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Abstract: The banana aphid, Pentalonia nigronervosa (Hemiptera: Aphididae), is the primary vector of banana bunchy
top virus (BBTV), one of the most destructive pathogens of banana worldwide. BBTV infection causes severe stunt-
ing, leaf deformation, and substantial yield losses, which may reach 100% under severe epidemics. Despite its economic
importance, P. nigronervosa remains understudied as a virus vector. This review synthesizes current understanding of
P. nigronervosa biology, distribution, virus transmission, and control. The aphid is associated with tropical and subtropi-
cal environments and spreads locally through winged morphs, whereas long-distance dispersal is driven by the movement
of infested planting material. BBTV is transmitted in a persistent, circulative, and non-propagative manner, influenced by
aphid morphs, viral load, and host plant genotype. Recent genomic studies have clarified its phylogenetic placement in
the tribe Macrosiphini and uncovered stable associations with endosymbionts Buchnera aphidicola and Wolbachia, which
affect aphid fitness and defense against pathogens. Current management strategies rely on chemical, biological, and botani-
cal controls, although RNA interference and the development of tolerant or less susceptible host cultivars are promising
alternatives. We also highlight major knowledge gaps in vector-virus-host interactions and emphasize the need for inte-
grated, sustainable management strategies to mitigate BBTV’s impact on banana production.

Keywords: banana bunchy top virus; sustainable aphid control; BBTV transmission; aphid endosymbionts; pest surveil-
lance; food security; vector competence; invasive pest

Introduction

leaves with wavy and chlorotic margins (Fig. 1b) (Umer et

Among vector-borne plant viruses that threaten global food
security, banana bunchy top virus (BBTV) is one of the
most destructive pathogens affecting Musa crops, includ-
ing bananas and plantains. The virus is transmitted primar-
ily by banana aphids, Pentalonia nigronervosa Coquerel
(Hemiptera: Aphididae) (Fig. 1a). BBTV infection disrupts
the development of newly emerging leaves and produces
the characteristic bunchy top symptoms, including narrow
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al. 2019). Infected plants seldom produce marketable fruit
and may die within a few years (Jekayinoluwa et al. 2020),
while yield losses may reach 100% during severe outbreaks
(Mahuku & Kumar 2023).

Although BBTV is best known as a pathogen of Musa
spp., it has also been reported from taro, Colocasia escu-
lenta, in India (Vikrant et al. 2024), supporting earlier indica-
tions that its host range extends beyond banana (Ram &
Summanwar 1984; Pinili et al. 2013). Such alternative hosts
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Fig. 1. (a) Banana aphid (P. nigronervosa) and (b) Banana plant exhibiting banana bunchy top virus symptoms of BBTV infection.

may be epidemiologically important if they function as res-
ervoirs that facilitate virus persistence. In addition to BBTV,
P. nigronervosa has been implicated in the transmission of
other economically important viruses, including abaca
bunchy top virus, banana bract mosaic virus, and cardamom
bushy dwarf virus, extending its agricultural importance
beyond banana production alone (Selvarajan et al. 2010;
Sefieris et al. 2022; Vikrant et al. 2025).

The banana aphid-BBTV pathosystem has a long and
well-documented history of study. Because P. nigronervosa
has limited flight capacity, the spread of BBTV over long
distances is associated mainly with the transport of infected
vegetative planting material, including suckers, rhizomes,
and tissue-cultured plants (Adil & Quraishi 2023).

In the absence of curative treatments, virus-free planting
material and strict exclusion measures remain the founda-
tion of BBTV management, while aphid control helps reduce
secondary spread within and between fields. Continued
expansion of BBTV highlights the need for a clearer under-
standing of banana aphid biology, invasion ecology, and
management (Ocimati et al. 2021; Shimwela et al. 2022).
Although reviews have focused on BBTV spread in Africa or

on host resistance, comprehensive syntheses centered specif-
ically on the vector remain limited (Elayabalan et al. 2015;
Bouwmeester et al. 2023). This review consolidates current
knowledge of P. nigronervosa biology, monitoring, virus
transmission, genomics, symbionts, agricultural impacts, and
management, and identifies future major research priorities.

2 Global distribution of Pentalonia
nigronervosa and BBTV

Pentalonia nigronervosa was first described from Réunion
Island by Coquerel in 1859. BBTV was first reported from
Fiji in 1889, and the role of P. nigronervosa as a vector was
established by Magee (1927). Although the aphid was origi-
nally described from the southwestern Indian Ocean region,
current evidence suggests that it most likely originated in
Southeast Asia (Stainton et al. 2015; CABI 2022). However,
both P. nigronervosa and BBTV are now widely distributed
across tropical and subtropical regions, particularly in areas
with banana cultivation (Fig. 2a, b). The expansion of both
the vector and the virus is consistent with repeated introduc-
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tions followed by local establishment in banana-producing
areas. Further, their current range reflects a combination of
historical spread and continued human-mediated dispersal
through infected vegetative planting material (Waterhouse
1987; Tripathi et al. 2021).

In Africa, BBTV was first documented in Egypt in 1901
and subsequently reported from the Democratic Republic
of Congo, Gabon, Benin, Nigeria, South Africa, and Togo
(Wardlaw 1972; Foure & Manser 1982; Blomme et al.
2013; Lokossou et al. 2012; Adegbola et al. 2013; Jooste
et al. 2016; Kolombia et al. 2021). Early records of the
banana aphid (P. nigronervosa) in the region include its
original description from banana on Réunion Island in 1859
(Coquerel 1859) and subsequent documentation from Egypt
by the early twentieth century (Hall 1926). Phylogenetic evi-
dence further supports a history of long-distance dispersal of
BBTV. For example, isolates from the Democratic Republic
of Congo cluster within the South Pacific clade, indicating
movement of infected plant material rather than dispersal by
the aphid alone (Mukwa et al. 2016).

3 Biology and life history of
P. nigronervosa

3.1 Description and life cycle

Pentalonia nigronervosa is a reddish-brown to black aphid
with conspicuous cornicles (siphunculi) that release alarm
pheromones, primarily (E)-B-farnesene, in response to pre-
dation or disturbance (Foottit et al. 2010; Chaudhary 2013).
Wingless (apterous) and winged (alate) morphs occur, with
alate forms commonly arising after several (7 to 10) gen-
erations of apterous reproduction, although environmental
stress can also induce wing development (Mau et al. 1994,
Nelson et al. 2004; Young & Wright 2005). As in many
aphids, reproduction in P. nigronervosa is viviparous and
development includes four nymphal instars (Fig. 3), with
developmental rate affected by host plant and heat unit accu-
mulation (Adjalla et al. 2026).

On banana, nymphal development may be completed in
9.4 days at 30 °C but may require up to 14.5 days at 20 °C
(Robson et al. 2007). On red banana, development ranges
from 9 to 12 days, whereas on taro (Colocasia esculenta)
it ranges from 12.5 to 14.5 days (Amsavalli et al. 2022).
Comparable developmental periods have been recorded on
the banana cv. Putri and other monocot hosts, including torch
ginger (Etlingera elatior), Javanese turmeric (Curcuma xan-
thorrhiza), and cardamom (Amomum compactum) (Basak et
al. 2015; Efendi et al. 2022). Adult longevity is usually 10
to 14 days (Rajan 1981; Viswanathan & Regupathy 1992),
although survival may extend to one month under favourable
conditions (Volkl et al. 1990; Yasmin et al. 1999).

Temperature is a major determinant of development,
survival, fecundity, and vector performance in P. nigroner-
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vosa. Robson et al. (2014) showed that higher temperatures
(30°C) accelerate development but also increase nymphal
mortality and reduce fecundity, whereas 25 °C appears to be
more favourable for survival and reproduction. Temperature
also affects BBTV transmission efficiency (Anhalt &
Almeida 2008; Chakraborty et al. 2021). Flight activity is
similarly temperature dependent, with no flight reported
below 14°C (Jones et al. 2010).

3.2 Population dynamics and dispersal

Population dynamics of P. nigronervosa are influenced by
both biotic and abiotic factors, although the direction and
magnitude of these effects vary among regions. Rainfall pat-
terns influence banana aphid population dynamics, with high
rainfall generally reducing populations (Young & Wright
2005). In Burundi, aphid populations peak during dry sea-
sons, when temperatures generally range from 24 to 32°C
(Niyongere et al. 2013). In contrast, studies from India and
Egypt have recorded peak abundance during cooler and wet-
ter months rather than during summer (Menon & Christudas
1967; Abdel-Moniem 2003; Basak et al. 2015). These differ-
ences most likely reflect local climatic conditions, cropping
systems, and broader agroecological contexts.

Altitude also affects banana aphid abundance and risk of
BBTYV transmission. Higher infestation levels are generally
reported in lowland production zones, where temperatures are
more suitable for aphid development, as documented in the
Democratic Republic of Congo and Burundi (Walangululu
et al. 2010; Niyongere et al. 2011). Agronomic practices can
further modify aphid populations. De-leafing and de-sucker-
ing have both been shown to alter aphid density (Niyongere
et al. 2013; Young & Wright 2005). Plantation size may
also influence local build-up, with one study suggesting that
smaller or more fragmented fields favoured higher local
populations (Hooks et al. 2011). Seasonal increases in aphid
abundance near plantation borders have also been docu-
mented in Hawaii and Egypt (Abdel-Moniem 2003; Menon
& Christudas 1967; Young & Wright 2005). The number of
aphid generations completed per year varies markedly by
region, ranging from about four in Guangdong, China, to as
many as 30 generations in Hawaii (Yang 1989).

The banana aphid is a relatively weak flier, and within-
field spread of BBTV generally occurs over short distances
within about 20 m from infected plants (Allen 1978). Local
dispersal is mediated mainly by alate aphids, which facilitate
movement within and between banana fields (Stainton et al.
2015). By contrast, long-distance dissemination of BBTV
occurs primarily through the transport of infected vegetative
planting material, particularly suckers, often via informal or
poorly regulated trade networks (Nelson et al. 2004; Young
& Wright 2005). Transboundary agricultural corridors such
as the Nigeria-Benin border, the Bugarama/Rusizi Valley,
and the Togo-Benin corridor may therefore represent zones
of elevated phytosanitary risk.
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“ ® banana bunchy top virus

Fig. 2. Global distribution of Pentalonia nigronervosa and banana bunchy top virus as of 2025. (a) Pentalonia nigronervosa, and
(b) banana bunchy top virus.
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Fig. 3. Life cycle of the banana aphid (Pentalonia nigronervosa). Adapted from Rajan (1981).

4 Ecology of Pentalonia nigronervosa and
interactions with host plants

The ecology of P. nigronervosa is shaped not only by
climatic conditions but also by host plant identity and
plant-mediated effects on aphid performance. Although
banana is its principal host, the species has been reported
from several monocotyledonous plants, including Alpinia
purpurata, Colocasia esculenta, Xanthosoma sagittifo-
lium, Canna indica, and Zingiber officinale (Foottit et al.
2010; Gunawan et al. 2017). However, studies combin-
ing morphological and molecular evidence indicate that
P nigronervosa is primarily associated with Musaceae,
particularly Musa spp., and that some records from alter-
native hosts may reflect misidentification with the closely
related Pentalonia caladii (Foottit et al. 2010; Foottit &
Maw 2019).

On banana, heavy infestations can reduce plant vigour
directly, while honeydew excretion by dense colonies pro-
motes the development of sooty mould, thereby lowering
fruit quality and marketability (CABI 2015). Host suit-
ability, plant architecture, and ant-mediated protection
together play important roles in determining colonisa-
tion success in banana systems. Aphid persistence on host
plants is also influenced by biotic interactions, especially
mutualisms with honeydew-attending ants. Ant atten-
dance can protect colonies from natural enemies and may
therefore enhance aphid survival and local persistence
(Biale et al. 2017; University of Hawaii CTAHR 2006).
These interacting factors influence not only aphid estab-
lishment and persistence but also the broader epidemiol-
ogy of BBTV by affecting the abundance and distribution
of vector populations within and among fields (Robson et
al. 2006; Adjalla et al. 2025a).
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5 Role of Pentalonia nigronervosain BBTV
transmission

Banana aphids acquire BBTV while feeding from the phloem
of infected leaves and transmit the virus to healthy plants in
a persistent, circulative, non-propagative manner (Fig. 4)
(Magee 1927; Thomas & Iskra-Caruana 2000; Anhalt &
Almeida 2008). Reported transmission parameters vary
among studies. Minimum acquisition access periods range
from 4 to 17 h, whereas inoculation access periods range
from 15 min to 2 h (Magee 1927; Hu et al. 1996; Thomas &
Iskra-Caruana 2000). After acquisition, virions move through
the aphid from the anterior midgut to the principal salivary
glands. Virus retention may last for 13-20 days (Hu et al.
1996), and a latent period of several hours to approximately
20 h is generally required before aphids become infective
(Magee 1940; Anhalt & Almeida 2008).

There is no evidence of transovarial transmission or viral
replication within the vector, confirming the non-propaga-
tive nature of BBTV in P. nigronervosa (Hafner et al. 1995;
Watanabe & Bressan 2013). All life stages can transmit the
virus, although efficiency may differ between nymphs and
adults (Magee 1940; Wu & Su 1990). At the level of individ-
ual aphids, transmission efficiency has been reported to range

BBTV-infected plant  Step 1: Virus Acquisition

Step 2: Virus Circulation

from 46% to 67% (Magee 1927; Wu & Su 1990; Hu et al.
1996). Temperature also exerts a strong influence on transmis-
sion dynamics. Transmission is generally highest at 25-30°C,
lower at 20°C, and greatly reduced or absent at 10-16°C
(Magee 1940; Wu & Su 1990; Anhalt & Almeida 2008).

Transmission efficiency is also affected by host-related
factors. In the field, both alate and apterous morphs tend to
preferentially colonise BBT V-infected plants, which emit
elevated levels of volatile organic compounds that enhance
vector attraction (Murhububa et al. 2021). This may be fur-
ther mediated by aphid-associated endosymbionts, which
can modify plant volatile profiles and influence vector—virus
interactions (Shi et al. 2021). Host plant genotype also affects
aphid behaviour and may therefore influence disease spread.
For example, P. nigronervosa is generally more abundant on
AAB plantains than on some other banana genomic groups
(Ngatat et al. 2017, 2022). Conversely, certain accessions,
such as Musa balbisiana, remain symptomless and BBTV-
free even under high inoculum pressure, possibly because
of reduced aphid preference, restricted virus replication, or
barriers to virus acquisition and inoculation. These responses
contrast with those observed in highly susceptible geno-
types such as M. acuminata subsp. errans and cv. ‘Lakatan’
(Damasco et al. 2006; Dela Cueva et al. 2023).

Step 3:Virus Inoculation

and Accumulation and Infection

)

Acquisition feeding

BBTV-infected \Njiizd 1)
banana plant NN ¥
(Musa spp.) ¥/ Piercing-sucking
‘ stylet

Phloem

Icosahedral particles
B represent BBTV virions

Virus latent period

banana plant
(Musa spp.)

BBTV-infected plant

Healthy plant becomes
infected with BBTV and

showing classic symptoms:
stunted growth, bouncy rossette
of narrow upright leaves,

from gut to hemolymph,
circulates, and accumulates

Virus moves develops symptoms

over time

dark green streaks,

and pale chlorotic margins in salivary glands

without replication.

Fig. 4. Circulative, non-propagative transmission of Banana bunchy top virus (BBTV) by the banana aphid.
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Abiotic stress may further modify transmission by alter-
ing host plant physiology and aphid feeding behaviour.
Changes in phloem composition, nutritional quality, and sec-
ondary metabolite production can affect both virus acquisi-
tion and inoculation efficiency. In aphid-virus systems more
broadly, water stress can alter feeding behaviour and enhance
or suppress transmission, depending on the nature of the host
response (Nachappa et al. 2016; van Munster 2020).

6 Genomics of Pentalonia nigronervosa
and endosymbionts

The first genome sequence of P. nigromervosa, and of
the genus Pentalonia, was published in 2020, providing
an important foundation for studies of aphid evolution,
genomics, and vector biology (Mathers et al. 2020). The
assembly was generated from a clonal lineage collected
from a banana plantation in Nairobi, Kenya. Comparative
analyses placed P. nigronervosa in a basal position within
the tribe Macrosiphini, highlighting its distinct evolution-
ary position relative to other sequenced aphids (Julca et al.
2019; Mathers et al. 2020). Genome-based analyses also
revealed the presence of two bacterial endosymbionts in
P. nigronervosa. The obligate mutualist Buchnera aphidi-
cola provides essential amino acids that are lacking in the
aphid’s phloem-based diet, whereas Wolbachia occurs as a
facultative symbiont that is unusually prevalent in this lin-
eage (De Clerck et al. 2014; Mathers et al. 2020). Because
Wolbachia is uncommon in most aphid species, its consis-
tent occurrence in geographically distinct populations of
P. nigronervosa suggests a stable and potentially adaptive
association (Higashi et al. 2024).

Earlier hypotheses proposed that Wolbachia might com-
plement the nutritional functions of Buchnera. However,
genomic and transcriptomic evidence has not supported a
metabolic co-obligate role for Wolbachia in P. nigroner-
vosa (De Clerck et al. 2015; Manzano-Marin 2020). More
recent studies instead suggest that Wolbachia may confer
context-dependent benefits, including increased survival,
enhanced fecundity, and protection against the special-
ist fungal pathogen Pandora neoaphidis (Higashi et al.
2024). These effects appear to be specific rather than gen-
eral, as comparable protection has not been demonstrated
against generalist pathogens or parasitoids (Higashi et al.
2024). The persistence of Wolbachia in P. nigronervosa
may reflect a combination of selective advantages, such as
improved performance under stress, reproductive manipu-
lation, or the clonal expansion of infected lineages. It is
also possible that the symbiont contributes to tolerance
of oxidative or phenolic stress associated with host plant
defences. Although these hypotheses remain to be tested
more directly, they highlight the potential importance of
microbial associates in shaping the ecology and evolution-
ary success of this aphid.
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7 Monitoring strategies for Pentalonia
nigronervosa and BBTV

Timely detection of P. nigronervosa is essential for effective
BBTV management and for limiting associated crop losses
(Dahal et al. 2000; Daniells et al. 2001; Thangavelu et al.
2000). In practice, visual scouting remains the most widely
used approach, but disease management depends primarily
on use of clean planting material, rouging of infected plants,
and quarantine measures, whereas aphid control mainly
reduces secondary spread. Symptoms associated with
BBTYV, including chlorosis, bunchy top growth, and dark
green streaking on petioles, are useful indicators of infec-
tion but do not necessarily reflect current aphid abundance,
because infection may have occurred earlier through virulif-
erous aphids or infected planting material.

Visual scouting nevertheless remains important for iden-
tifying active infestations. Its main limitations are that it is
labour-intensive and may fail to detect low-density or incipi-
ent populations because P. nigronervosa is small and typi-
cally colonises concealed microhabitats. Aphids commonly
aggregate in leaf axils, tightly packed leaf sheaths, and pseu-
dostem bases, where they are partly shielded from observa-
tion. To complement direct inspection, suction samplers and
yellow sticky traps have been used to monitor aerial disper-
sal and seasonal population trends (Gavarra & Eastop 1976;
Viswanathan & Regupathy 1991). However, these methods
may underestimate banana aphid abundance because the
species is relatively sedentary and spends much of its life in
protected parts of the host plant (Smith et al. 1998).

Molecular diagnostics have substantially improved
detection sensitivity for BBTV. Recent surveillance stud-
ies further highlight the continued occurrence and genetic
diversity of banana-associated viruses in African production
systems (Masangwa et al. 2026). Quantitative PCR using
TagMan® probes enables early detection of the virus in
both host plants and aphid vectors, including infections that
remain asymptomatic at the time of sampling (Jebakumar
et al. 2018). SYBR Green-based qPCR can also be used
to estimate viral load, and higher titres have been associ-
ated with increased transmission efficiency (Jebakumar et
al. 2018). In addition, immunofluorescence microscopy has
confirmed the circulative route of BBTV within the aphid
by localising virions in the anterior midgut and principal
salivary glands (Watanabe et al. 2013).

ELISA-based approaches, including triple antibody
sandwich ELISA, complement PCR-based assays and may
provide more accessible diagnostic options for BBTV sur-
veillance, particularly in resource-limited settings (Kolombia
et al. 2021). These methods indicate that effective monitor-
ing of the BBTV pathosystem requires a combination of
field-based inspection and sensitive laboratory diagnostics,
with the most appropriate approach depending on surveil-
lance objectives, resource availability, and the stage of epi-
demic development.
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8 Potential invasion risks and impacts of
P. nigronervosa and BBTV

Banana bunchy top virus is among the most destructive
pathogens affecting banana production worldwide. In India,
annual economic losses have been estimated to exceed USD
50 million across major banana-producing states (Selvarajan
et al. 2011; Rao & Reddy 2020). Historical records further
illustrate the severity of its impact. In Australia, the introduc-
tion of BBTV led to the abandonment of more than 5,000 ha
of banana plantations (Magee 1927). In Pakistan, epidemics
during 1991-1992 reduced cultivated area by 55% and yield
by 90% within a single year, while in Fiji the disease caused
an 80% collapse in banana production between 1892 and
1895 (Thomas 2008). Together, these examples demonstrate
the capacity of BBTV to rapidly destabilise banana produc-
tion systems where efficient vector populations reside.

Global occurrence records of P nigronervosa and
BBTV were analysed to assess their global invasion risk.
Niche-space analysis indicated a moderate overlap between
P, nigronervosa and BBTV (Jaccard index = 0.418; 41.8%),
suggesting partial divergence in their ecological niches and
currently occupied geographic ranges (Fig. S1). Although
the virus depends on its vector for transmission, this incom-
plete overlap indicates that additional environmental con-
straints may influence the spatial congruence of the vector
and the disease it transmits. Model performance was accept-
able for both P. nigronervosa (AUC = 0.9, TSS = 0.6, CBI =
0.9; Table S1) and BBTV (AUC = 0.8, TSS = 0.5, CBI =
0.8; Table S2). Jackknife analyses (Fig. S2 and S3) identified
mean diurnal temperature range (bio2) as the most influential
predictor for both the vector and the virus. For P. nigron-
ervosa, the main contributing variables were mean diurnal
range (41.7%), precipitation of the driest month (20.1%),
precipitation of the wettest month (18.6%), and isothermality
(12.5%) (Table S3). For BBTYV, habitat suitability was driven
chiefly by mean diurnal range (80.5%), followed by precipi-
tation of the wettest month (8.4%), isothermality (4.9%), and
annual mean temperature (3.5%) (Table S3). These results
highlight the importance of thermal variability in shaping
both aphid distribution and virus suitability.

Response curves (Fig. S4 and S5) further indicated that
habitat suitability for both P. nigronervosa and BBTV is
greatest under warm, humid, and moderately stable climatic
conditions. Suitability increased with annual mean tem-
perature to an optimum of approximately 25-28°C for the
aphid (Fig. S4a), with a comparable though slightly broader
optimum for the virus, before declining at higher tempera-
tures. Both organisms showed highest suitability under
low to moderate diurnal temperature range, with a marked
decline at higher temperature variability (Fig. S4b and S5b).
Isothermality likewise showed a unimodal relationship, with
peak suitability at intermediate values (Fig. S4c and S5c).

Precipitation also played a major role in determining suit-
ability. For both the vector and the virus, suitability increased

with precipitation during the wettest month, indicating a strong
dependence on humid conditions (Fig. S4d and S5d). By con-
trast, precipitation during the driest month showed an optimum
at low to moderate values, with suitability declining under both
extremely dry and excessively wet conditions, particularly
for BBTV (Fig. S4e and S5e). Precipitation seasonality also
followed a unimodal pattern, with reduced suitability under
highly seasonal regimes (Fig. S4f and S5f). These climatic
patterns are consistent with experimental evidence showing
that temperatures between 25 and 30°C favour banana aphid
development and enhance BBTV transmission, whereas cooler
conditions substantially reduce infectivity (Magee 1940; Wu
& Su 1990; Anhalt & Almeida 2008). Adequate moisture may
further support host vigour and sustained aphid colonisation,
thereby facilitating movement between plants and increasing
opportunities for virus spread. Conversely, marked tempera-
ture variability and extreme moisture conditions may disrupt
aphid feeding and movement, ultimately reducing transmis-
sion efficiency. BBTV epidemiology therefore appears to be
strongly conditioned by climatic regimes that favour both vec-
tor persistence and virus suitability.

Model projections further suggested suitable habitats for
both P, nigronervosa and BBTV extend beyond their currently
known distributions, with high-risk regions identified in
Central and South America, West and East Africa, and
Southeast Asia (Figs. 5 and 6). Although records in Europe are
largely restricted to glasshouse infestations (Blackman &
Eastop 1984), some parts of southern and western Europe may
also be climatically suitable. However, suitability for both the
vector and the virus is projected to decline under future cli-
mate scenarios (SSP585, 2090s). Given the strong effects of
abiotic factors on transmission efficiency (Anhalt & Almeida
2008; Chakraborty et al. 2021), these projections likely iden-
tify regions where overlap between vector suitability and virus
suitability may generate the greatest epidemiological risk.

9 Management of P. nigronervosa

9.1 Chemical control

Synthetic insecticides are key for banana aphid management,
particularly in production systems affected by BBTV.
Neonicotinoids such as imidacloprid and thiamethoxam,
together with organophosphates such as diazinon, are widely
used because of their rapid activity and relative affordability
(Jose 1981; Kakati & Nath 2019). However, efficacy may vary
with application method and leaf age. For example, Robson et
al. (2007), found that foliar imidacloprid effectively controlled
P, nigronervosa on sprayed banana leaves, particularly older
leaves, but did not move systemically within the plant; conse-
quently, leaves emerging after application were not fully pro-
tected. Regional recommendations reflect this continued
reliance, with imidacloprid and diazinon commonly used in
Hawaii and thiamethoxam- and pyrethrin-based products
applied in some African and Caribbean banana systems under
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Fig. 5. Global habitat suitability predicted for Pentalonia nigronervosa. (a) Baseline projection for 1970-2000; (b) future projection
based on the mean of six General Circulation Models (BCC-CSM2-MR, CNRM-CM6, EC-Earth3-Veg, IPSL-CM6A-LR, MIROCG6, and
MRI-ESM2-0) under SSP5-8.5 for 2081-2100; and (c) projected change in habitat suitability for P. nigronervosa.

A18723/69523/827EFFFF

20260913-145442



10 Owusu Fordjour Aidoo et al.

Baseline

Habitat suitability

Pt
O
—

& Unsuitable, 48807
B Expansion
[ Contraction

[ Stable

Suitability change

Fig. 6. Predicted global habitat suitability for banana bunchy top virus (BBTV). (a) Baseline suitability for 1970-2000, (b) future suitability
projected from the mean of six General Circulation Models (BCC-CSM2-MR, CNRM-CM6, EC-Earth3-Veg, IPSL-CM6A-LR, MIROCS6, and
MRI-ESM2-0) under the SSP5-8.5 scenario for 2081-2100, and (c) predicted change in habitat suitability for banana bunchy top virus.
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export-oriented guidelines (Constantinides & McHugh 2003;
Comit¢ de Liaison Europe—Afrique—Caraibes—Pacifique
[COLEACP] 2011).

Contact insecticides, including insecticidal soaps and hor-
ticultural oils, are also used for rapid suppression, although
their limited residual activity necessitates repeated applica-
tion. Pyrethrins, derived from Tanacetum cinerariifolium
(Asteraceae), provide rapid knockdown but generally do
not ensure prolonged control (Baltzegar et al. 2021). Newer
chemistries may also be effective, although responses dif-
fer among active ingredients. Under field conditions, Baloch
et al. (2023) reported that spinetoram reduced banana aphid
populations by 70-91%, whereas spinosad and chlorantra-
niliprole produced lower and more variable reductions.

Despite their utility, broad-spectrum insecticides raise con-
cerns regarding resistance selection, environmental contami-
nation, and non-target effects. These concerns are especially
relevant in export-oriented banana systems, where pesticide
choice is increasingly constrained by maximum residue limits
imposed by major importing markets, including the European
Union, the United States, and Japan (European Commission
2005; Ministry of Health, Labour and Welfare [MHLW] 2020;
U.S. Environmental Protection Agency [US EPA] 2025).
Consequently, lower-residue and more selective products are
becoming increasingly important components of integrated
management programmes. Botanical insecticides may contrib-
ute to such programmes. Neem-based formulations containing
azadirachtin, derived from Azadirachta indica (Meliaceae), have
shown suppressive and growth-disrupting effects against aphids
(US EPA 2001; Baloch et al. 2023). Recent experimental stud-
ies also demonstrate that botanical and soap-based treatments
can effectively suppress P. nigronervosa populations (Ogwal et
al. 2025). Products based on pongamia oil from Pongamia pin-
nata (Fabaceae) have shown pesticidal potential (Ngegba et al.
2022). Tobacco-derived preparations from Nicotiana tabacum
(Solanaceae) also exhibit aphicidal activity, although concerns
regarding toxicity and regulatory compliance limit broader use
(Ngegba et al. 2022). Field experience in Hawaii and sub-Saha-
ran Africa further indicates that azadirachtin-based products
and horticultural oils can provide moderate suppression when
incorporated into integrated programmes, although frequent
reapplication is often necessary because of their short residual
persistence (Constantinides & McHugh 2003; Nyalugwe 2018).

9.2 Biological control

A range of natural enemies has been associated with
P. nigronervosa (Table 1), although robust evidence of field-
level efficacy remains limited. Several parasitoids, includ-
ing Lipolexis bengalensis, Lysiphlebus fabarum, Aphidius
colemani, and Trioxys angelicae, have been reported from
banana aphid populations or evaluated as biological control
agents. Quantitative efficacy data specific to P. nigronervosa,
however, remain scarce for most species. In South Sumatra,
Lipolexis bengalensis parasitised up to 98% of banana aphids

Banana aphid biology and control 1

in parasitism assays, whereas for Lysiphlebus fabarum,
Aphidius colemani, and Trioxys angelicae, the literature
mainly reports laboratory suitability, occurrence, or estab-
lishment rather than robust field efficacy estimates (Volkl
et al. 1990; Muratori et al. 2009; Tricahyati et al. 2022).
Their impact may also be reduced by ant-aphid mutualisms,
because dominant ant species frequently defend aphid colo-
nies against parasitoid attack (Carver et al. 1993; Stechmann
et al. 1996; Tricahyati et al. 2022).

Predatory arthropods may also contribute to banana aphid
suppression (Biale et al. 2017; Tricahyati et al. 2022). Reported
predators include coccinellids, syrphids, earwigs, and spiders.
Most studies, however, describe predator occurrence and abun-
dance rather than quantitative control (Abdel-Moniem 2003;
Adjalla et al. 2025b). In controlled assays, predation ranged
from 3.66 to 23.67 aphids per predator within 2 h, corresponding
to 12.2-78.9% predation (Tricahyati et al. 2022). The highest
rates were recorded for Scymnus sp. and Forficula auricularia,
each consuming 23.67 aphids, whereas syrphids showed inter-
mediate predation and spiders lower rates. Entomopathogenic
fungi such as Beauveria bassiana, Metarhizium anisopliae,
and Lecanicillium/Akanthomyces spp. have demonstrated sub-
stantial potential for banana aphid management under labora-
tory and semi-field conditions (Table 1). In Cameroon, selected
isolates of B. bassiana and M. anisopliae caused high mortal-
ity of P. nigronervosa (Enoh et al. 2024). Similarly, Ashif et
al. (2025) reported mortality of up to 96.38%, 94.0%, and
77.40% following treatment with L. fusisporum, B. bassiana,
and M. anisopliae, respectively. More recently, Viswakethu et
al. (2026) showed that A. lecanii and its metabolites adversely
affected banana aphid survival and behaviour, further support-
ing the potential of entomopathogenic fungi as components of
integrated banana aphid management. Because of their speci-
ficity and potential to reduce reliance on conventional insec-
ticides, entomopathogenic fungi warrant further development
for banana aphid control.

9.3 RNAi-based approaches

RNA interference represents a promising emerging strategy
for the management of P. nigronervosa through targeted
gene silencing. One important target is acetylcholinesterase
(AChE), an enzyme essential for terminating neural signal-
ling (Trang & Khandhar 2025). Silencing of AChE disrupts
neurotransmission and can induce mortality, developmen-
tal arrest, and reduced growth in banana aphids. Under
controlled conditions, RNAi-based targeting of AChE has
reduced aphid populations by up to 75% (Jekayinoluwa et
al. 2020, 2021). Despite this promise, large-scale imple-
mentation remains constrained by several factors, including
limitations in dsRNA delivery, production cost, regulatory
approval, and operational scalability. RNAi should therefore
be viewed as a highly promising but still emerging compo-
nent of banana aphid management rather than as a near-term
replacement for existing control measures.
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Table 1. Alist of biological control agents of P. nigronervosa. References are: (1) Biale et al. 2017, (2) Tricahyati et al. 2022, (3) Vaolkl
et al. 1990, (4) Muratori et al. 2009, (5) Kakati et al. 2018, (6) Amsavalli et al. 2022, (7) Padmalatha et al. 2004, (8) Baloch et al. 2023.

Control agent type. Order and Family Species and Reference Number(s)
Insect parasitoid Hymenoptera, Aphidiidae Trioxys angelicae (1)

Insect parasitoid Hymenoptera, Braconidae Aphidius colemani (1)

Insect parasitoid Hymenoptera, Braconidae Lipolexis bengalensis (2)

Insect parasitoid Hymenoptera, Braconidae Lysiphlebus fabarum (3)

Insect parasitoid

Hymenoptera, Braconidae

Lysiphlebus testaceipes (3)

Insect parasitoid

Diptera, Cecidomyiidae

Endaphis fugitive (4)

Insect predator

Coleoptera, Coccinellidae

Chilocorus bipustulatus (1)

Insect predator

Coleoptera, Coccinellidae

Coccinella transversalis (2)

Insect predator

Coleoptera, Coccinellidae

Menochilus sexmaculatus (2)

Insect predator

Coleoptera, Coccinellidae

Micraspis discolor (2)

Insect predator

Coleoptera, Coccinellidae

Micraspis hirashimai (2)

Insect predator

Coleoptera, Coccinellidae

Nephus fenestratus (1)

Insect predator

Coleoptera, Coccinellidae

Rhyzobius lophanthae (1)

Insect predator

Coleoptera, Coccinellidae

Scymnus apetzi (1)

Insect predator

Coleoptera, Coccinellidae

Scymnus flavicollis (1)

Insect predator

Coleoptera, Coccinellidae

Scymnus frontalis (1)

Insect predator

Coleoptera, Coccinellidae

Scymnus interruptus (1)

Insect predator

Coleoptera, Coccinellidae

Scymnus nubilus (1)

Insect predator

Coleoptera, Coccinellidae

Scymnus subvillosus (1)

Insect predator

Coleoptera, Coccinellidae

Verania lineata (2)

Insect predator

Dermaptera, Forficulidae

Forficula auricularia (2)

Insect predator

Diptera, Cecidomyiidae

Aphidoletes aphidimyza (1)

Insect predator

Diptera, Syrphidae

Epistrophe balteatus (1)

Insect predator

Diptera, Syrphidae

Ischiodon aegyptius (1)

Insect predator

Diptera, Syrphidae

Paragus compeditus (1)

Arachnid predator Araneae, Oxyopidae Oxyopes salticus (2)

Arachnid predator Araneae, Salticidae Hasarius adansoni (2)
Arachnid predator Araneae, Salticidae Menemerus bivittatus (2)
Arachnid predator Araneae, Salticidae Plexippus paykulli (2)
Entomopathogen Hypocreales, Clavicipitaceae Metarhizium anisopliae (5,6)
Entomopathogen Hypocreales, Cordycipitaceae Beauveria bassiana (5,6)
Entomopathogen Hypocreales, Cordycipitaceae Lecanicillium lecanii (5,6)
Entomopathogen Hypocreales, Hypocreaceae Acremonium sp. (7)
Entomopathogen Pseudonocardiales, Pseudonocardiaceae Saccharopolyspora spinosa (8)

9.4 Cultural and integrated strategies

Preventive measures remain the foundation of management for
both P. nigronervosa and banana bunchy top disease. These
include the use of virus-free planting material, prompt roguing
and complete removal of infected mats, and the maintenance of
buffer zones intended to reduce aphid pressure and limit virus
spread (Jekayinoluwa et al. 2020; Omondi et al. 2020, 2023).
Because P. nigronervosa is attracted to BBT V-infected plants
through virus-associated volatile cues, rapid removal of infected
plants is particularly important for reducing both local inoculum
and vector attraction (Murhububa et al. 2021).

Roguing is most effective when it is implemented con-
sistently and when control efforts are coordinated at com-
munity and landscape scales rather than at the level of
individual farms alone (Abiola et al. 2020; Omondi et al.
2023). In smallholder systems, additional low-input mea-
sures such as soap-based sprays and horticultural oils may
provide supplementary aphid suppression. These methods
are best regarded as complementary rather than stand-alone
cultural tactics, but they may still contribute meaningfully
to integrated management in resource-limited production
systems (Ogwal et al. 2025).
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10 Knowledge gaps and future research
directions

Although P. nigronervosa is widely distributed, BBTV prev-
alence remains highly uneven across regions that appear suit-
able for both the host and the vector. This disparity suggests
geographic variation in vector competence, host suscepti-
bility, local agroecological conditions, or other epidemio-
logical drivers that remain insufficiently understood (CABI
2022; Kumar 2017). The distribution models presented here
provide a preliminary indication of where overlap between
aphid and virus is most and least likely, but comparative
studies are still needed to identify the ecological and genetic
mechanisms underlying these regional differences.

More broadly, research on aphid-virus-host interactions
in other systems has shown that plant viruses can alter vec-
tor behaviour in ways that enhance transmission, as demon-
strated for potato leafroll virus and barley yellow dwarf virus
(Ingwell et al. 2012; Rajabaskar et al. 2014). Recent evidence
suggests that BBTV may similarly modify the feeding behav-
iour and host preference of P. nigronervosa, with potentially
important consequences for disease spread and vector ecology
(Murhububa et al. 2024). These findings highlight the need
for management strategies that target the full vector-virus-host
pathosystem rather than focusing on a single component in
isolation. For example, predictive frameworks that integrate
degree-day accumulation for aphid development with agent-
based simulations of aphid movement and human-mediated
spread could improve forecasting for both P, nigronervosa and
BBTV. Such approaches may be especially useful for antici-
pating seasonal outbreaks and identifying regions at elevated
risk of invasion or disease escalation.

Advances in RNA sequencing and RNA interference
also offer promising opportunities for future research. These
tools may facilitate the identification of key functional genes
involved in survival, feeding, reproduction, and virus trans-
mission, thereby supporting the development of novel control
strategies. For example, transgenic bananas expressing dsRNA
targeting acetylcholinesterase have already produced substan-
tial reductions in aphid populations (Jekayinoluwa et al. 2020,
2021). Comparable advances in other crop systems, including
the identification of resistance loci through QTL mapping in
maize and wild soybean, suggest that similar approaches could
eventually support the breeding or engineering of banana cul-
tivars with improved resistance to aphid infestation or BBTV
transmission (Wang et al. 2023; Zhang et al. 2017). Future work
should therefore prioritise a more integrated understanding of
vector biology, host resistance, microbial symbionts, and envi-
ronmental drivers of transmission. In particular, the roles of
endosymbionts in vector competence, the behavioural effects of
BBTYV infection on aphid host selection, and the development
of scalable low-input management options remain important
areas for further study. Progress in these areas will be essential
for designing more durable and sustainable strategies for the
long-term management of banana bunchy top disease.

Banana aphid biology and control 13

11 Conclusion

Pentalonia nigronervosa occupies a pivotal role in the BBTV
pathosystem as both a direct pest of banana and the principal
vector of the virus. Considerable progress has been made in
understanding its biology, geographic distribution, and vec-
toring capacity, yet important questions remain regarding
its interactions with host plants, microbial associates, and
viral pathogens. Advances in genomics and diagnostics have
improved species delimitation and strengthened epidemio-
logical surveillance, but current management continues to
rely heavily on clean planting material, sanitary measures,
and complementary aphid suppression.

Emerging approaches, including RNA interference,
remote sensing, and predictive ecological modelling, offer
promising opportunities for more sustainable management,
although their large-scale implementation will require fur-
ther validation, infrastructural support, and enabling policy
frameworks. At the same time, the potential role of faculta-
tive symbionts such as Wolbachia in vector competence and
ecological adaptation remains insufficiently understood and
warrants closer investigation. As climate change and shift-
ing agroecological conditions continue to reshape banana
production systems, effective management of BBTV will
require flexible, interdisciplinary strategies that integrate
ecology, molecular biology, epidemiology, and farm-level
practice. A deeper understanding of P. nigronervosa will
therefore be essential for safeguarding banana production in
vulnerable regions worldwide.
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Supplementary methods

Occurrence records for Pentalonia nigronervosa and Banana bunchy top virus (BBTV)
were compiled from multiple sources, including CABI, iNaturalist, the Global Biodiversity
Information Facility (GBIF), and published literature. In total, 554 records for P. nigronervosa
and 223 records for BBTV were initially assembled. Duplicate and erroneous records were
removed, and spatial thinning was performed using the spThin package with a minimum nearest-
neighbor distance of 5 km to reduce spatial sampling bias (Aiello-Lammens et al. 2015). After
filtering, 381 occurrence records for P. nigronervosa and 158 records for BBTV were retained
for analysis.

Nineteen bioclimatic variables were obtained from WorldClim version 2.1, representing
baseline climate conditions for 1970-2000 at 2.5 arcmin resolution (Booth et al. 2014; Fick &
Hijmans 2017). Four variables with known spatial artefacts were excluded a priori, leaving 15
candidate predictors. To reduce multicollinearity, highly correlated variables were removed
before model fitting using a correlation threshold of r > 0.7. Future climate projections were
obtained from the Coupled Model Intercomparison Project Phase 6 (CMIP6) using six General
Circulation Models (BCC-CSM2-MR, CNRM-CM6-1, EC-Earth3-Veg, IPSL-CM6A-LR,
MIROC6, and MRI-ESM2-0) under the SSP585 scenario for the period 2081-2100 (Eyring et al.
2016). An ensemble mean across the six models was calculated to reduce uncertainty associated
with any single climate models. All variables were downloaded at 2.5 arcmin resolution.

Species distribution models were developed using the MaxEnt algorithm implemented in
R (version 4.5.2) (Banta 2024; Phillips et al. 2017; R Core Team 2025). To define the accessible
area and reduce background sampling bias, models were trained using 10-fold cross-validation,

and 10,000 background points were generated within a 6° buffered minimum convex polygon





around occurrence records. A total of 142 presence records were used for training and 16 for
testing for BBTV, while 342 records were used for training and 39 for testing for P.
nigronervosa. Model tuning was conducted using ENMeval by testing combinations of feature
classes (linear, quadratic, hinge, and product) and regularization multipliers ranging from 1 to 5.
Optimal settings were selected using the corrected Akaike Information Criterion (AICc). The
best model settings were LQHP (RM = 1) for P. nigronervosa and LQ (RM = 1) for BBTV,
indicating differences in response complexity between the two models (Kass et al. 2021; Warren
& Seifert 2011).

Models were evaluated using the Area Under the Curve (AUC), True Skill Statistic
(TSS), and Continuous Boyce Index (CBI), which together capture discrimination ability,
classification accuracy, and performance for presence-only models (Phillips et al. 2006;
Allouche et al. 2006; Hirzel et al. 2006). Binary suitability maps were generated using the
maximum test sensitivity plus specificity (MTSS) threshold. To interpret model behavior,
response curves and jackknife tests were used to evaluate the relative importance and ecological
relevance of predictors variables. Niche analysis was conducted following Qiao et al. (2016)
using principal component analysis (PCA), and niche overlap between P. nigronervosa and

BBTV was quantified using the Jaccard similarity index.





Results

Table S1. Performance metrics for Pentalonia nigronervosa. Performance metrics include Area
under the curve (AUC) of train data (auc.train), AUC of test (auc.test), AUC difference
(auc.diff), True Skilled Statistics (TSS) and CBI (Continuous Boyce Index (CBI).

Models auc.train auc.test auc.diff TSS CBI

0 0.8927 0.8935 -0.0008 0.704813 0.882116
1 0.8908 0.9039 -0.0131 0.676021 0.921304
2 0.8956 0.8433 0.0523 0.591189 0.916964
3 0.8943 0.8866 0.0077 0.657405 0.94694

4 0.8968 0.8422 0.0546 0.510737 0.906629
5 0.8952 0.8648 0.0304 0.646874 0.909646
6 0.8902 0.8863 0.0039 0.632021 0.899004
7 0.8892 0.9149 -0.0257 0.715437 0.901978
8 0.8902 0.8957 -0.0055 0.694853 0.922671
9 0.8918 0.8998 -0.008 0.667574 0.88704

Mean 0.89268 0.8831 0.00958 0.649692 0.909429





Table S2. Performance metrics for banana bunchy top virus (BBTV)

Performance metrics include AUC for training data (AUCtrain), AUC for test data (AUCtest),
the difference between training and test AUC (AUCJifY), true skill statistic (TSS), and
continuous Boyce index (CBI).

Models auc.train auc.test auc.diff TSS CBI
0 0.815 0.8574 -0.0424 0.5851 0.775413
1 0.8284 0.7289 0.0995 0.396 0.687575
2 0.8154 0.8482 -0.0328 0.5725 0.851256
3 0.8173 0.8404 -0.0231 0.5128 0.864693
4 0.8171 0.8272 -0.0101 0.4904 0.836995
5 0.8184 0.8115 0.0069 0.432 0.898139
6 0.8257 0.7489 0.0768 0.4049 0.86927
7 0.8167 0.8194 -0.0027 0.5568 0.768981
8 0.8151 0.8505 -0.0354 0.6052 0.883645
9 0.8204 0.7915 0.0289 0.409433 0.843417

Mean 0.81895 0.81239 0.00656 0.496513 0.827938





Table S3. Environmental predictors retained for MaxEnt modeling after correlation filtering

Predictors were retained after removing highly correlated variables using a threshold of Vifcor >
0.7.

Bioclimatic variable Pentalonia nigronervosa (% Banana bunchy top
contribution) virus (%

contribution)

Annual Mean Temperature (biol) 53 3.5

Mean Diurnal Range (bio2) 41.7 80.5

Isothermality (bio3) 12.5 4.9

Precipitation of Wettest Month (bio13) 18.6 8.4

Precipitation of Driest Month (bio14) 20.1 2.5

Precipitation Seasonality (biol5) 1.9 0.2
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Figure S1. Realized niches of Pentalonia nigronervosa. (blue) and BBTV (red) in environmental
space defined by the first three PCA axes of selected bioclimatic variables, where ellipsoid
overlap indicates similar climatic preferences.
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Figure S2. Jackknife test of variable importance for Pentalonia nigronervosa. Jackknife tests
show the relative importance of environmental variables in predicting the distribution of P.
nigronervosa based on (a) test gain, (b) regularized training gain, and (c) AUC.
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Figure S3. Jackknife test of variable importance for banana bunchy top virus. Jackknife tests
show the relative importance of environmental variables in predicting the distribution of banana
bunchy top virus based on (a) test gain, (b) regularized training gain, and (c) AUC.
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Figure S4. Response curves for Pentalonia nigronervosa showing the effects of (a) annual mean
temperature (biol), (b) mean diurnal range (bio2), (c) isothermality (bio3), (d) precipitation of
the wettest month (bio13), (e) precipitation of the driest month (bio14), and (f) precipitation
seasonality (biol5). The red line indicates the mean response, and the blue shading indicates

variability across model replicates.
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Figure S5. Response curves for banana bunchy top virus showing the effects of (a) annual mean
temperature (biol), (b) mean diurnal range (bio2), (c¢) isothermality (bio3), (d) precipitation of
the wettest month (bio13), (e) precipitation of the driest month (bio14), and (f) precipitation
seasonality (biol5). The red line indicates the mean response, and the blue shading indicates
variability across model replicates.
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