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ABSTRACT

Heat shock protein 90 (Hsp90) is highly conserved molecular chaperone chaperone involved in cellular stress responses 
and has been implicated in insect–virus interactions. This study aimed to characterize the Hsp90 gene (PnHsp90) of 
Pentalonia nigronervosa, the principal vector of banana bunchy top virus (BBTV), and to investigate its transcriptional 
dynamics during virus acquisition. RNA-seq datasets (SRX6918251 and SRX6918252) were retrieved from GenBank for 
PnHsp90 identification and subsequent physicochemical, structural, and phylogenetic analyses using ProtParam, CYS-REC, 
I-TASSER, SWISS-MODEL, and MEGA X. PnHsp90 encodes a protein of 726 amino acids with an acidic theoretical 
isoelectric point (pI = 4.94), a high aliphatic index (82.84), and a conserved EEVD motif characteristic of cytosolic Hsp90s 
proteins. Structural modelling based on the Saccharomyces cerevisiae Hsp90–Sba1 complex (PDB: 2C9B) generated a reliable 
tertiary structure (TM-score = 0.72), supporting the conservation of Hsp90 domain architecture. Phylogenetic analysis placed 
PnHsp90 in a clade closely related to Myzus persicae, consistent with aphid evolutionary relationships. Quantitative real-time 
PCR revealed a biphasic transcriptional response during acquisition access periods (AAPs), characterized by rapid induction 
at 1 hour (2.5-fold), marked downregulation at 5 and 10 h, and renewed upregulation at 20 hours (1.7-fold). The dynamic 
expression profile suggests that PnHsp90 is involved in the physiological responses of P. nigronervosa during both the early 
and later stages of BBTV acquisition. This study provides the first integrative characterization of PnHsp90 and identifies 
it as a promising candidate for future functional studies aimed at elucidating the molecular mechanisms underlying BBTV 
acquisition and vector competence.

Keywords: Aphid–virus interaction, molecular chaperone dynamics, stress-responsive pathways, transcriptomic profiling, 
vector competence

Corresponding author:
Alan Soffan (alan.soffan@ugm.ac.id)

1Department of Plant Protection, Faculty of Agriculture, 
Universitas Gadjah Mada, Jl. Flora, Komplek Bulaksumur, 
Kocoran, Caturtunggal, Depok, Sleman, Daerah Istimewa 
Yogyakarta, Indonesia 55281
2 Genetic Engineering Laboratory, Center for Biotechnology 
Studies, Graduate School of Universitas Gadjah Mada, 
Barek, Jl. Teknika Utara, Kocoran, Caturtunggal, Depok, 
Sleman, Daerah Istimewa Yogyakarta, Indonesia 55281

INTRODUCTION 

Heat shock proteins (HSPs) are evolutionarily 
conserved molecular chaperones that play essential 
roles in maintaining proteostasis and mediating cellular 
responses to diverse environmental stresses (Singh 
et al., 2024). The expression of HSPs varies across 
developmental stages and tissues, with the fat body 
typically exhibiting the highest levels (Shu et al., 2011). 
Based on their molecular weight, HSPs are classified 
into major families, including Hsp100, Hsp90, Hsp70, 

Hsp60, and small HSPs, and their expression is induced 
by heat, oxidative stress, and chemical exposure 
(Singh et al., 2016). Although the induction of HSPs 
enhances stress tolerance, excessive expression may 
impose physiological costs, such as reduced growth 
and reproduction (Sørensen et al., 2003). Among these 
proteins, Hsp90 is of particular importance because of 
its dual roles in stress adaptation and viral pathogenesis. 
It assists in the folding, assembly, and maturation 
of viral proteins, and its inhibition suppresses viral 
replication in several host systems (Geller et al., 
2012; Lubkowska et al., 2021). In insects, Hsp90 
contributes to thermal tolerance, diapause regulation, 
and responses to ultraviolet radiation, pesticides, and 
pathogens (Cheng et al., 2016; Guz et al., 2021; Shu 
et al., 2011; Zhao & Jones, 2012). Its involvement 
in viral replication has been demonstrated in diverse 
systems. For example, inhibition of Hsp90 suppresses 
Bombyx mori nucleopolyhedrovirus (BmNPV) 
proliferation through activation of the JAK/STAT 
pathway (Wu et al., 2019; Zhang et al., 2024), whereas 
in Drosophila, Hsp90 is required for flock house virus 
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RNA polymerase synthesis and replication complex 
formation (Castorena et al., 2007; Kampmueller & 
Miller, 2005).

Although the role of Hsp90 has been extensively 
investigated in various insect species, information 
regarding the expression and function in Pentalonia 
nigronervosa, the primary vector of banana bunchy 
top virus (BBTV), remains limited. P. nigronervosa is 
of particular concern because it transmits BBTV, one 
of the most destructive banana pathogens worldwide, 
causing substantial yield losses and, in severe cases, 
total crop failure (Murhububa et al., 2023; Bagariang 
et al., 2019; Suparman et al., 2023). Given the pivotal 
role of P. nigronervosa in BBTV transmission and 
the severe impact of the disease on global banana 
production, understanding molecular mechanisms 
involving Hsp90 may provide opportunities for 
developing genetic- or molecular-based intervention 
strategies (Jekayinoluwa et al., 2021; Watanabe et al., 
2015). Molecular insights into the stress- and virus-
related functions of Hsp90 could therefore support the 
development of novel and sustainable approaches to 
vector management and BBTV control.

Accordingly, this study aimed to identify and 
characterize the Hsp90 gene of P. nigronervosa using 
RNA-seq data available in GenBank (accession 
numbers SRX6918251 and SRX6918252). 
Phylogenetic analyses were conducted to determine its 
evolutionary relationships with homologous sequences, 
and quantitative real-time reverse transcription PCR 
(qRT-PCR) was employed to evaluate its expression 
under different exposure durations to BBTV-infected 
banana plants. By elucidating the functional role 
of Hsp90 in P. nigronervosa, this study provides a 
molecular foundation for the development of RNA 
interference (RNAi)-based biopesticides targeting 
key genes involved in virus transmission. Such gene-
targeting approaches could suppress aphid populations 
and disrupt BBTV spread, offering an innovative 
and environmentally sustainable strategy for banana 
disease management.

MATERIALS AND METHODS

Research Site. This study was conducted at the 
Laboratory of Genetic Engineering, Inter-University 
Center (PAU),  and Molecular Entomology Laboratory, 
Universitas Gadjah Mada, Yogyakarta, Indonesia. The 
experimental work, including aphid rearing, BBTV 
acquisition assays, RNA extraction, cDNA synthesis, 
PCR, and qRT-PCR analyses, was carried out from 
August 2019 to May 2020. To incorporate advances 

in bioinformatics tools and improve sequence 
interpretation, transcriptome annotation, protein 
characterization, structural modeling, and phylogenetic 
analyses were subsequently revisited and completed in 
2024. Aphid rearing and BBTV acquisition experiments 
were performed under controlled conditions at the 
insect rearing facility of the Department of Plant 
Protection, Faculty of Agriculture, Universitas Gadjah 
Mada, Yogyakarta, Indonesia.

P. nigronervosa Mass Rearing. Colonies of P. 
nigronervosa were maintained on taro (Caladium 
bicolor) and banana (Musa acuminata) plants under 
controlled conditions (25 ± 2 ºC, 70 ± 10% RH, and 
a 12:12 h light:dark photoperiod) in an insect-proof 
growth chamber. BBTV-free and BBTV-infected 
banana plants were used as hosts for non-viruliferous 
and viruliferous colonies, respectively. BBTV infection 
in banana plants was confirmed by PCR using BBTV-R 
primers: F (5’-TTGAGAAACGAAAGGGRAGC-3’) 
and R (5’-GGTGTGCGCCTGGGAAG-3’), which 
generated an approximately 1.1 kb amplicon (Stainton 
et al., 2012). Approximately 200 third-instar nymphs 
collected from taro plants were transferred using a fine 
brush to BBTV-infected banana plants. Viruliferous and 
non-viruliferous colonies were maintained in separate 
insect-proof cages to prevent cross-contamination. 
The viruliferous status of aphids was verified by PCR 
analysis. 

Total RNA Extraction and cDNA Synthesis. Total 
RNA was extracted from pooled samples consisting 
of five adult P. nigronervosa individuals from both 
viruliferous and non-viruliferous colonies using the 
Total RNA Mini Kit (Tissue) (Geneaid, Taiwan) 
according to the manufacturer’s instructions. Insects 
were homogenized using a sterile pestle prior to 
extraction. The extracted RNA was treated with DNase 
I (Thermo Scientific, USA) to remove contaminating 
genomic DNA. RNA concentration and purity were 
assessed using a MaestroGen spectrophotometer 
based on A260/280 and A260/230 absorbance ratios, 
and RNA integrity was verified by electrophoresis on 
a 2% agarose gel. First-strand cDNA synthesis was 
performed using 1 µg of total RNA and the RevertAid 
First Strand cDNA Synthesis Kit (Thermo Scientific, 
USA) with oligo(dT) primers in a 25 µL reaction 
volume. The synthesized cDNA was subsequently 
diluted to a final concentration of 100 ng/µL for qRT-
PCR analysis. 

PnHsp90 Primers Design. Raw RNA-seq data of 
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P. nigronervosa were obtained from GenBank under 
accession numbers SRX6918251 and SRX6918252 
in FASTQ format (Subandiyah et al., 2020). De novo 
transcriptome assembly was performed using Trinity to 
generate unigenes, followed by functional annotation 
against the NR database to identify putative Hsp90 
candidates. Differentially expressed gene (DEG) 
analysis was subsequently conducted using Bowtie2 
for read alignment and RSEM for transcript abundance 
estimation. Gene expression levels were reported 
as fragments per kilobase of transcript per million 
mapped reads (FPKM).

Among the identified Hsp90 candidates, the 
unigene with the highest FPKM value (Unigene7683_
all/PnHsp90) was selected for primer design. Prim-
ers were designed using Primer3. The primers used 
for PCR and qRT-PCR were PnHsp90-F (5’-GG-
GTCTCAATGATTGGATGG-3’) and  PnHsp90-R 
(5’-CCCTGTTGCATTGTCACATC-3’),  generating 
a 151 bp amplicon), and PnActin-F (5’-CGGAAT-
CATCACCAACTGGG-3’) and PnActin-R (5’-GAT-
GGCAACATACATGGCGG-3’),  generating a 190 bp 
amplicon).

Identification of PnHsp90. The quality of P. ni-
gronervosa cDNA was assessed using PCR with the 
universal COI primers LCO1490 (5′-GGTCAA-
CAAATCATAAAGATATTGG-3′) and HCO2198 
(5′-TAAACTTCAGGGTGACCAAAAAATCA-3′), 
which amplify a 710 bp fragment (Folmer et al., 1994). 
PCR conditions consisted of pre-denaturation at 95 ºC 
for 2 min, followed by 30 cycles of 95 ºC for 30 s, 50 
ºC for 30 s, and 72 ºC for 1 min, with a final extension 
at 72 ºC for 5 min. Confirmation of the PnHsp90 gene 
was performed using PnHsp90-specific primers under 
similar conditions, except that 35 cycles were conduct-
ed with an annealing temperature of 60 ºC. All PCR 
reactions were performed using GoTaq Green Master 
Mix (Promega, USA). PCR products were visualized 
on 2% agarose gels stained with ethidium bromide. 
The PnHsp90 amplicons were subsequently purified 
and sequenced for molecular characterization.

Molecular Characterization of PnHsp90. Unigenes 
annotated as putative Hsp90 genes were retrieved from 
the assembled P. nigronervosa transcriptome and used 
as queries for homology searches using BLASTN and 
BLASTP against the NCBI database. Each nucleotide 
sequence was translated into its deduced amino acid 
sequence using the ExPASy Translate tool to identify 
the open reading frame (ORF).

Physicochemical properties of PnHsp90, 

including molecular weight, theoretical isoelectric 
point (pI), amino acid composition, instability 
index, aliphatic index, extinction coefficient, and 
grand average of hydropathicity (GRAVY), were 
calculated using ProtParam. These parameters enabled 
interpretation of protein stability, hydrophobicity, and 
charge profiles, which correspond to the biochemical 
characteristics reported in the Results (e.g., instability 
index classification, hydrophobicity, acidic residue 
dominance). Cysteine residues and potential disulfide-
bond patterns were predicted using the CYS-REC tool  
to support assessment of structural stability and motif 
conservation.

To evaluate domain organization and structural 
features, three-dimensional protein models of 
PnHsp90 were generated using the I-TASSER suite, 
which predicts models through iterative threading 
assembly and fragment refinement. Model quality 
was evaluated using C-score, TM-score, and RMSD, 
allowing direct linkage to the structural confidence 
and functional relevance described in the Results (e.g., 
TM-score >0.5 indicating correct fold). Secondary 
structure composition (helix, sheet, coil) and residue-
level solvent accessibility profiles were extracted 
from I-TASSER outputs to support the analyses of 
flexibility, protein–protein interaction potential, and 
viral protein binding capacity. Structural validation 
and comparative homology models were additionally 
produced using SWISS-MODEL.

Phylogenetic relationships between PnHsp90 
and homologous insect Hsp90 proteins were inferred 
using amino acid sequences aligned in BioEdit v7.2 
and ClustalX v2.1. Phylogenetic trees were constructed 
in MEGA X using the neighbor-joining method with 
the Poisson correction model and 1000 bootstrap 
replications.

PnHsp90 Gene Expressions Under Difference 
Acquisition Access Periods (AAPs). PnHsp90 
expression dynamics were evaluated across different 
acquisition access periods (AAPs) of P. nigronervosa 
feeding on BBTV-infected banana plants. Prior to the 
experiment, aphid colonies were maintained on taro 
(C. bicolor), a non-host of BBTV, to obtain BBTV-free 
populations. Aphids were subsequently transferred 
to BBTV-infected banana plants and sampled after 0 
(control), 1, 5, 10, and 20 hours of feeding.

For each AAP, three biological replicates were 
collected, each consisting of 10 adult aphids. Samples 
were preserved in RNAlater (Ambion) and subjected 
to total RNA extraction, followed by DNase treatment 
to eliminate genomic DNA contamination. First-strand 
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cDNA synthesis was performed from 1 µg of total RNA 
using the RevertAid First Strand cDNA Synthesis Kit 
(Thermo Scientific, USA).

Quantification of PnHsp90 expression was 
carried out by qRT-PCR using PowerUp™ SYBR™ 
Green Master Mix (Thermo Fisher Scientific, USA) on 
a Bio-Rad real-time PCR system. Actin was used as 
the internal reference gene. Each sample was analyzed 
in two technical replicates. Relative expression levels 
were calculated using the 2^–ΔΔCt method.

Data Analysis. Relative gene expression data 
were analyzed using the 2⁻ΔΔCt method (Livak & 
Schmittgen, 2001). which quantifies relative gene 
expression by comparing the threshold cycle (Ct) 
difference between the target gene (PnHsp90) and 
the reference gene (PnActin). This method assumes 
comparable amplification efficiencies and calculates 
fold-change by first determining ΔCt (Ct_target – Ct_
reference), followed by ΔΔCt (ΔCt_treatment – ΔCt_
control), with relative expression expressed as 2⁻ΔΔCt. 
Statistical differences in PnHsp90 expression across 
acquisition access periods (AAPs) were evaluated 
using one-way ANOVA, and significant pairwise 
differences were identified through Tukey’s post hoc 
test. All statistical analyses were performed using 
SPSS version 16.0.

RESULTS AND DISCUSSION

Amino Acid of  Hsp90 in P. nigronervosa. PnHsp90 
consists of 726 amino acids with an estimated molecular 
weight of 83.2 kDa, and its physicochemical properties 
highlight several functionally relevant features (Figure 
1). The theoretical isoelectric point (pI) of 4.94 
indicates a strongly acidic character, supported by 

the greater abundance of negatively charged residues 
(146 Asp + Glu) compared with positively charged 
residues (106 Lys + Arg). This amino acid composition 
may influence substrate affinity and chaperone–client 
interactions (Blacklock & Verkhivker, 2013; Wayne & 
Bolon, 2010). The instability index of 44.56 classifies 
PnHsp90 as moderately unstable, consistent with 
the conformational flexibility required for dynamic 
protein-folding cycles (Verkhivker, 2022). Its aliphatic 
index of 82.84 suggests thermal adaptability, whereas 
the negative GRAVY value (-0.659) indicates an 
overall hydrophilic nature that facilitates interactions 
with diverse intracellular substrates (Faya et al., 
2015). These combined characteristics—acidic residue 
predominance, moderate instability, hydrophilicity, 
and a high aliphatic index—are consistent with the 
known properties of Hsp90 proteins and support their 
functional role as molecular chaperones. Moreover, 
Hsp90 activity is regulated through post-translational 
modifications, including phosphorylation, which can 
alter conformational dynamics and client-protein 
interactions (Mollapour et al., 2011; Xu et al., 2019).

The deduced amino acid sequence of PnHsp90 
in shown in Figure 2. As a molecular chaperone, Hsp90 
plays critical roles in protein folding, stabilization, and 
the maintenance of cellular proteostasis. PnHsp90 
possesses the characteristic domain architecture of 
Hsp90 proteins, consisting of an N-terminal ATP-
binding domain, a middle domain involved in client-
protein interactions, and a C-terminal dimerization 
domain (Liu et al., 2011; Yoodee et al., 2022). The 
sequence contains several conserved motifs that are 
characteristic of the Hsp90 family and are essential 
for interactions with a broad range of client proteins, 
including kinases and transcription factors (Kravats et 
al., 2018; Li et al., 2020; Yang et al., 2018).
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Figure 1. Amino acid composition and physicochemical characteristics of PnHsp90. The protein comprises 726 
amino acids, with a predicted molecular weight of 83.24 kDa and a theoretical pI of 4.94. It contains 
146 negatively charged residues (Asp + Glu) and 106 positively charged residues (Arg + Lys). The  
instability index, aliphatic index, and GRAVY value were 44.56, 82.84, and -0.659, respectively.
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The presence of conserved amino acid residues, 
particularly within the C-terminal EEVD motif, is 
important for the binding of co-chaperones and client 
proteins, thereby facilitating the chaperone cycle 
(Chakraborty et al., 2020; Genest et al., 2013; Qiao 
et al., 2015). Furthermore, the overall hydrophobicity 
and charge distribution of PnHsp90 influence its 
structural stability and interaction dynamics, both of 
which are critical for cellular stress responses and 
protein homeostasis (O’Meara et al., 2019; Pratt et 
al., 2010). Understanding the structural and functional 
characteristics of Hsp90 is essential for elucidating its 
diverse biological roles, as this chaperone stabilizes 
numerous proteins involved in cellular signaling, 
development, and stress adaptation (Kravats et al., 
2017; Taipale et al., 2012).

Protein Modelling of PnHsp90. The predicted 
three-dimensional structure of PnHsp90 (Figure 3) 
was generated using the I-TASSER server, which 
identified the Saccharomyces cerevisiae Hsp90–
Sba1 co-chaperone complex (PDB ID: 2C9B) as the 
primary structural template. This template is widely 
recognized for its high-resolution representation 
of Hsp90 in a functional conformation, making it 
suitable for modeling homologous insect Hsp90 
proteins. The resulting model exhibited a C-score of 
0.06, an estimated TM-score of 0.72 ± 0.11, and an 
RMSD of 8.0 ± 4.4 Å, indicating moderate structural 
confidence and suggesting that the predicted fold is 
biologically meaningful. A TM-score greater than 0.5 
generally reflects significant topological similarity 
to experimentally determined protein structures, 

Figure 2. Deduced amino acid sequence of PnHsp90 based on open reading frame (ORF) prediction. The conserved 
C-terminal EEVD motif is located at the C terminus of the protein. Dots indicate amino acid residues 
conserved among Hsp90 homologs.
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supporting the reliability of the predicted model 
(Blundell et al., 2017; Taipale et al., 2012). 

The structural resemblance to the 2C9B 
Hsp90–Sba1 complex reinforces the expected domain 
organization of PnHsp90, including the ATP-binding 
N-terminal domain, the client-interacting middle 
domain, and the dimerization-competent C-terminal 
domain. This architecture underpins Hsp90’s role 
as a molecular chaperone, particularly in stabilizing 
viral proteins that are often unstable without host 
chaperone assistance. The moderate RMSD indicates 
that although minor deviations from the template exist, 
the model sufficiently preserves key functional regions 
to support interactions with client proteins, including 
viral components (Alvira et al., 2014; Qiao et al., 2015). 
Such interactions are highly relevant during virus 
acquisition and transmission, as Hsp90 may facilitate 
viral protein maturation, recognition, or binding to host 
receptors, thereby enhancing transmission efficiency 
(Pascual et al., 2023; Taipale et al., 2012).

Furthermore, the structural dynamics indicated 
by the model may allow PnHsp90 to adapt to various 
client proteins, including those from viruses, thereby 
playing a pivotal role in the lifecycle of plant pathogens 

transmitted by insects (Street et al., 2011). Thus, the 
structural characteristics of PnHsp90, as revealed by 
the model, correlate closely with its functional role in 
mediating plant virus transmission.  

The predicted secondary structure of PnHsp90 
consisted of approximately 42.21% random coils, 
41.52% α-helices, and 16.28% β-strands. The 
predominance of coils and α-helices suggests a flexible 
and adaptable protein structure, which is characteristic 
of molecular chaperones and supports their ability to 
interact with a broad range of client proteins (García‐
Gómez et al., 2019; Wojda & Kowalski, 2013). 
Although less abundant, β-strands may contribute to 
the structural stability of protein complexes formed 
during these interactions. Collectively, this secondary 
structure composition is consistent with the functional 
properties reported for Hsp90 proteins in other 
organisms. 

Analysis of solvent accessibility revealed a 
heterogeneous distribution of exposed and buried 
residues across the PnHsp90 structure. The high 
proportion of residues with an accessibility score of 0 
(240 residues) suggests that a substantial portion of the 
protein forms a structurally stable core, which is typical 

Figure 3. Structure model of PnHsp90 predicted using I-TASSER. A. Secondary structure organization comprising 
α-helices (H, red), β-sheets (S, yellow), and loop (C-green); B. Confidence score for secondary structure 
prediction and solvent accessibility analysis. Solvent accessibility values range from 0, representing 
buried residues, to 9, representing highly exposed residues.

A B



Soffan et al.                	                                                    Biphasic pattern expression of heat shock protein 90 (PnHsp 90)         457 	

provides a foundation for future investigations into its 
biological roles in P. nigronervosa.

Phylogenetic Analysis of PnHsp90. Phylogenetic 
analysis of the Hsp90 gene was conducted using 
the General Time Reversible model with gamma 
distribution (GTR+G). The resulting phylogenetic tree 
showed that PnHsp90 from P. nigronervosa clustered 
closely with Myzus persicae, indicating a relatively 
close evolutionary relationship between these two 
aphid species (Figure 4). Both species formed a distinct 
clade, suggesting that their Hsp90 genes originated 
from a more recent common ancestor. In contrast, S. 
litura formed a separate but related cluster, indicating a 
greater evolutionary distance from the aphid clade. The 
Dendrolimus species were positioned more distantly in 
the tree, suggesting a much earlier divergence from the 
common ancestor shared by P. nigronervosa and M. 
persicae.

of regions involved in maintaining protein integrity 
and mediating intramolecular interactions (Graf et al., 
2014; Zhang et al., 2015). In contrast, residues with 
higher accessibility scores, particularly scores 3 and 4, 
represent surface-exposed regions that may participate 
in interactions with client proteins, co-chaperones, or 
other cellular components (Yoshimura et al., 2021). 

These solvent-accessible regions are likely 
important for the chaperone function of PnHsp90 
because they provide potential binding interfaces 
required for client-protein recognition and stabilization 
(Tsutsumi et al., 2012). The relatively low frequency 
of highly exposed residues (scores 8 and 9) further 
indicates that most of the protein structure is optimized 
for stability while maintaining sufficient surface 
accessibility for functional interactions (Blacklock & 
Verkhivker, 2013). Overall, the solvent accessibility 
profile supports the structural characteristics expected 
of a functional Hsp90 molecular chaperone and 

Leguminivora glycinivorella MK343468
Cydia pomonella JN624775
Ostrinie furnacalis GU230734
Dendrolimus punctatus EF190214 
Dendrolimus tabulaeformis EF1979936
Dendrolimus superans EF197937
Loxostege sticticalis EU233821
Gonepteryx amintha GU230738
Laodelphax striatellus KJ679920
Spodoptera litura OQ732622

Hermetia illucens KY457332
Spodoptera litura GU230735

Grapholita molesta JX678980

Heortia vitessoides MG520364
Bemisia tabaci MED MH383325

Bemisia tabaci AUSI MH383322
Apis cerana MN071416
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Figure 4. Molecular phylogenetics tree of PnHsp90 from P. nigronervosa constructed using the best-fit substitution 
model GTR+G. 
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The phylogenetic relationships observed in this 
study indicate that the evolutionary history of Hsp90 
generally follows taxonomic relationships among insect 
species, with aphid species exhibiting higher sequence 
conservation than more distantly related lepidopteran 
insects. The close clustering of P. nigronervosa and M. 
persicae suggests that Hsp90 may perform conserved 
physiological functions in aphids, including roles in 
cellular homeostasis and stress responses.

PnHsp90 Expression Dynamics Across Acquisition 
Access Periods (AAPs). The temporal expression 
profile of PnHsp90 was evaluated in P. nigronervosa 
following acquisition access periods (AAPs) of 0, 1, 
5, 10, and 20 hours on BBTV-infected banana plants 
using using qRT-PCR. Actin was used as the reference 
gene for normalization because it is widely employed 
as a constitutively expressed housekeeping gene in 
insect gene expression studies. 

PnHsp90 exhibited a biphasic expression 
pattern during the acquisition period (Figure 5). At 1 
hour AAP, PnHsp90 transcript abundance increased 
approximately 2.5-fold relative to the 0 hour control, 
indicating rapid transcriptional activation shortly after 
exposure to BBTV-infected tissue. This early induction 
suggests that PnHsp90 participates in the initial cellular 
response associated with virus acquisition and feeding 
on infected plants.

Expression subsequently declined to 
approximately 0.5-fold and 0.2-fold at 5 hours and 
10 hours AAP, respectively, indicating significant 
downregulation following the initial induction phase. 
This decrease may reflect physiological adjustment 
during prolonged feeding or modulation of the early 
stress response. At 20 hours AAP, PnHsp90 expression 
increased again to approximately 1.7-fold relative to 

the control, indicating a secondary activation phase. 
Overall, the observed pattern, characterized 

by early induction, intermediate suppression, 
and late reactivation, suggests that PnHsp90 is 
dynamically regulated during BBTV acquisition. 
Similar fluctuations in Hsp90 expression have been 
reported in other insect–virus systems, where Hsp90 
is implicated in cellular stress responses and virus–
vector interactions (Wu et al., 2016). Although the 
precise role of PnHsp90 during BBTV acquisition 
remains to be elucidated, the present findings indicate 
that this gene may be involved in the physiological 
responses of P. nigronervosa during virus acquisition 
and warrants further functional characterization using 
gene-silencing or genome-editing approaches (RNAi, 
CRISPR, or other molecular intervention strategies).

CONCLUSION

This study presents the first molecular 
characterization of Hsp90 in Pentalonia nigronervosa 
and provides evidence of its dynamic regulation 
during BBTV acquisition. PnHsp90 possesses 
conserved Hsp90 structural featurescharacteristic 
of the Hsp90 family, including an acidic amino 
acid-rich composition and a secondary structure 
compatible with its molecular chaperone function. 
Protein modeling further supported the formation of 
a biologically relevant three-dimensional structure. 
Expression analysis revealed a biphasic pattern of 
PnHsp90 regulation, characterized by early induction, 
mid-phase suppression, and late reactivation during 
acquisition access periods on BBTV-infected plants. 
These temporal changes suggest that PnHsp90 
may participate in the physiological responses of P. 
nigronervosa associated with virus acquisition and 
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Figure 5. Relative expression of the PnHsp90 gene in P. nigronervosa following different acquisition access 
periods (AAPs) of 0, 1, 5, 10, and 20 hours on BBTV-infected banana plants. Gene expression levels 
were quantified by qRT-PCR using actin as the reference gene.
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adaptation to feeding on infected tissues. Although 
the precise functional role of PnHsp90 in BBTV 
transmission remains to be elucidated, the present 
findings identify this gene as a promising candidate 
for future functional studies and potential molecular 
interventions, including RNA interference (RNAi) 
and CRISPR-based approaches aimed at reducing 
vector competence and supporting sustainable BBTV 
management.
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