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Abstract

Allergenic proteins in natural rubber latex (NRL) pose significant health risks, particularly
in rubber gloves. This study evaluated RNA interference (RNAi) technology for silencing
HbBREF (rubber elongation factor) and HbSRPP (small rubber particle protein) genes in
Hevea brasiliensis to reduce latex allergen content. Double-stranded RNA (dsRNA) target-
ing these genes demonstrated high stability at 25-37 °C for 6 h and under UV /outdoor
conditions for 72 h, but degraded rapidly above 50 °C. Among the three delivery methods
tested, direct injection achieved the highest efficiency (>90% gene silencing within 12 h),
followed by root drenching (54-84%) and foliar spray (46-70%). HbREF silencing achieved
98-99% expression reduction within 3 h, while HbSRPP showed dose-dependent responses
(70-90% silencing) without off-target effects. Gene silencing affected downstream rubber
synthesis genes HOCPT (cis-prenyltransferase) and HbRME (rubber membrane elongation
protein) (37-58% reduction) while upstream genes remained unaffected. HbREF silencing
reduced Hev bl allergen by 64.04% and Hev b3 by 12.51%, whereas HbSRPP silencing
decreased Hev b3 by 71.54% and Hev b1 by 13.48%. Both treatments caused only a 11-13%
reduction in dry rubber content. This RNAIi approach effectively reduces major latex
allergens while maintaining rubber production, demonstrating commercial potential for
developing hypoallergenic rubber products through precision agriculture biotechnology.

Keywords: RNA interference; allergenic proteins; para rubber; latex

1. Introduction

The para rubber tree (Hevea brasiliensis) represents a critical economic resource globally,
with natural rubber latex serving as an indispensable raw material for numerous medical
and industrial applications. Natural rubber products remain in high demand globally,
particularly in the medical sector where latex-based materials such as gloves and protective
equipment are indispensable [1-3]. Thailand, as one of the world’s largest producers, plays
a central role in meeting this demand.

Despite its commercial importance, natural rubber latex presents significant health
challenges due to the presence of allergenic proteins that can trigger severe immune
responses in sensitive individuals. Natural rubber latex, a colloidal dispersion of

cis-1,4-polyisoprene particles suspended in an aqueous serum, contains approximately
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1-2% proteins by weight, of which more than 15 have been identified as potential aller-
gens [2,4,5]. These latex protein allergies manifest across a spectrum of clinical presenta-
tions, ranging from mild contact dermatitis and localized skin irritation to severe systemic
anaphylaxis that can be life-threatening [6,7]. The prevalence of latex allergies among health-
care workers and patients with frequent medical device exposure has reached concerning
levels, necessitating urgent solutions to mitigate this occupational and medical hazard.

Current approaches to reduce allergenic protein content in natural rubber involve post-
harvest processing methods, including physical separation techniques such as centrifuga-
tion, chemical treatments using surfactants and leaching agents, and enzymatic degradation
using proteases [8,9]. However, these conventional methods suffer from significant limita-
tions, including incomplete allergen removal, substantial processing costs, time-intensive
procedures, and considerable losses of rubber particles during treatment. Furthermore,
these post-harvest interventions often compromise the physical and mechanical properties
of the final rubber products, limiting their effectiveness as comprehensive solutions.

The identification and characterization of major latex allergens have revealed that
rubber elongation factor (REF, also designated Hev b1) and small rubber particle protein
(SRPP, designated Hev b3) constitute the most clinically significant allergenic proteins
in natural rubber latex [10,11]. These proteins are integral components of the rubber
biosynthesis machinery, with REF playing a crucial role in rubber particle elongation and
SRPP contributing to the stability and formation of small rubber particles. Their essential
functions in rubber production and their location within rubber particles make them
particularly challenging targets for conventional removal methods, as their elimination
through processing would inevitably compromise rubber yield and quality. Although other
allergen-associated proteins exist in Hevea, HDREF and HbSRPP were specifically selected
as targets in this study due to their status as the major latex allergens (Hev b1 and Hev b3)
and their central roles in rubber particle formation. Focusing on these two proteins allows
for a detailed investigation of their specific contributions to both rubber biosynthesis and
allergenic protein synthesis, providing critical insights that can guide future studies on
additional latex allergens.

Recent advances in plant molecular biology have opened new avenues for addressing
this challenge through targeted genetic approaches. RNA interference (RNAi) technol-
ogy has emerged as a powerful tool for post-transcriptional gene silencing, offering the
potential to reduce specific protein expression without permanent genetic modifications.
Preliminary investigations using RNAi to target SRPP in alternative rubber-producing
species have provided valuable insights into the feasibility of this approach. Studies in
dandelion (Taraxacum kok-saghyz) demonstrated that SRPP silencing resulted in reduced
rubber yield and altered molecular mass distribution, indicating the protein’s critical role
in rubber biosynthesis [12]. Similarly, research in Taraxacum brevicorniculatum revealed that
RNAi-mediated SRPP knockdown decreased rubber production without affecting average
molecular mass, while rubber particle morphology remained largely unchanged [13].

Investigations targeting REF have yielded complementary findings, with RNAi-
mediated silencing in T. brevicorniculatum resulting in the reduced molecular mass of
cis-1,4-polyisoprene without affecting overall rubber particle stability [14]. These studies
collectively suggest that while REF and SRPP are essential for optimal rubber production,
their partial reduction through RNAi may be tolerable and could potentially provide a
pathway to reduce allergenic protein content while maintaining acceptable rubber yields.

Despite these promising preliminary findings, comprehensive studies investigating
RNAi-mediated silencing of allergenic proteins in commercial rubber trees remain limited.
Critical questions regarding the stability of double-stranded RNA (dsRNA) under field
conditions, optimal delivery methods for effective gene silencing, and the quantitative
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relationship between gene silencing efficiency and allergenic protein reduction requires sys-
tematic investigation. Furthermore, the downstream effects of REF and SRPP silencing on
other components of the rubber biosynthesis pathway and overall latex composition need
thorough characterization to ensure that interventions do not inadvertently compromise
rubber quality or tree health.

The present study addresses these knowledge gaps by conducting a comprehensive
evaluation of RNAi-mediated silencing of HbREF and HbSRPP genes in H. brasiliensis.
Our objectives include the following: (1) assessing the environmental stability of dsRNA
under conditions relevant to field applications, (2) comparing the effectiveness of different
dsRNA delivery methods, (3) quantifying the impact of gene silencing on target and
non-target gene expression, (4) measuring the effects on dry rubber content (DRC), and
(5) determining the extent of allergenic protein reduction achievable through this approach.
The insights gained from this research will provide essential foundations for developing
biotechnological strategies to produce hypoallergenic natural rubber while maintaining
commercial viability, potentially revolutionizing the safety profile of latex-based medical
and industrial products.

2. Results
2.1. dsRNA Stability Under Different Conditions

The stability of dsRNA in various environmental conditions was assessed, given its
potential application as a foliar spray or root drenching treatment. Tests were conducted
under room-temperature and high-temperature conditions ranging from 25 °C to 60 °C.
The results showed that dsRNA remains highly stable between 25 °C and 37 °C for up to
360 min. However, at temperatures of 40 °C, rapid degradation began after 180 min (27.83%
for HbREF-dsRNA and 33.21% for HbSRPP-dsRNA) whereas at temperatures of 50 °C,
rapid degradation began after 180 min (33%), with more than 45% of the dsRNA degrading
within 6 h (Figure 1). Additionally, at temperatures of 60 °C, rapid degradation began after
10 min, with more than 50% of the dsRNA degrading within 360 min. Additionally, dsSRNA
was found to be relatively stable under 6 h of continuous ultraviolet (UV) irradiation,
indicating its resilience in typical environmental conditions involving high temperatures
and sunlight exposure. In outdoor conditions, regardless of exposure to sunlight or shade,
dsRNA did not degrade within 72 h. Therefore, dsSRNA can be reliably used in experiments
involving direct injection, foliar spray, or root drenching formats.

2.2. Comparison of Delivery Techniques

The study introduced dsRNA into para rubber trees using three methods including
direct injection, foliar spray, and root drenching. It was found that all three methods were
capable of delivering dsRNA into the cells, leading to the knockdown of the HbREF and
HbSRPP genes. However, the foliar spray method only achieved gene expression inhibition
of 69.5% and 45.6%, respectively, with clear gene silencing observed starting from 12 h
post-application (Figure 2). The root drenching method also successfully delivered dsRNA
into the cells, as evidenced by a significant reduction in the expression levels of HbREF
and HbSRPP in the leaves, reaching reductions of 83.7% and 54.6%, respectively, after 24 h.
The most effective method for delivering dsRNA and achieving gene silencing was direct
injection, which resulted in a 92.4% reduction in HbREF expression and a 90.4% reduction
in HbSRPP expression.
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Figure 1. Stability analysis of dsRNA targeting HbREF and HbSRPP genes under various environ-
mental conditions. The migration of (a) HVREF-specific dsSRNA and (b) HbSRPP-specific dsSRNA in
agarose gel electrophoresis was compared against a DNA marker to estimate fragment size. Tem-
perature stability profiles showing dsRNA concentration for (¢) HPREF and (d) HbSRPP following
incubation at 25-60 °C in a water bath at different time intervals. (e) UV stability of HhREF and
HbSRPP dsRNA under continuous UV irradiation at various exposure times. (f) Environmental
stability of dsRNA under natural sunlight and shade conditions. dsSRNA concentrations were quan-
tified using a SPECTROstar Nano microplate reader with LVis Plate technology. Data represent
mean =+ standard error from three independent experiments. Statistical significance was determined
by one-way ANOVA (* p < 0.05).
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Figure 2. Comparative analysis of dsRNA delivery systems for RNAi-mediated gene silencing in
H. brasiliensis. Quantitative RT-PCR analysis showing relative mRNA expression levels of (a) HbREF
and (b) HbSRPP genes post-treatment with gene-specific dsSRNA delivered through direct stem
injection, foliar spray application, or root drenching methods. Expression levels were normalized to

2-BACt method relative to mock-treated controls. Data

housekeeping genes and calculated using the
represent mean + standard error from three independent biological replicates. Statistical analysis

performed using one-way ANOVA with Tukey’s multiple comparison test (* p < 0.05, ** p < 0.01).
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2.3. Expression of HbREF and HbSRPP Genes After RNAi Induction

The study examined the expression of HWREF and HbSRPP genes in para rubber tree
leaves following RNAi induction with various concentrations of dsRNA. Results showed
that dsRNA targeting HbREF reduced its gene expression by 98-99%, with a reduction
observed as early as 3 h post-injection (Figure 3). For the HbSRPP gene, the highest
dsRNA concentration of 0.065 mg/mL reduced gene expression by up to 70%, with the
most significant decrease occurring at 12 h post-injection. Subsequent experiments with
higher HbSRPP-dsRNA concentrations (0.10, 0.25, and 0.50 mg/mL) demonstrated further
reductions in gene expression, with an 80% reduction at 0.25 mg/mL and a 90% reduction
at 0.50 mg/mL, both observed at 6 h post-injection. Additionally, the mRNA expression of
HbREF in samples silenced with HhSRPP dsRNA showed a slight decrease, but it was not
statistically significant. Conversely, the expression of HbSRPP in plants silenced for HbREF
remained unchanged. These results indicate that the dsRNA did not have off-target effects
on the other gene.

Expression of HbREF and HbSRPP Genes After RNAi Induction
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Figure 3. Dose-dependent gene silencing efficiency. Quantitative RT-PCR analysis of relative mRNA
expression levels following treatment with gene-specific dsSRNA at various concentrations. (a) HhREF
mRNA expression after dsRNA treatment; (b,c) HhSRPP mRNA expression following dsRNA treat-
ment. Gene expression was normalized to housekeeping genes and calculated relative to untreated
control plants using the 2~AACt method. Data represent mean + standard error from three indepen-
dent biological replicates. Statistical significance was determined by one-way ANOVA with post hoc
analysis (* p < 0.05, ** p < 0.01).

2.4. Gene Expression Profiles in Rubber Synthesis

The expression of genes involved in rubber synthesis was analyzed following the
silencing of HYREF and HbSRPP. The results indicated that the relative expression levels of
HbHMGR, HbFPPS, and HbGGPPS remained largely unchanged (Figure 4). In contrast, the
expression of HhCPT and HbRME showed a significant reduction, with HbCPT decreasing
by 37.43% and 45.41% when HbREF and HbSRPP were inhibited, respectively. Similarly,
HbRME expression decreased by 39.53% to 57.62%. These findings suggest that silencing
HbREF and HbSRPP also leads to a reduction in HhCPT and HbRME expression.
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Figure 4. Impact of HbREF and HbSRPP gene silencing on rubber biosynthesis pathway gene
expression. Quantitative RT-PCR analysis of rubber synthesis-related genes following RN Ai-mediated
silencing of HbREF and HbSRPP in H. brasiliensis. Relative mRNA expression levels of upstream
genes (HhHMGR, HbFPPS, HhGGPPS) and downstream genes (HbCPT, HhRME) were assessed post-
dsRNA treatment. Gene expression was normalized to housekeeping genes and presented relative
to controls. Data represent mean =+ standard error from three independent biological replicates.
Statistical significance determined by one-way ANOVA (* p < 0.05).

2.5. Dry Rubber Content After Gene Silencing

The DRC in RRIM600 rubber tree saplings was assessed following RNAi treatment.
The DRC showed a decrease of 13.07% in the HDREF RNAi group and 11.99% in the HbSRPP
RNAIi group compared to the control, indicating that the silencing of both HbREF and
HbSRPP genes significantly reduced the DRC (Figure 5).

Dry Rubber Content After Gene Silencing
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Figure 5. Impact of HWREF and HbSRPP gene silencing on DRC in RRIM600 saplings. Quantitative
analysis of DRC following RN Ai-mediated silencing of HPREF and HbSRPP genes in H. brasiliensis
cv. RRIM600. Latex samples were collected and processed for DRC determination. Data represent
mean =+ standard error from six independent saplings per treatment group. Statistical significance
was determined by one-way ANOVA with Tukey’s post hoc test (* p < 0.05).
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2.6. Allergenic Protein Content After Gene Silencing

After silencing the HVREF and HbSRPP genes, latex samples were collected for protein
extraction. It was found that in the samples where the HOREF gene was silenced, the
amount of Hev bl protein decreased by nearly 64.04%, and Hev b3 protein levels also
decreased by 12.51%. In contrast, in the samples where the HbSRPP gene was silenced, the
amount of Hev b3 protein decreased by 71.54%, and Hev b1 protein levels decreased by
13.48% (Figure 6).

Allergenic Protein Content After Gene Silencing

30

BWT
@ HbREF-dsRNA
B HbSRPP-dsRNA

25

Concentration of protein (g/kg)

Hev bl Hev b3

Figure 6. Reduction in major latex allergens following targeted gene silencing in H. brasiliensis. Quan-
titative analysis of allergenic proteins Hev b1 and Hev b3 in latex samples following RNAi-mediated
silencing of HbREF and HbSRPP genes. Protein concentrations were determined by enzyme-linked
immunosorbent assay (ELISA) using allergen-specific antibodies. Data represent mean + standard
error from six biological replicates. Statistical significance determined by two-way ANOVA with
Tukey’s multiple comparison test (** p < 0.01).

3. Discussion

The use of RNA interference (RNAi) in plants has emerged as a powerful tool for
silencing specific genes to study their function or to develop traits of interest. In this
study, the silencing of HbREF and HbSRPP genes in para rubber trees via dsSRNA delivery
methods provided valuable insights into their roles in rubber biosynthesis and potential
applications for improving rubber tree traits.

In the present, there are significant implications for the application of RNAi in agri-
cultural biotechnology, particularly in the context of improving crop traits through gene
silencing. The stability of dsSRNA under various environmental conditions is a critical
factor that influences the effectiveness of RNAi, especially when dsRNA is applied through
methods such as foliar spray or root drenching, which are common in field conditions.
The stability of dsRNA is crucial because it determines how long the dsSRNA can remain
active in the environment before degrading, which directly impacts its efficacy in gene
silencing. The study demonstrated that dsRNA is highly stable at temperatures between
25 °C and 37 °C for up to 6 h, which is encouraging for its use in various climates and
conditions. This stability is particularly important because it suggests that dSRNA can
maintain its integrity and functionality during the time it takes to be absorbed by plant
tissues and trigger the RNAi mechanism. However, the study also found that at higher
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temperatures (50-60 °C), dsRNA degrades rapidly, with more than 45% degradation oc-
curring within 6 h. This finding is significant because it highlights a potential limitation
in using dsRNA-based treatments in very hot climates or during periods of extreme heat,
where the efficacy of the treatment could be compromised. The degradation of dsRNA at
high temperatures could limit the window of time during which it can effectively silence
target genes, necessitating the consideration of timing and environmental conditions when
applying dsRNA in the field. The stability of dsRNA under continuous UV irradiation for
6 h further underscores its resilience in outdoor conditions, where exposure to sunlight
is inevitable. This finding is particularly important because it suggests that dsRNA can
be used in open field conditions without significant degradation from sunlight, making
it a viable option for foliar sprays or other surface applications. Additionally, the fact
that dsRNA stored at indoors remained stable for 72 h, and did not degrade in outdoor
conditions (regardless of sunlight exposure) within the same time frame, further supports
its practical use in agricultural settings. These findings align with previous studies that
have reported the stability of dsRNA in various conditions, emphasizing its potential for
use in gene silencing applications. For example, studies by Li et al. [15], Xue et al. [16],
Yang et al. [17], San Miguel and Scott [18], and Venu et al. [19] have shown that dsSRNA can
be stable under a range of environmental conditions, which is essential for its use in pest
control and crop improvement strategies [20,21]. The ability to maintain dsRNA stability
across different environments ensures that the RNAI effect can be reliably achieved in field
conditions, enhancing the practical applicability of this technology. However, in this study,
dsRNA stability was assessed mainly by A260 absorbance, a common preliminary method
for RNA integrity [22,23]. While useful for monitoring overall degradation trends, it does
not confirm molecular integrity or sequence-specific stability. In vivo, dsRNA persistence
is affected by plant uptake, enzymatic degradation, soil microbiota, and environmental
factors. Therefore, these in vitro results serve as preliminary guidance for application
timing and delivery methods. Future studies should monitor dsRNA stability in planta
and explore formulation strategies (e.g., nanoparticles or protective additives) to improve
longevity and efficacy under field conditions.

In real agricultural settings, dsRNA stability is influenced not only by temperature
and UV exposure but also by complex interactions with soil microbiota, plant exudates,
and environmental pH. Several studies have demonstrated that dsRNA applied to soil or
leaf surfaces can undergo rapid enzymatic degradation—for example, DvSnf7 dsRNA in
soil was almost completely degraded within approximately two days [24]. Conversely,
formulations with protective carriers such as nanomaterials (e.g., cationic polymers, lipo-
somes) have been shown to enhance dsRNA longevity and uptake [17,25]. Our findings
that dsRNA remained stable for several hours under moderate temperatures and UV
exposure provide encouraging evidence for its short-term use in open-field applications.
However, long-term stability and bioavailability in heterogeneous environments remain
critical challenges. Therefore, further studies integrating field trials and protective formula-
tion strategies (e.g., nanoformulations) are needed to translate laboratory observations into
robust field-level applications.

The comparison of different dsSRNA delivery methods including direct injection, foliar
spray, and root drenching reveals important insights into the efficiency of gene silencing
in para rubber trees. The fact that all three methods were capable of delivering dsRNA
into cells and achieving gene knockdown highlights the versatility of RNAI as a tool for
gene regulation in plants. However, the varying degrees of effectiveness observed with
each method are crucial for optimizing RNAi applications in different contexts. Direct
injection emerged as the most effective method, achieving a 90% reduction in HbREF and
HbSRPP expression within 12 h post-injection. This high level of efficiency is likely due
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to the direct introduction of dsRNA into the vascular system of plant, ensuring that a
substantial amount of dsRNA reaches the target cells. The rapid onset of gene silencing
observed with this method underscores its potential for applications where quick results
are needed, such as in research settings or in situations where immediate intervention is
required. In contrast, the foliar spray method resulted in lower gene silencing efficiency,
with HbREF and HbSRPP expression reduced by 69.5% and 45.6, respectively. The leaf
surface may be less efficient or slower than direct injection. This finding is consistent with
previous studies that have reported challenges in achieving efficient dsSRNA uptake through
foliar applications, particularly due to barriers such as the cuticle and cell walls [18,26,27].
Despite these limitations, foliar spraying remains a non-invasive and scalable method that
could be optimized through the use of surfactants or other adjuvants to enhance dsRNA
penetration and uptake. Root drenching was also effective, reducing HbREF and HbSRPP
expression by 83.7% and 54.6%, respectively. This method benefits from the natural uptake
of dsRNA through the root system, which is then translocated to the leaves where gene
silencing occurs. Root drenching could be particularly useful in scenarios where systemic
gene silencing is desired, as the dsRNA can potentially reach various parts of the plant.
However, the efficiency of this method may depend on factors such as root architecture, soil
composition, and the ability of dsRNA to remain stable and mobile within the soil matrix.
These findings are consistent with other studies that have compared dsRNA delivery
methods in plants. For instance, Joga et al. [28] reported that direct injection was more
effective than topical applications in achieving gene silencing in cotton plants. Similarly,
Majidiani et al. [29] found that root absorption of dsRNA led to a 47-69% reduction in gene
expression and a mortality rate of 67.1-80.5% in treated specimens. Moreover, highlighted
that root delivery methods are feasible for field applications, allowing for effective pest
management strategies [30].

The expression of HbREF and HbSRPP genes in para rubber tree leaves following
RNAI induction offer significant insights into the molecular mechanisms underlying rubber
biosynthesis. The efficient silencing of HbREF and HbSRPP using dsRNA demonstrates the
potential of RNA interference (RNAi) technology as a powerful tool for gene regulation in
plants, particularly in economically important crops like rubber trees. The results showed
that dsRNA targeting HbREF achieved a dramatic reduction in gene expression, with a
98-99% decrease observed as early as 3 h post-injection. This rapid and substantial knock-
down of HDREF highlights the effectiveness of RNAi in targeting specific genes involved in
rubber biosynthesis. The ability to achieve such a high level of gene silencing within a short
timeframe is crucial for applications where timely intervention is necessary, such as in the
study of gene function or the development of genetically modified crops with enhanced
traits. For HbSRPP, the study observed a dose-dependent response to dsRNA, with the
highest concentration (0.065 mg/mL) reducing gene expression by up to 70%, and even
greater reductions observed with increased dsRNA concentrations (80% at 0.25 mg/mL
and 90% at 0.50 mg/mL). These findings suggest that HbSRPP expression can be effectively
controlled through RNAj, allowing researchers to modulate rubber particle stability and
synthesis by adjusting dsRNA dosage. This dose-dependent response also underscores the
flexibility of RNAi technology in achieving the desired level of gene silencing based on ex-
perimental needs. Interestingly, the study found that silencing HbSRPP did not significantly
affect HDREF expression, and vice versa, indicating that the dsSRNA treatments were specific
to their target genes and did not produce off-target effects. This specificity is crucial for
ensuring that RNAi technology can be used to manipulate gene expression without unin-
tended consequences on non-target genes, which is a major concern in genetic engineering
and crop improvement. It should also be noted that the silencing efficiency observed from
direct injection experiments (>90% within 12 h) appeared higher than the dose-response
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assays, where variability in knockdown efficiency was detected. This discrepancy could be
attributed to differences in dsSRNA uptake and distribution between experimental setups. In
direct injection, dsRNA is introduced immediately into the vascular tissues, enabling rapid
and efficient delivery to the target cells. By contrast, the dose-response assays required
a more gradual cellular uptake, during which degradation or dilution of dsSRNA may
have occurred, leading to variable outcomes. Moreover, experimental variation in tissue
penetration and intracellular trafficking may also contribute to the observed inconsistency.
These factors highlight the importance of considering delivery routes and cellular dynamics
when interpreting RNAI efficiency, and future work comparing in vivo dsRNA stability
and tissue distribution will be essential to reconcile these differences.

In addition to silencing HDREF and HbSRPP, the study examined the expression of
other genes involved in rubber synthesis, such as HHHMGR, HbFPPS, HhGGPPS, HbCPT,
and HbRME. The findings that HHHMGR, HbFPPS, and HbGGPPS expression levels re-
mained largely unchanged after HhREF and HbSRPP silencing suggest that these upstream
genes in the rubber biosynthesis pathway are not directly dependent on HbREF and HbSRPP.
This result is important because it indicates that the initial stages of rubber biosynthesis,
specifically the production of key precursors like isoprenoids, are not disrupted by the
silencing of HbREF and HbSRPP. This stability in precursor production may allow the
rubber tree to maintain basic metabolic functions even when the downstream components
involved in rubber particle formation are disrupted. However, the significant reduction
in HbCPT and HbRME expression following HbREF and HbSRPP silencing is particularly
noteworthy. HbCPT plays a crucial role in catalyzing the polymerization of isoprene
units to form polyisoprene chains, which are the primary components of natural rubber.
The observed decrease in HhCPT expression (37.43% and 45.41% for HbREF and HbSRPP
silencing, respectively) suggests that HhREF and HbSRPP are closely linked to the regula-
tion of HbCPT. This reduction likely impairs the rubber biosynthesis process, as HbCPT
is essential for the elongation of rubber molecules. Similarly, the reduction in HbRME
(Rubber Membrane Elongation Protein) expression by 39.53% to 57.62% following HbREF
and HbSRPP silencing suggests that these proteins are also involved in maintaining the
structural integrity of rubber particles. HbRME is thought to play a role in the elongation
and stability of the membrane surrounding rubber particles, which is crucial for the proper
synthesis and accumulation of rubber. The reduction in HbRME expression indicates that
disrupting HbREF and HbSRPP not only affects rubber biosynthesis at the molecular level
but also impacts the physical properties of the rubber particles themselves.

This study align with previous research that has highlighted the importance of REF
and SRPP in rubber biosynthesis. Dennis and Light [31] first identified REF as a key protein
involved in rubber particle elongation, and subsequent studies have confirmed its role in
stabilizing and promoting the growth of rubber particles [32,33]. The dramatic reduction in
HDREF expression observed in this study further supports the critical function of REF in
rubber biosynthesis. Similarly, the role of SRPP in stabilizing small rubber particles has
been well-documented [34-36]. The dose-dependent silencing of HDSRPP in this study
provides new insights into how varying levels of SRPP influence rubber particle stability
and synthesis. The ability to fine-tune SRPP expression through RNAi could have important
implications for optimizing rubber yield and quality. The reduction in HbCPT expression
observed in this study is consistent with findings from Priya et al. [37], who reported that
the downregulation of genes involved in polyisoprene chain elongation leads to decreased
rubber production. This study’s results extend these findings by showing that HbCPT
expression is closely tied to REF and SRPP levels, further elucidating the complex network
of interactions that govern rubber biosynthesis. Overall, the study’s findings contribute
to a growing body of literature on the molecular mechanisms of rubber biosynthesis and
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highlight the potential of RNAi as a tool for regulating gene expression in rubber trees. By
demonstrating the specific and dose-dependent effects of dSRNA on HbREF and HbSRPP
expression, the study provides a foundation for future research aimed at improving rubber
production through targeted genetic interventions.

The RNAi-mediated silencing of HDREF and HbSRPP in H. brasiliensis saplings pro-
vides clear evidence that both genes play crucial roles in rubber biosynthesis and aller-
genic protein production. The observed reductions in DRC (13.07% for HbREF, 11.99%
for HbSRPP) indicate that both proteins contribute significantly and almost equally to
rubber yield, consistent with previous findings that downregulation of similar proteins
compromises rubber particle stability and biosynthesis efficiency [13,38]. At the same time,
silencing differentially affected allergenic proteins: HbREF knockdown reduced Hev b1 by
64.04% and Hev b3 by 12.51%, while HbSRPP knockdown led to a 71.54% reduction in Hev
b3 and a 13.48% decrease in Hev b1, reinforcing their involvement in allergenic protein
synthesis [39,40].

Importantly, the magnitude of allergenic protein reduction was far greater than the
relatively modest decline in rubber yield. This suggests a favorable trade-off for specialized
applications. A 12-13% reduction in yield may be commercially tolerable if it results
in latex with substantially lower allergenic potential, particularly for medical products
where latex allergy poses significant risks. The results underscore the balance between
maintaining rubber productivity and minimizing allergenic proteins, highlighting RNAi as
a promising strategy for producing hypoallergenic latex while still preserving viable levels
of rubber production.

This study represents the first demonstration of targeted silencing of HhREF and HbSRPP
in para rubber trees using exogenous dsRNA delivery. The dual outcome—simultaneous
reduction in allergenic proteins and modulation of rubber biosynthesis—highlights a novel
application of RNAi in a perennial industrial crop, extending its scope beyond annual plants
and insect control. These results not only advance the understanding of REF and SRPP
function but also lay the foundation for developing hypoallergenic natural rubber with
direct implications for medical and industrial use. Nevertheless, some limitations should
be acknowledged: although no visible morphological abnormalities were observed during
the experimental period, long-term effects on tree growth, yield, and latex quality remain
to be determined. Future research should therefore include optimized delivery systems,
long-term field evaluations, ultrastructural and physicochemical analyses of latex particles,
and functional allergenicity assays. Such efforts will be essential to assess the feasibility of
RNAI as a sustainable strategy for crop improvement and specialty latex production.

4. Materials and Methods
4.1. Extraction of Total RNA

Young leaves from RRIM600 para rubber trees at the C stage were harvested, weighed
(0.1 to 0.3 g), and ground into a fine powder using a mortar and pestle with liquid nitrogen.
Total RNA was extracted using the Plant RNA Kit (Omega Biotek, Norcross, GA, USA).
The extraction process involved adding 600 uL of NTL lysis buffer to the powdered leaves,
followed by vortexing and the addition of 140 pL of SP buffer. The mixture was centrifuged
at 10,000 x g for 10 min at 25 °C. The supernatant was transferred to a new tube, mixed with
an equal volume of 100% isopropanol, and centrifuged again at 10,000x g for 2 min. The
RNA pellet was air-dried for 1 min, dissolved in 100 puL of 65 °C RB buffer, and incubated
at 65 °C to ensure complete dissolution.

To further purify the RNA, 250 uL of RB buffer containing 2-mercaptoethanol and
350 pL of 100% ethanol were added, and the mixture was loaded onto a HiBind® RNA
Mini Column (Omega Bio-tek Inc., Norcross, GA, USA). The column was washed with
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RNA wash buffers I and II and centrifuged at 12,000x g, and the RNA was eluted with
50 uL of nuclease-free water. The concentration and purity of the RNA were measured by
absorbance at 260 nm (A260) and by the A260/A280 ratio, which typically ranged between
1.7 and 2.1. To remove any residual DNA, 2 ug of total RNA was treated with DNase I
(Thermo Fisher Scientific Inc., Waltham, MA, USA) and incubated at 37 °C for 30 min,
followed by inactivation of DNase I with 25 mM EDTA at 65 °C for 10 min.

4.2. Synthesis of cDNA Template

The DNA-free RNA was used to synthesize first-strand cDNA. One microgram of total
RNA was mixed with 1.5 pL of 100 pM oligo (dT) primer, and the volume was adjusted
to 15 puL with DEPC-treated water. The mixture was incubated at 65 °C for 5 min, then
immediately cooled on ice. The reverse transcription reaction was carried out by adding
2 pL of 10x RT reaction buffer, 0.5 pL of 20 mM dNTP mix, 0.5 pL of RiboGrip RNase
Inhibitor (40 U/ulL), and 1 uL. of FIREScript® Reverse Transcriptase (200 U/uL) (Solis
BioDyne, Tartu, Estonia). The reaction was incubated at 37 °C for 30 min and terminated
by heating at 85 °C for 5 min. The synthesized cDNA was stored at —20 °C for use in
subsequent PCR reactions.

4.3. dsRNA Production

To produce dsRNA, the HbREF or HbSRPP genes were amplified using specific primers
designed from conserved regions in the GenBank database (Table 1). PCR was performed
using GoTaq® Flexi DNA Polymerase (Promega, Madison, WI, USA) in a 25 uL reaction
volume with an initial denaturation at 95 °C for 5 min, followed by 34 cycles of 95 °C for
45 s, 60 °C for 45 s, and 72 °C for 1 min, with a final extension at 72 °C for 5 min. PCR
products were resolved on a 1% agarose gel, and the desired DNA fragments were purified
using the BioFACT™ Gel & PCR Purification System (Daejeon, Republic of Korea).

Table 1. Oligonucleotide primers used in this study.

Primers Sequence (5'-3') Usage
HDREF-F1 ATGGCTGAAGACGAAGACAAC dsRNA production
HbREF-R1 CCCTCAATGATATCGACACCA dsRNA production
HbSRPP-F1 AGACAAAACGGTGGATGTATCG dsRNA production

HbSRPP-R1 GCTTTTGGTTCAAGATTAGCGT dsRNA production
HbREF-F2 CTGGTCCATTCAAGCCTGGCG RT-gPCR
HbREF-R2 GGAGCGAACGACCTAACACCGAACT RT-gPCR

HbSRPP-F2 TGGCTGAAGAGGTGGAAGAGAGG RT-gPCR

HbSRPP-R2 AGGAGTAACCACGGTCTTCACCAC RT-gPCR

HbHMGR-F GGAAGTGGGTCCTGATTTCC RT-gPCR

HbHMGR-R CAAGGCCATCCTCTGTCGTA RT-gPCR
HbFPPS-F AGCAGTACCGGAGGAGGAAG RT-gPCR
HbFPPS-R CTTGGCAGCAGTCTGGAATA RT-gPCR

HbGGPPS-F CTTCGTGGAGCTGGTGTTCT RT-gPCR

HbGGPPS-R AGGACTTGTTGGCATTGAGG RT-gPCR

HbCPT-F GGAGGTGGTCATAAGGCTGGATTT RT-gPCR
HbCPT-R TGGAATTGTTGGCAGTAGCCCT RT-gPCR
HbRME-F GCTCTGACAGGAGAGGAAAC RT-gPCR
HbRME-R GACGATGGTGATGAGGAGGA RT-gPCR
B-actin-F GCACACGATCCAACACCACCAA RT-gPCR
B-actin-R TAGACTGATGCCTGGGGCCTGA RT-gPCR

The purified gene fragments were ligated into the pPGEM®-T Easy vector and trans-
formed into E. coli DH5alpha cells. Colonies containing recombinant plasmids were selected
using blue-white screening, and plasmids were extracted and validated by sequencing. For



Int. J. Mol. Sci. 2025, 26, 9944

13 of 18

dsRNA synthesis, the validated plasmids were introduced into E. coli HT115 (DE3). dsRNA
production was induced with 1 mM IPTG for 4 h at 37 °C with shaking at 200 rpm, and the
dsRNA was extracted using TRIzol reagent (Thermo Fisher Scientific Inc., Waltham, MA,
USA). The RNA pellet was resuspended in 500 uL of 0.3 M NaCl prepared in DEPC-treated
water. The RNA was then incubated at 65 °C for 30 min and allowed to gradually cool
to room temperature to facilitate strand annealing into double-stranded RNA (dsRNA).
Subsequently, 5 uL of 100 pg/mL RNase A (Thermo Fisher Scientific Inc., Waltham, MA,
USA) (diluted in 0.3 M NaCl) and 5 uL of 500 ug/mL DNase I were added, and the mixture
was incubated at 37 °C for 30 min to remove residual single-stranded RNA and DNA. The
integrity of the resulting dsRNA was analyzed by 1% agarose gel electrophoresis. The
dsRNA concentration was determined by measuring absorbance at 260 nm (A260), and
purity was evaluated from the A260/A280 ratio, which ranged between 1.7 and 2.1.

In future studies, in vitro transcription could be employed as an alternative RNAi
resource to obtain highly pure and reproducible dsRNA, which may further improve
experimental consistency.

4.4. Degradation Test

The stability of dsRNA targeting HbREF and HbSRPP was assessed under various
environmental conditions to provide preliminary guidance for application strategies. A
total of 50 uL samples of 10 ng/uL dsRNA were keeped into sterilized PCR tubes which
sealed with Parafilm® M (Amcor PLC, Ziirich, Switzerland), and the tubes were tested
to various treatments, including storage at 4 °C, placement in a 25, 37, 40, 50 and 60 °C
water bath. A total of 50 pL samples of 15 ng/uL dsRNA were exposure to direct outdoor
sunlight, and shade for 10, 90, 180, and 360 min. Additionally, 50 uL samples of 15 ng/uL
dsRNA were placed in plates without sealing and exposed to UV lamp, 365 nm, 15 W, at
distance of 20 cm for 10, 90, 180, and 360 min. After each treatment, dsRNA concentrations
were quantified using absorbance at 260 nm (A260) with a SPECTROstar Nano microplate
reader equipped with LVis Plate technology (BMG Labtech, Ortenberg, Germany), and the
degradation rate was calculated as:

The degradation rate = [(initial concentration — final concentration)/initial concentration] x 100 (1)

Each treatment included three independent biological replicates. While this method
allows quantitative assessment of dsRNA integrity, we acknowledge that absorbance mea-
surements cannot distinguish between intact dSRNA and partial degradation fragments,
nor do they capture potential sequence-specific effects. These in vitro assays therefore pro-
vide preliminary stability trends under controlled conditions rather than precise predictions
of in vivo dsRNA performance.

4.5. Comparison of Delivery Techniques

The efficiency of different dsSRNA delivery methods (foliar spray, root drenching, and
injection) in silencing target genes in para rubber tree leaves was compared. Each method
was applied using dsRNA targeting specific genes (HbREF and HbSRPP) at a concentration
of 0.500 mg/mL. For the foliar spray, a fine mist sprayer was used to apply the dsRNA
solution mixed with 0.1% (v/v) Tween 20 uniformly to the leaves. In the root drenching
method, the dsRNA solution was poured evenly around the base of the plants to ensure
uptake by the roots. In the injection method, the dsRNA was directly injected into the leaf
veins using a fine needle.

Leaf samples were collected from each group at 12 h post-application to evaluate
dsRNA uptake and the silencing efficiency of the target genes. Total RNA was extracted
from the collected leaves, and cDNA was synthesized through reverse transcription. The
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synthesized cDNA was then used as a template for reverse transcription quantitative PCR
(RT-qPCR). The relative expression levels of the target genes were determined using RT-
qPCR, with B-actin as the internal control for normalization. Each measurement included
three biological replicates, with three technical replicates per sample. The qPCR reaction
mixture included 1x HOT FIREPol® EvaGreen® gPCR Mix Plus (ROX) (Solis BioDyne,
Tartu, Estonia), 0.5 uM of each forward and reverse primer (Table 1), and the first-strand
cDNA. Real-time PCR performed on StepOnePlus™ (Applied Biosystems, Waltham, MA,
USA) under the following conditions: initial denaturation at 95 °C for 12 min, followed
by 40 cycles of 95 °C for 15 s, 60 °C for 20 s, and 72 °C for 20 s. A melting curve analysis
was conducted after the amplification cycles, ranging from 60 °C to 95 °C, with a gradual
temperature increase to verify the specificity of the amplified product. Each treatment
included three independent biological replicates (three independent saplings per treatment
group), each with three technical replicates per sample.

4.6. Gene Silencing of HhREF and HbSRPP

Rubber tree were divided into seven groups: Groups 1-3 were injected with HbREF
dsRNA at concentrations of 0.035, 0.050, and 0.065 mg/mL, respectively; Groups 4-6
received HbSRPP dsRNA at the same concentrations; Group 7 served as the control and
was injected with distilled water. Injections were administered directly into the leaf veins,
with 100 pL of solution per leaf.

To assess the initial response to gene silencing, leaf samples were collected at 3, 6,
and 12 h post-injection for analysis. Total RNA was extracted from the samples, reverse
transcribed into cDNA, and real-time PCR was conducted using gene-specific primers for
HbREF and HbSRPP, with B-actin serving as the internal control. Additionally, to evaluate
potential off-target effects in the RNAi experiments targeting HbREF or HWSRPP, the mRNA
expression of the other gene (HbSRPP or HDREF) was also examined. The cycle threshold
(Cr) values obtained were used to calculate the relative expression levels of the target
genes. Each time point included three independent biological replicates (three independent
saplings per treatment group), each with three technical replicates per sample.

4.7. Gene Expression Analysis

To investigate the impact of gene silencing of HbREF and HbSRPP, several key genes
involved in rubber particle synthesis in rubber trees were selected for analysis of their ex-
pression profiles post-silencing. The selected genes included HbCPT (Cis-prenyltransferase),
HbHMGR (3-Hydroxy-3-Methylglutaryl-CoA Reductase), HDFPPS (Farnesyl Pyrophos-
phate Synthase), H-GGPPS (Geranylgeranyl Pyrophosphate Synthase), and HORME. Total
RNA was extracted from the samples, converted into cDNA via reverse transcription,
and the expression levels of these genes were analyzed using RT-qPCR with gene-specific
primers (Table 1). B-actin was used as the internal control for normalization. All exper-
iments were performed in three independent biological replicates (three independent
saplings per treatment group), each with three technical replicates per sample.

4.8. Determination of Dry Rubber Content

To assess the impact of RNAi on latex production, the DRC was measured. Latex
samples were collected at 24 h post-injection from six independent saplings per treatment
group. Approximately, 20 uL of latex was mixed with 100 uL of rubber extraction buffer
(REB) containing 5 mM DTT. The mixture was centrifuged at 12,000 x g for 20 min at 4 °C
to coagulate the rubber particles. The coagulate was washed with methanol, dried for 24 h,
and weighed to determine the DRC. Data are presented as mean =+ standard error (SE)
from six independent saplings per treatment group.
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4.9. Determination of Allergenic Protein Content

To confirm the efficacy of RNAi, latex samples were collected at 24 h post-injection
from six independent saplings per treatment group and mixed with PBS at a ratio of
1:5. The protein extraction was carried out at room temperature for 2 h in a shaking
incubator. Following extraction, the samples were centrifuged at 2000x g for 15 min, and
the supernatant was collected for further analysis. The concentrations of Hev b1l and Hev
b3 proteins were quantified using an ELISA with the FIT kit (Icosagen AS, San Francisco,
CA, USA). In brief, 100 pL of assay buffer was dispensed into each well of the microplate
pre-coated with antibodies specific for Hev b1l or Hev b3. Then, 25 uL of the protein extract
from latex was added to the wells and incubated for 60 min at room temperature with
shaking at 200 rpm. After incubation, the wells were washed four times with the washing
solution. Next, enzyme conjugate was added to each well and incubated for 30 min at room
temperature with shaking at 200 rpm. The wells were again washed four times with the
washing solution. HRP substrate was then added to each well, and the plate was incubated
for 15 min at room temperature with shaking at 200 rpm. After incubation, the reaction
was stopped by adding the stop solution, and the plate was shaken gently for 1-2 min.
Absorbance was measured at 414 nm, and the concentrations of Hev b1 and Hev b3 were
calculated using standard curves prepared with Hev b1 and Hev b3 standards in the range
of 10-1000 pg/L. Data represent mean =+ SE from six biological replicates (six independent
latex samples per treatment group), each measured in three technical replicates.

5. Conclusions

This study demonstrates that the RNAi-mediated silencing of HDREF and HbSRPP
genes in H. brasiliensis effectively reduces major latex allergens (Hev b1 and Hev b3) while
preserving rubber production at acceptable levels. Notably, the approach achieves up to
71% allergen reduction with only 13% decrease in DRC, indicating a favorable therapeutic
index and strong commercial potential for developing hypoallergenic latex products. This
research further provides novel insights into dsRNA stability under environmental condi-
tions, showing that both HDREF- and HbSRPP-specific dsSRNA maintain functional integrity
under moderate temperature, sunlight, and UV exposure. Additionally, the comparative
evaluation of delivery methods (direct stem injection, foliar spray, and root drenching)
reveals flexible and efficient strategies for RNAi application in perennial crops. Collectively,
these findings underscore the innovative aspect of integrating gene-specific RNAi with en-
vironmentally resilient delivery systems, establishing a robust biotechnological framework
for precision modulation of latex allergenicity. This study offers a significant advance in
hypoallergenic latex production, paving the way for safer latex products and providing a
model for RNAi-based trait improvement in other perennial crop species.
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Abbreviations

The following abbreviations are used in this manuscript:

DRC Dry rubber content
DuSnf7 Suppressor of nedd4-1-binding factor 7 gene from Diabrotica virgifera
HbCPT Cis-prenyltransferase gene from H. brasiliensis
HbFPPS Farnesyl Pyrophosphate Synthase gene from H. brasiliensis
HbGGPPS  Geranylgeranyl Pyrophosphate Synthase gene from H. brasiliensis
HbHMGR  3-Hydroxy-3-Methylglutaryl-CoA Reductase gene from H. brasiliensis
HbRME Rubber Membrane Elongation Protein gene from H. brasiliensis
HbREF Rubber elongation factor gene from H. brasiliensis
HbSRPP Small rubber particle protein gene from H. brasiliensis
Rubber elongation factor (REF), a major protein allergen from natural rubber latex of
Hevbl S
H. brasiliensis
Small rubber particle protein (SRPP), a major protein allergen from natural rubber
Hev b3 oL
latex of H. brasiliensis
HRP Horseradish peroxidase
REF Rubber elongation factor
SRPP Small rubber particle protein

uv Ultraviolet

References

1.

® N o @

10.

11.

12.

13.

14.

Ciotti, M.; Ciccozzi, M.; Terrinoni, A.; Jiang, W.C.; Wang, C.B.; Bernardini, S. The COVID-19 pandemic. Crit. Rev. Clin. Lab. Sci.
2020, 57, 365-388. [CrossRef]

Raulf, M. The Latex Story. Chem. Immunol. Allergy 2014, 100, 248-255. [CrossRef]

World Health Organization Coronavirus Disease (COVID-19) Pandemic. Available online: https:/ /www.who.int/emergencies/
diseases/novel-coronavirus-2019 (accessed on 5 August 2025).

Berthelot, K.; Lecomte, S.; Estevez, Y.; Peruch, F. Hevea brasiliensis REF (Hev b 1) and SRPP (Hev b 3): An overview on rubber
particle proteins. Biochimie 2014, 106, 1-9. [CrossRef] [PubMed]

Jankangram, W. Natural rubber latex protein. Asia-Pac. J. Sci. Technol. 2017, 18, 996-1002.

Hepner, D.L.; Castells, M.C. Latex allergy: An update. Anesth. Analg. 2003, 96, 1219-1229. [CrossRef]

Kahn, S.L.; Podjasek, J.O.; Dimitropoulos, V.A.; Brown, C.W. Natural rubber latex allergy. Dis. Mon. 2016, 62, 5-17. [CrossRef]
Moonprasith, N.; Poonsrisawat, A.; Champreda, V.; Kongkaew, C.; Loykulnant, S.; Suchiva, K. Deproteinization of Nonammonia
and Ammonia Natural Rubber Latices by Ethylenediaminetetraacetic Acid. Adv. Mater. Sci. Eng. 2017, 2017, 1516945. [CrossRef]
Perrella, EW.; Gaspari, A.A. Natural rubber latex protein reduction with an emphasis on enzyme treatment. Methods 2002, 27,
77-86. [CrossRef]

Cabafies, N.; Igea, ].M.; de la Hoz, B.; Agustin, P; Blanco, C.; Dominguez, J.; Ldzaro, M.; Lleonart, R.; Méndez, ].; Nieto, A ; et al.
Latex Allergy: Position Paper. |. Investig. Allergol. Clin. Immunol. 2012, 22, 313-330. [PubMed]

Yeang, H.Y.; Arif, S.A.; Yusof, F.; Sunderasan, E. Allergenic proteins of natural rubber latex. Methods 2002, 27, 32-45. [CrossRef]
Collins-Silva, J.; Nural, A.T.; Skaggs, A.; Scott, D.; Hathwaik, U.; Woolsey, R.; Schegg, K.; McMahan, C.; Whalen, M.; Cornish, K,;
et al. Altered levels of the Taraxacum kok-saghyz (Russian dandelion) small rubber particle protein, TkSRPP3, result in qualitative
and quantitative changes in rubber metabolism. Phytochemistry 2012, 79, 46-56. [CrossRef]

Hillebrand, A.; Post, ].J.; Wurbs, D.; Wahler, D.; Lenders, M.; Krzyzanek, V.; Priifer, D.; Gronover, C.S. Down-Regulation of Small
Rubber Particle Protein Expression Affects Integrity of Rubber Particles and Rubber Content in Taraxacum brevicorniculatum. PLoS
ONE 2012, 7, e41874. [CrossRef]

Laibach, N.; Post, J.; Twyman, R.M.; Gronover, C.S.; Priifer, D. The characteristics and potential applications of structural lipid
droplet proteins in plants. J. Biotechnol. 2015, 201, 15-27. [CrossRef]


https://doi.org/10.1080/10408363.2020.1783198
https://doi.org/10.1159/000358863
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://doi.org/10.1016/j.biochi.2014.07.002
https://www.ncbi.nlm.nih.gov/pubmed/25019490
https://doi.org/10.1213/01.ANE.0000050768.04953.16
https://doi.org/10.1016/j.disamonth.2015.11.002
https://doi.org/10.1155/2017/1516945
https://doi.org/10.1016/S1046-2023(02)00055-5
https://www.ncbi.nlm.nih.gov/pubmed/23101306
https://doi.org/10.1016/S1046-2023(02)00049-X
https://doi.org/10.1016/j.phytochem.2012.04.015
https://doi.org/10.1371/journal.pone.0041874
https://doi.org/10.1016/j.jbiotec.2014.08.020

Int. J. Mol. Sci. 2025, 26, 9944 17 of 18

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Li, H.; Guan, R.; Guo, H.; Miao, X. New insights into an RNAi approach for plant defence against piercing-sucking and stem-borer
insect pests. Plant Cell Environ. 2015, 38, 2277-2285. [CrossRef]

Xue, Q.; Li, J.; Sven, V,; Li, Q.; Zhi, Z.; Dubruel, P,; Taning, C.N.T.; De Schutter, K. Functionally Modified Graphene Oxide as an
Alternative Nanovehicle for Enhanced dsRNA Delivery in Improving RNAi-Based Insect Pest Control. J. Agric. Food Chem. 2024,
72,22512-22523. [CrossRef] [PubMed]

Yang, W.; Wang, B.; Lei, G.; Chen, G.; Liu, D. Advances in nanocarriers to improve the stability of dsSRNA in the environment.
Front. Bioeng. Biotechnol. 2022, 10, 974646. [CrossRef]

San Miguel, K.; Scott, ].G. The next generation of insecticides: dsRNA is stable as a foliar-applied insecticide. Pest Manag. Sci.
2016, 72, 801-809. [CrossRef]

Venu, E.; Ramya, A.; Babu, PL.; Srinivas, B.; Kumar, S.; Reddy, N.K.; Babu, Y.M.; Majumdar, A.; Manik, S. Exogenous dsRNA-
Mediated RNAi: Mechanisms, Applications, Delivery Methods and Challenges in the Induction of Viral Disease Resistance in
Plants. Viruses 2024, 17, 49. [CrossRef] [PubMed]

Auer, C.; Frederick, R. Crop improvement using small RNAs: Applications and predictive ecological risk assessments. Trends
Biotechnol. 2009, 27, 644-651. [CrossRef] [PubMed]

Baum, J.A.; Bogaert, T.; Clinton, W.; Heck, G.R.; Feldmann, P; Ilagan, O.; Johnson, S.; Plaetinck, G.; Munyikwa, T.; Pleau, M.; et al.
Control of coleopteran insect pests through RNA interference. Nat. Biotechnol. 2007, 25, 1322-1326. [CrossRef]

Strezsak, S.R.; Beuning, P]J.; Skizim, N.J. Complete enzymatic digestion of double-stranded RNA to nucleosides enables accurate
quantification of dsRNA. Anal. Methods 2021, 13, 179-185. [CrossRef] [PubMed]

Dhandapani, R.K.; Gurusamy, D.; Howell, J.L.; Palli, S.R. Development of CS-TPP-dsRNA nanoparticles to enhance RNAi
efficiency in the yellow fever mosquito, Aedes aegypti. Sci. Rep. 2019, 9, 8775. [CrossRef]

Dubelman, S.; Fischer, J.; Zapata, F.; Huizinga, K; Jiang, C.; Uffman, J.; Levine, S.; Carson, D. Environmental Fate of Double-
Stranded RNA in Agricultural Soils. PLoS ONE 2014, 9, €93155. [CrossRef] [PubMed]

Christiaens, O.; Whyard, S.; Vélez, A.M.; Smagghe, G. Double-Stranded RNA Technology to Control Insect Pests: Current Status
and Challenges. Front. Plant Sci. 2020, 11, 451. [CrossRef]

Christiaens, O.; Swevers, L.; Smagghe, G. DsSRNA degradation in the pea aphid (Acyrthosiphon pisum) associated with lack of
response in RNAi feeding and injection assay. Peptides 2014, 53, 307-314. [CrossRef]

Hunter, W.; Ellis, J.; vanEngelsdorp, D.; Hayes, J.; Westervelt, D.; Glick, E.; Williams, M.; Sela, 1.; Maori, E.; Pettis, ].; et al.
Large-Scale Field Application of RNAi Technology Reducing Israeli Acute Paralysis Virus Disease in Honey Bees (Apis mellifera,
Hymenoptera: Apidae). PLoS Pathog. 2010, 6, €1001160. [CrossRef] [PubMed]

Joga, M.R,; Zotti, M.].; Smagghe, G.; Christiaens, O. RNAi Efficiency, Systemic Properties, and Novel Delivery Methods for Pest
Insect Control: What We Know So Far. Front. Physiol. 2016, 7, 553. [CrossRef]

Majidiani, S.; Farshbaf Pourabad, R.; Laudani, F.; Campolo, O.; Zappala, L.; Rahmani, S.; Mohammadji, S.A.; Palmeri, V. RNAi in
Tuta absoluta management: Effects of injection and root delivery of dsRNAs. J. Pest Sci. 2019, 92, 1409-1419. [CrossRef]

Lu, Y;; Deng, X.; Zhu, Q.; Wu, D.; Zhong, J.; Wen, L.; Yu, X. The dsRNA Delivery, Targeting and Application in Pest Control.
Agronomy 2023, 13, 714. [CrossRef]

Dennis, M.S.; Light, D.R. Rubber elongation factor from Hevea brasiliensis. Identification, characterization, and role in rubber
biosynthesis. J. Biol. Chem. 1989, 264, 18608-18617. [CrossRef]

Archer, B.L.; Barnard, D.; Cockbain, E.G.; Cornish, K.; Popplewell, D. Structure, Composition, and Biochemistry of Hevea Latex.
In Natural Rubber Science and Technology; Roberts, A.D., Ed.; Oxford University Press: Oxford, UK, 1982; pp. 41-72.

Cornish, K. Similarities and differences in rubber biochemistry among plant species. Phytochemistry 2001, 57, 1123-1134. [CrossRef]
Oh, S.K,; Kang, H; Shin, D.H.; Yang, ].; Chow, K.S.; Yeang, H.Y.; Wagner, B.; Breiteneder, H.; Han, K.H. Isolation, Characterization,
and Functional Analysis of a Novel cDNA Clone Encoding a Small Rubber Particle Protein from Hevea brasiliensis. ]. Biol. Chem.
1999, 274, 17132-17138. [CrossRef]

Asawatreratanakul, K.; Zhang, Y.-W.; Wititsuwannakul, D.; Wititsuwannakul, R.; Takahashi, S.; Rattanapittayaporn, A.; Koyama,
T. Molecular cloning, expression and characterization of cDNA encoding cis-prenyltransferases from Hevea brasiliensis. Eur. ].
Biochem. 2003, 270, 4671-4680. [CrossRef]

Singh, A.P; Wi, S.G.; Chung, G.C.; Kim, Y.S.; Kang, H. The micromorphology and protein characterization of rubber particles in
Ficus carica, Ficus benghalensis and Hevea brasiliensis. ]. Exp. Bot. 2003, 54, 985-992. [CrossRef] [PubMed]

Priya, P.; Venkatachalam, P.; Thulaseedharan, A. Differential expression pattern of rubber elongation factor (REF) mRNA
transcripts from high and low yielding clones of rubber tree (Hevea brasiliensis Muell. Arg.). Plant Cell Rep. 2007, 26, 1833-1838.
[CrossRef] [PubMed]

Wu, C,; Lan, L.; Li, Y.; Nie, Z.; Zeng, R. The relationship between latex metabolism gene expression with rubber yield and related
traits in Hevea brasiliensis. BMC Genom. 2018, 19, 897. [CrossRef] [PubMed]


https://doi.org/10.1111/pce.12546
https://doi.org/10.1021/acs.jafc.4c05215
https://www.ncbi.nlm.nih.gov/pubmed/39365919
https://doi.org/10.3389/fbioe.2022.974646
https://doi.org/10.1002/ps.4056
https://doi.org/10.3390/v17010049
https://www.ncbi.nlm.nih.gov/pubmed/39861836
https://doi.org/10.1016/j.tibtech.2009.08.005
https://www.ncbi.nlm.nih.gov/pubmed/19796832
https://doi.org/10.1038/nbt1359
https://doi.org/10.1039/D0AY01498B
https://www.ncbi.nlm.nih.gov/pubmed/33319868
https://doi.org/10.1038/s41598-019-45019-z
https://doi.org/10.1371/journal.pone.0093155
https://www.ncbi.nlm.nih.gov/pubmed/24676387
https://doi.org/10.3389/fpls.2020.00451
https://doi.org/10.1016/j.peptides.2013.12.014
https://doi.org/10.1371/journal.ppat.1001160
https://www.ncbi.nlm.nih.gov/pubmed/21203478
https://doi.org/10.3389/fphys.2016.00553
https://doi.org/10.1007/s10340-019-01097-6
https://doi.org/10.3390/agronomy13030714
https://doi.org/10.1016/S0021-9258(18)51510-6
https://doi.org/10.1016/S0031-9422(01)00097-8
https://doi.org/10.1074/jbc.274.24.17132
https://doi.org/10.1046/j.1432-1033.2003.03863.x
https://doi.org/10.1093/jxb/erg107
https://www.ncbi.nlm.nih.gov/pubmed/12598569
https://doi.org/10.1007/s00299-007-0402-z
https://www.ncbi.nlm.nih.gov/pubmed/17632724
https://doi.org/10.1186/s12864-018-5242-4
https://www.ncbi.nlm.nih.gov/pubmed/30526485

Int. J. Mol. Sci. 2025, 26, 9944 18 of 18

39. Nie, Z.; Kang, G.; Yan, D.; Qin, H.; Yang, L.; Zeng, R. Downregulation of HbFPS1 affects rubber biosynthesis of Hevea brasiliensis
suffering from tapping panel dryness. Plant J. 2023, 113, 504-520. [CrossRef]

40. Han, K.H,; Shin, D.H.; Yang, J.; Kim, L].; Oh, S.K.; Chow, K.S. Genes expressed in the latex of Hevea brasiliensis. Tree Physiol. 2000,
20, 503-510. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/tpj.16063
https://doi.org/10.1093/treephys/20.8.503

	Introduction 
	Results 
	dsRNA Stability Under Different Conditions 
	Comparison of Delivery Techniques 
	Expression of HbREF and HbSRPP Genes After RNAi Induction 
	Gene Expression Profiles in Rubber Synthesis 
	Dry Rubber Content After Gene Silencing 
	Allergenic Protein Content After Gene Silencing 

	Discussion 
	Materials and Methods 
	Extraction of Total RNA 
	Synthesis of cDNA Template 
	dsRNA Production 
	Degradation Test 
	Comparison of Delivery Techniques 
	Gene Silencing of HbREF and HbSRPP 
	Gene Expression Analysis 
	Determination of Dry Rubber Content 
	Determination of Allergenic Protein Content 

	Conclusions 
	References

