total SR numbers. Forewing area and hind tibia length were measured under a camera-mounted 
stereomicroscope (LEICA MZ6), while SR counts were made using a camera-mounted light microscope.

Statistical analysis
Comparisons of decisions made by viruliferous and non-viruliferous alate aphids between each pair of olfactory 
sources were made using Student’s t-tests (the normal distribution of our data was visually assessed and tested 
using the Shapiro–Wilk test). Differences in total SR numbers, forewing areas, and hind tibia length between 
each treatment were analyzed using generalized linear models (GLM) fitted with a Poisson family or a Gauss-
ian family, respectively. We used the interaction between the genotype and the infection status as fixed terms 
in the models. The tibia length was used as a covariate in the models testing for differences in wing area and 
SR numbers. Contrasts (estimated marginal means (EMMs) between levels of a significant variable (p < 0.05) 
were analyzed using the emmeans  package52. Pearson’s correlations test between tibia length and both wing area 
and SR number were done, using a Holm adjustment method. Statistical analyses were performed on R v4.053.

Results
Choice test to evaluate attractiveness of non-viruliferous and viruliferous alates
In validation tests comparing the attractiveness of banana aphids towards a banana plant or a control (potting 
soil only), non-viruliferous and viruliferous aphids were each time more attracted to the banana plant (Sup-
plementary Table S2). Viruliferous aphids were more attracted to HDB than to IDB (t = 3.37, p = 0.011, Fig. 1A), 
while non-viruliferous aphids were more attracted to IDB than to HDB (t = − 5.04, p < 0.001, Fig. 1A). Non-
viruliferous were more attracted by IPB than by HPB (t = − 6.68, p < 0.001, Fig. 1B), but viruliferous aphids did 
not discriminate between IPB and HPB (t = 0.75, p = 0.38, Fig. 1B). Viruliferous aphids were similarly attracted 
by IDB and IPB (t = 2.85, p = 0.091, Fig. 1C), while non-viruliferous ones were more attracted to IPB than to IDB 
(t = − 2.65, p = 0.01, Fig. 1C). Neither viruliferous nor and non-viruliferous aphids discriminated between HDB 
and HPB (t = − 1.48, p = 0.15; t = 3.37, p = 0.66; Fig. 1D).

Changes in morphology related to flight and VOC detection
The length of the posterior tibiae of alates varied with virus infection, with longer hind tibiae in alate aphids 
on healthy banana plants (non-viruliferous aphids) than on infected plants (viruliferous aphids) (GLM: 
LR = 84.3, p < 0.001) for both the dessert genotype and the plantain genotype (EMMs: t-ratio = 6.82, p < 0.001 
and t-ratio = 6.17, p < 0.001, respectively) (Fig. 2A), and did not vary between genotypes, for both infection status 
(LR = 0.21, p = 0.64) (Fig. 2A).
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After controlling for the tibia size, there was a marginally significant interaction effect between the infection 
status and the banana genotype on forewing area (GLM: LR = 3.33, p = 0.06). For plantain genotypes, wing area 
was higher in aphids on healthy plants than on infected plants (t-ratio = − 2.50, p < 0.05), but that was not the 
case for dessert banana plants (t-ratio = − 0.37, p = 0.71). Aphids on the plantain banana variety had larger wing 
area than on the dessert variety when developing on infected plants (t-ratio = − 3.15, p < 0.01), but not on healthy 
plants (t-ratio = − 0.60, p = 0.56) (Fig. 2B).

After controlling for the tibia size, alate aphids reared on plantain bananas had a higher number of SR than 
aphids reared on dessert banana plants (GLM: LR = 7.78, p < 0.01), for both infection statuses (z-ratio = − 2.38, 
p < 0.05 and z-ratio: − 1.67, p < 0.05, for healthy and infected bananas, respectively). There was no effect of the 
infection status on the number of SR (GLM: LR = 0.34, p = 0.56), for both the dessert (z-ratio = 0.14, p = 0.88) 
and the plantain genotypes (z-ratio = 0.76, p = 0.45) (Fig. 2C).

There was a strong linear correlation between hind tibia size and forewing area in all four treatments; HDB 
(t = 6.76, p < 0.001), IDB (t = 5.58, p < 0.001), HPB (p < 0.001, t = 13), and IPB (p < 0.001, t = 7.37)  (R2 and regres-
sion equations provided in Fig. 3A). There was also a linear correlation between the size of the hind aphid tibia 
and the total number of their antennae SR, but only in one of the four treatments; HDB (t = 2.54, p = 0.041), IDB 

Figure 1.  Comparison of the choice of viruliferous and non-viruliferous alate aphids on banana plants. The 
average number of aphids per plant is shown with standard deviation, (N = 20 replicates, each time with 20 
aphids per experiment). NS not significant, (*): p value < 0.05, (***): p value < 0.001. (A) Healthy dessert banana 
and infected dessert banana, (B) healthy plantain and infected plantain, (C) infected dessert banana and infected 
plantain, (D) healthy dessert banana and healthy plantain. HDB healthy dessert banana, IDB infected dessert 
banana, HPB healthy plantain banana, IPB infected plantain banana.
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(t = 0.89, p = 0.63), HPB (t = − 0.08, p = 0.99), and IPB (t = − 1.14, p = 0.27)  (R2 and regression equations provided 
in Fig. 3B).

Discussion
In the present study, we evaluated the direct effect of BBTV acquisition on the selection behaviour of banana 
plant by P. nigronervosa, and on the wing size, tibia size and number of antennal SR of alates. We found that when 
reared on healthy plants, P. nigronervosa was more attracted to infected dessert banana than to healthy dessert 
banana, and to infected plantain banana than to healthy plantain banana plant. When reared on an infected plant, 
alates became more attracted to healthy dessert banana than to infected dessert banana plants, while no signifi-
cant differences were recorded for healthy and infected plantain banana plants. The preference of P. nigronervosa 
for infected banana plants therefore tends to be reversed, or at least lost in case of plantain genotype, after BBTV 
acquisition. In consequence, this change in attractivity may promote or at least not prevent aphid movement 
toward heathy plants after virus acquisition. It may thus increase the probability of virus transmission of healthy 

Figure 2.  Effect of BBTV on (A) average length of hind tibiae (mm), (B) average forewing area  (mm2) and 
(C) average number of SR on antennae of aphid reared on the four kind of banana plants: HDB healthy dessert 
banana, IDB infected dessert banana, HPB healthy plantain banana,  IPB infected plantain banana. Means with 
standard errors (N = 20). Statistical results (GLM): NS indicate non-significant results (p > 0.05), stars indicate 
significant differences (p < 0.05) between infection statuses (for each genotype) and different letters indicate 
significant differences (p < 0.05) between genotypes (upper case letter for healthy plants and lower case letter for 
infected plants).

Figure 3.  Linear correlation (n = 20) between (A) forewing area and hind tibia length, (B) total number of 
secondary rhinaria on antennae and hind tibia length of P. nigronervosa alates, collected from HDB healthy 
dessert banana, IDB infected dessert banana, HPB healthy plantain banana,  IPB infected plantain banana. 
Regression line equation and  R2 is indicated for each correlation.
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plants. In various pathosystems, it is observed that virus spread can be consistently accelerated if vector prefer-
ences are dynamic, such that vectors preferentially settle and feed on infected plants until they have acquired 
the virus, after what they preferentially settle and feed on uninfected  plants17. These results are consistent with 
the vector manipulation hypothesis (VMH) which states that plant pathogens enhance their spread to new hosts 
through their effects on mobile  vectors17,54. It has been shown, for example, that non-viruliferous R. padi prefer 
BYDV-infected wheat plants over sham-inoculated plants, but aphids preferred uninfected plants after having 
acquired  BYDV20. The preference of an aphid vector of phytovirus towards their hosts is therefore dynamic, 
depending on whether it is in the pre- or post-acquisition  period20,24,55.

The effects of the virus on phenotypes show a remarkable degree of convergence between viruses whose trans-
mission is favoured by the same vector behaviour. This convergence is based more on transmission mechanism 
than on  phylogeny20. These vector manipulation traits, dependent on the transmission mechanism, appear to 
be adaptive and not just by-products of  infection24,56–58. For example, non-persistently transmitted viruses bind 
transiently to insect mouthparts, and interactions in these pathosystems are likely to be limited to indirect effects 
on the  vectors26. In this strategy, the vector appears to be falsely attracted to the infected plant and then rapidly 
 disperses59,60. To optimize its transmission and spread, the non-persistent virus induces a pull–push strategy from 
its vector to its host plant. In contrast, persistent transmission viruses attract their vectors to infected plants more 
frequently and improve their performance on these plants compared to non-persistent transmission viruses. In 
the persistent strategy, the virus vector develops a strong affinity with the host plant. Acquisition of persistently 
transmitted viruses requires sustained feeding in the phloem of the infected plant, virus particle circulation in 
the insect, and accumulation in accessory salivary glands. These viruses are almost exclusively dependent on the 
vector for  transmission25. After acquisition, the insect remains a vector for  life23,61. Although they do not repli-
cate in the vector, persistently transmitted viruses interact with the vector at the cellular level during movement 
between tissues and organs, with the potential to directly alter the physiology and behaviour of the  vector26. The 
effects of pathogens on vector biology and behaviour have been documented in several  pathosystems62,63. We 
believe that alterations in P. nigronervosa behaviour that have fed on BBTV-infected plants are primarily due 
to virus acquisition rather than the effect of the infected plant phenotype. This was confirmed in aphids which 
acquired the virus without contact with infected plants but by feeding on a medium containing viral particles, 
thus circumventing the potential indirect effect of the plant, and attesting to a direct effect of a plant virus on 
the aphid  vector20.

However, the present study does not demonstrate that the alteration of the physiology of P. nigronervosa is 
exclusively or at all due to the direct effect of BBTV on the vector, especially as BBTV does not replicate inside P. 
nigronervosa. In fact, some phytoviruses do not replicate in the vector, so that these vectors are not pathogenic 
hosts, sensu stricto. Our model pathogen (BBTV) is a member of the Nanoviridae, transmitted by P. nigronervosa 
in a persistent, circulative, and non-propagative mode for which evidence of multiplication (replication and 
transcription) within the vector has never been clearly  observed64. Nevertheless, a study by Siscard et al.65 on 
another nanovirus (Faba bean necrotic stunt virus-FBNSV) detected changes in virus genotypes within the vector. 
Even that is not evidence of direct vector manipulation, so it does not help the argument here. Several studies 
have shown that viruses with circulatory and non-propagative transmission can directly modify the biology and 
behaviour of vectors. For PLRV, it has been shown that non-viruliferous aphids are attracted to infected hosts, 
while viruliferous aphids are attracted to healthy  plants20,21. In Moreno-Delafuente et al.66 whiteflies that acquired 
TYLCV remained immobile longer and fed more on phloem than whiteflies that did not acquire the virus. The 
mechanisms behind these interactions are still largely unknown. Patton et al.67 contributes to the understanding 
of plant-vector-pathogen interactions, by elucidating mechanisms by which in a circulative–non propagative phy-
toviruses can manipulate host plants. This study revealed that total free amino acids increased in virus-infected 
leaves, and that at least three individual proteins of PLRV (P0, P1 and P7) are thought to modify plant-vector-
pathogen interactions through changes in aphid induction of ethylene and jasmonic acid, by the presence of 
aphids. Such studies are essential for an understanding of the BBTV-P. nigronervosa-Banana interaction.

We also found that plant virus infection caused a decrease in the length of the hind tibiae and forewing 
area (but not the SR) of aphids reared on both banana genotypes. This suggests that BBTV infection has a 
negative impact on aphid growth, probably through plant quality. Viral infection of banana plants thus leads 
to a fecundity-body size trade-off in P. nigronervosa, in accordance with previous results of Safari Murhububa 
et al.68. Many studies have reported trade-offs between fecundity and other traits in  insects69,70. As BBTV does 
not replicate in P. nigronervosa, alterations in vector physiology are logically due to changes in the phenotypic 
characteristics of banana plants induced by virus infection, rather than virus acquisition. When reared on an 
infected plant, the aphid allocates its energy reserves (lipids, fats and carbohydrates) to maintain its reproduc-
tion to the detriment of its own size.

Although the number of studies dealing with direct effects or direct manipulation of behaviour linked to 
virus infection is starting to increase, this kind work is very recent, and it is still too early to define a global view 
and develop a general paradigm on this subject. This work contributes to a better understanding of the plastic 
responses of BBTV manipulation of P. nigronervosa, leading to disease progression. All the same, these results 
may help to develop a new ecological strategy to prevent the colonization of banana plants by P. nigronervosa, 
and thus avoid transmission of BBTV to banana plants.

Data availability
Some of our datasets related to the "Choice test to assess aphid preferences" section of the current study were 
used in Safari Murhububa et al.18 in 2020 and are therefore no longer publicly available. However, the raw data 
relating to the "Aphid Measurement" section of the current study can be found in the supplementary material 
(Supplementary Table S1).
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