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Abstract: Crop plants suffer severe yield losses due to the significant damages caused by aphids.
RNA interference (RNAi) technology is a versatile and environmentally friendly method for pest
management in crop protection. Transgenic plants expressing siRNA /dsRNA and non-transformative
methods such as spraying, microinjection, feeding, and a nanocarrier-delivery-mediated RNAi
approach have been successfully applied for agricultural insect pest management. In this review, we
summarize the application of host-induced gene silencing (HIGS)-mediated RNAi, spray-induced
gene silencing (SIGS)-mediated RNAi, and other delivery-method-mediated RNAi methods for aphid
control. We further discuss the challenges in RNAi application and propose potential solutions to
enhance RNAI efficiency.
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Cereal plants are frequently attacked sequentially or simultaneously by different aphid
species, significantly reducing the quality and quantity of grain. Although chemical control
could successfully suppress aphid populations, it has accelerated insecticide resistance
development and led to pest resurgence. The overuse of chemical pesticides has led to
Academic Editor: Stanislav Trdan severe environmental problems and threatens human health [1]. Therefore, to guarantee
food safety and security, it is important and imperative to develop effective pest manage-
ment approaches to control aphid damage to cereals. Extensive research in recent decades
has typically concentrated on further understanding crop—aphid interactions, which has
significantly facilitated the development of sustainable aphid management strategies [2].
Publisher’s Note: MDPI stays neutral RNA interference (RNAi) is a biological process that can be triggered by endogenously
with regard to jurisdictional claims in oy 1y ressed or exogenously applied double-stranded RNAs (dsRNAs). In this process,
transcriptional silencing is induced by directing inhibitory chromatin modifications, and
post-transcriptional silencing is induced by decreasing the stability or translation capability

of the targeted mRNA [3-8]. The RNAi technique has enormous potential applications
in agricultural practices, extending to viruses, bacteria, fungi, nematodes, insects, and
plants. RNAi-mediated control has been exploited for several phloem-feeding aphids via
targeting essential genes involved in ingestion, molting, development, and fecundity [9].
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2. RNA-Interference-Based Aphid Control in Crop Plants

The first evidence of RNA-induced gene silencing was described in pigmented petunia
petals when they attempted to overexpress a key gene involved in flavonoid biosynthe-
sis named chalcone synthase (CHS) but blocked anthocyanin biosynthesis via a post-
transcriptional mechanism [10]. A subsequent investigation demonstrated that dsRNA
resulted in the decreased or eliminated expression of a target transcript in Caenorhabditis ele-
gans. This discovery established that dsSRNA was more effective than single-stranded RNA
(ssRNA), which represented an extraordinary milestone in the RNAi revolution [11]. Since
the discovery that dsRNA induces effective target gene silencing, a variety of techniques
have been investigated to deliver dsRNA in insect species. In laboratory or agricultural
practice, exogenous RNAs are applied through surface treatments or invasive methods
such as spraying, soaking, injection, infiltration, soil/root drenching, and petiole absorp-
tion [12-16]. Plant-mediated and insect-mediated RN Ai have been exploited as promising
alternative strategies for pest management [17-19] (Figure 1). The application of RNAi
through expressing dsRNA in transgenic crop plants or utilizing dsRNA directly as an
insecticide appears promising for agricultural pest control, which can be achieved by
host-induced gene silencing (HIGS) and spray-induced gene silencing (SIGS) [20,21].
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Figure 1. Schematic of RNA interference (RNAi) delivery strategies, the RNAi mechanism in aphid
cells, and challenges affecting RN efficiency in aphids. HIGS: host-induced gene silencing, SIGS:
spray-induced gene silencing, dsRNA: double-stranded RNA, Dicer: Dice-like, siRNA: short interfer-
ing RNA, Ago: Argonaute, RISC: RNA-induced silencing complex.

2.1. Host-Induced Gene Silencing

Host-induced gene silencing is known as a plant-mediated transgenic strategy in which
plants are genetically engineered to produce pest- or pathogen-gene-targeting SRNAs or
dsRNAs. Subsequently, these RNAs are transported into the pest or pathogen to silence
target genes [22,23].

The HIGS molecular mechanisms in insects may differ from those in fungi. In her-
bivorous insects, long dsRNAs (including hpRNAs) appear to be absorbed directly from
the host. Then, gene silencing is induced via RNAi machinery. In fungi, the existing evi-
dence indicates that gene silencing is induced through taking up siRNAs and microRNAs
(miRNAs) produced by the host plant [24].
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Host-induced gene silencing (HIGS) was first reported in Arabidopsis thaliana. With
an expressed hpRNA of a nematode 16D10 gene, transgenic plants exhibited significant
resistance against four main root-knot nematode species [25]. The first proof-of-concept
research on plant-mediated dsRNA delivery for insect pest management was reported
in western corn rootworm (WCR). In a growth chamber assay, transgenic maize plants
expressing WCR dsRNAs significantly reduced the damage caused by WCR feeding [26].
Subsequently, numerous studies have been reported using HIGS in crop plants to protect
against various plant pathogens and pests, including fungi [27,28], oomycetes [29,30], and
insects [31,32].

2.2. Host-Induced Gene Silencing Based Protection of Crop Plants from Aphids

HIGS has great potential to manage insects from the order Hemiptera that feed on plants,
especially aphids. The application of HIGS has been exploited in different aphid species,
including the peach aphid (Myzus persicae) and grain aphid (Sitobion avenae) (Table 1).

Table 1. Summary of RNAi application for aphid control.

Tygielsezf;ig;ne Aphid Species Plant Species Delivery Strategy Target Genes Molecule Size Main Effects Reference
Nicotiana Transgenic N.
Myzus persicae benthamiana benthamiana and MpC002, Rackl dsRNA ;1)8 Ep’ grrwg(dg:;g of [17]
and A. thaliana  A. thaliana P getgenes.
N benthamiana  Fansgenic N. MpC002, MpPIntO1 710 bp, f}leé‘g‘o‘égaiﬂ
Muyzus persicae aﬁ d A thaliana benthamiana and (Mp1), MpPIntO2 dsRNA 263 bp, MP PIntO? reduced [33]
: A. thaliana (Mp2) 254 bp nypmph production
Transgenic
N. tabacum, .
Myzus persicae  A. thaliana, and N. tabacum, Mp55 dsRNA >900 bp Reduced aphid [34]
. A. thaliana, and reproduction.
N. benthamiana N benthamiana
Myzus persicae  A. thaliana Transgenic Rackl, MpC002, dsRNA ;(1)3 Ep, Reduced aphid [35]
yzus p ’ A. thaliana MpPIntO2 (Mp2) s 254 bg, reproduction. o
HIGS T . Cuticul tei Attenuation of
Myzus persicae  A. thaliana A%EZ%;E;C Ml; éc; ar protem dsRNA 327 bp fec}l;rédity in [43]
aphids.
ﬁia?ajﬁecctlermm_ Acetylcholinesterase Silenced the target
Myzus persicae Tomato . Y dsRNA 571 bp gene (Ace 1) and [36]
transformationand 1 (Ace 1) mhibited f di
transgenic tomato inhibited fecundity.
Improved the
Injection and Cysteine protease performance of
Muyzus persicae Tobacco feeding on Cathepsin B3 dsRNA 230 bp non-tobacco- [37]
transgenic tobacco (CathB3) adapted lineages
on tobacco.
Plastid-mediated Reduced insect
RNA interference survival, impaired
Muyzus persicae Tobacco . MpDhc64C dsRNA 269 bp fecundity, and [38]
and transgenic decreased weight
tobacco of survivors.
Suppressed CbE E4
Particle expression
- bombardment Carboxylesterase impaired S. avenae
Sitobion avenae Wheat method and (CbE E4) dsRNA 350 bp larval tolerance of 18]
transgenic wheat phoxim
insecticides.
Particle . . Reductions in
- bombardment Lipase maturation molting number,
Sitobion avenae  Wheat method and factor 2-like gene, dsRNA 543 bp survival, and ! [39]
transgenic wheat Imf2-like reproduction.
Particle Decreased CHS1
HIGS -, expression level
Sitobion avenae Wheat bombardment Chitin synthase 1 dsRNA 550 bp and reduced total [40]
method and (CHS1) and molting aphid
transgenic wheat numbers §ap
Particle
. Reduced
Sitobion avenae  Wheat bombardment Gqproteinalpha gy 517 bp reproduction and [41]
method and subunit (Gqa) lting i hid
transgenic wheat mOINg n apiids.
Particle . .
N . High mortality and
. bombardment Zinc finger protein y
Sitobion avenae Wheat method and (SaZFP) dsRNA 198 bp ieccliﬁzlsii;i [42]

transgenic wheat
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Table 1. Cont.
Tygielseﬁiii;ne Aphid Species Plant Species Delivery Strategy Target Genes Molecule Size Main Effects Reference
Carotene
Aerosolized dehydrogenase
. . siRNA- (tor), . Knockdown of "
Aphis glycines nanoparticle branched-chain SiRNA 2t target genes. (441
delivery method amino acid
transaminase (bcat)
. 431 bp, Silenced target
Nanocarrier-based .
. . . TREH, ATPD, 504 bp, gene expression =
Aphis glycines (S:lsieanx delivery ATPE, and CHS1 dsRNA 536 bp, and led to high [45]
4 429 bp mortality.
Carotene
Aerosolized dehydrogenase
Acyrthosiphon siRNA- (tor), ) SiRNA 25 nt Knockdown of [44]
pisum nanoparticle branched-chain target genes.
delivery method amino acid
transaminase (bcat)
- . Structural sheath Reduced shp )
SIGS Sitobion avenae Barley Spraying protein (SHP) dsRNA 491 bp expression level. [46]
Feeding on
artificial diet led to
high mortality
M'acrophage rates; feeding from
Spraying and migration 223 bp, barley seedlings
Sitobion avenae Barley P di}; inhibitory factors, dsRNA 323 bp, " Y d with [47]
cednsg SaMIF1, SaMIF2, 212bp A
and SaMIF3 SaMIF-dsRNAs did
not alter nymph
survival.
Carotene
Aerosolized dehydrogenase
Schizaphis siRNA- (tor) and SIRNA 25 nt Knockdown of [44]
graminum nanoparticle branched-chain target genes.
delivery method amino acid
transaminase (bcat)
Induced a stronger
. wheat defense
Nanocarrier- response and
Schizaphis mediated resulted in
SIGS . Wheat transdermal 582204 dsRNA / P [48]
graminum : negative impacts
dsRNA delivery on aphid feeding
system behavior, survival,
and fecundity.
Developmental
Insulin receptor defects and
PP Feeding and citrus 511 bp, co-silencing of ,
Aphis citricidus stem dipping ,%}i?:f{ é‘lclnRI and dsRNA 609 bp AcInR]1 and AcInR2 [49]
resulted in high
mortality.
High mortality and
Acetylcholinesterase increased the
Aphis citricidus Feeding and citrus .4 &F7 and dsRNA  435bp susceptibility of [50]
stem dipping TeAChE? 421 bp A. citricidus to
malathion and
carbaryl.
Vitellogenin Slower embryonic
P Feeding and citrus (AcVy), 557 bp, development and
Aphis citricidus stem dipping Vitellogenin dsRNA 577 bp fewer newborn (1]
receptor (AcVgR) nymphs.
. . . Induced target
Other delivery Aphis citricidus Feedlng ar}d citrus AcCP19 dsRNA 183 bp gene silencing and [52]
method stem dipping high mortality.
Decreased the
Aphis citrici Feeding and citrus activity of
phis citricidus stem dipping AcGNBP1 dsRNA 431 bp immune-related [53]
phenoloxidase.
Topical application,
nanocarrier, and Reduced the target
. . detergent- . gene expression )
Aphis glycines medisted Hemocytin, Hem dsRNA 555 bp and aphid [54]
transdermal population density.
delivery system
Decreased
. " . Carboxylesterase resistance to -
Aphis gossypii Feeding CarE dsRNA 686 bp organophosphorus [55]

insecticides.
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Table 1. Cont.
Tygielseﬁiii;ne Aphid Species Plant Species Delivery Strategy Target Genes Molecule Size Main Effects Reference
Increased
Cytochrome P450 sensitivity to
Aphis gossypii Feeding monooxygenase dsRNA 773 bp spirotetramat and [56]
gene CYP6A2 alpha-
cypermethrin.
Odorant-binding Interfered with the
Apbhis gossypii Feeding proteins AgOBP2 dsRNA 434 bp odorar}t perception [57]
of aphids.
Increased the
. . . resistant aphid’s
Aphis gossypii Feeding CYP6CY14 dsRNA 459 bp susceptibility to [58]
thiamethoxam.
Increased the
sensitivity of the
Aphis gossypii Feeding CYP380C6 dsRNA 436 bp resistant adults and [59]
nymphs to
spirotetramat.
dsCYP6DCI, 494 bp, Increased the Ace-R
Aphis gossypii Feeding dsCYP6CY14, and dsRNA 499 bp, strain’s sensitivity [60]
dsCYP6CZ1 499 bp to acetamiprid.
Increased mortality
. ” . Ecdysone receptor rates and decreased
Aphis gossypii Feeding (EcR) dsRNA 486 bp longevity and [61]
fecundity.
Crustacean
cardioactive Developmental
peptide (ApCCAP), 339 b failure durin
Aphis gossypii Injection crustacean dsRNA P & [62]
P 519 bp nymph-adult
cardioactive .
i ecdysis.
peptide receptor
(ApCCAPR)
Acyrthosiphon Injection coo2 siRNA 2103ne  Decreased €002 [63]
isum transcript level.
Acyrthosiphon - Calreticulin, 434 bp, Induced target .
Pisum Injection cathepsin-L dsRNA 353 bp gene silencing. [64]
Knocked down the
ApAQP1
Acyrthosivhon expression level,
o yrinosip Feeding ApAQP1 dsRNA 451 bp resulting in [65]
isum
elevated
. hemolymph
Other (ttl}(leh(;/ery osmotic pressure.
metho ; -
Acyrthosiphon injection ATPase dsRNA  185bp Induced high levels [66]
Pisum of mortality.
Reduced Aphb
Acyrthosiphon : 524 bp, transcripts and
Pisum Feeding Hunchback dsRNA 497 bp increased insect (671
lethality.
Acyrthosiphon Injection and Enzyme Induced lethal
pisum feeding Cathepsin-L dsRNA 357 bp effects. [68]
Reduced
Acyrthosiphon ACYPI39568
P Injection ACYPI39568 dsRNA 246 bp expression level [69]
b but did not affect
the survival rate.
Angiotensin- Knockdown of
Acyrthosiphon s converting 313 bp, ACE1T and ACE2
Pisum Injection enzymes ACE1, dsRNA 468 bp caused a higher 70l
ACE2 mortality rate.
Acyrthosivhon Disturbed their
ok Injection ApMIF1 dsRNA 213 bp ability to feed from [71]
phloem sap.
Disturbed feeding
Acyrthosiphon - behavior and led to
Pisum Injection Armet dsRNA 286 bp 2 shortened life [72]
span.
Disrupted sheath
formation,
prevented efficient
. long-term feeding
Acyrthosiphon - Structural sheath .
Pisum Injection protein (SHP) dsRNA 491 bp from sieve tubes, [73]

and had a silencing
effect on
reproduction but
not survival.
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Table 1. Cont.

Types of Gene

Silencing Aphid Species Plant Species Delivery Strategy Target Genes Molecule Size Main Effects Reference
?lg{lrrilhoszphon Injection Ilz;;rporﬁlredoxms, dsRNA 206 bp ]rDaiSeased survival [74]
Reduced CYP4G51
expression, caused
reductions in
Acyrthosiphon Injection and Cytochrome P450 dsRNA 310 bp, internal and [75]
Pisum ingestion gene, CYP4G51 325 bp external long-chain ;
hydrocarbons
(HCs), and
increased mortality.
1(4);(5)(1‘;1? ; receptors, The repellent
l/;\Fyrthoszp hon Injection odorant-binding dsRNA / behaylor of [76]
isum . . A. pisum to EBF
proteins, ApisOBP3, disappeared
and ApisOBP7 ppeared.
Silencing stylin-01
Acurthosioh Cuticular protein, d;_cr_eased t?e
5 cyrthosiphon Feeding Stylin-01, siRNA 19bp efdency o . 1771
isum Stulin-02 cguhﬂower mosaic
Y
virus transmission
by M. persicae.
Reduced aphid
. Neuropeptide F food intake and
Other delivery ?lzztr;hosw hon Injection (NPF), NPF dsRNA ggi ]];p ’ indicated a lower [78]
method receptor (NPFR) P appetite for food
after NPF silencing.
Reduction in
Buchnera
. abundance and
ngrthoszp fon Feeding amiD, ldcA1 dsRNA 311 bp, activity was [19]
s 353 bp accompanied by
depressed aphid
growth rates.
Acyrthosiphon - Gap gene Knockdown of
PisZtm g’ Injection Hugc%hack dsRNA 448 bp target gene. 79
?;yrthosiphon Injection and Chitin synthase, dsRNA 364bp ];:f;udcggeﬁ;ﬁelgr 180]
isum ingestion CHS deformi
eformity.
Serratia-infected
aphids displayed
shorter
. phloem-feeding
Acyrthosiphon Injection ApHRC dsRNA  263bp durations and [81]
caused CaZ*
elevation and ROS
accumulation in
plants.
. . . . In T
Acyrthoszphon Feedlgg ar_ld bean Cutlclz pé(l)jtle;n dsRNA 216 bp geizcsifle;aciiegtan d [52]
pisum stem dipping gene, Ap high mortality.
Reduced aphid
Acyrthosiphon Feeding ar_ld bean Carotenoid dsRNA Blbp Eﬁzf:;rdrﬁizc:gznd 182]
pisum stem dipping desaturase, CdeB
structure of the
population.
Gram-negative Decreased the
Acyrthosiphon Feeding and bean binding proteins, dsRNA 550 bp, activity of [53]
pisum stem dipping ApGNBP1, 518 bp immune-related -
ApGNBP2 phenoloxidase.
Reduced CCHa2-R
expression, food
Acyrthosiphon - CCHamide-2 intake in adult
Pis%tm g’ Injection receptor (CCHa2-R) dsRNA 478 bp aphids, and (831
Other delivery reproduction but
method not survival.
Fatty acid synthase Prolonged the
. 1 (FASN1) and nymphal growth
lz;\Fyrthoszp hon Injection diacylglycerol-o- dsRNA 609 bp, pzrioil ang [84]
isum 388 bp
acyltransferase 2 decreased the
(DGAT2) aphid body weight.
Malformed wings,
deformed dorsal
longitudinal
Acyrthosiphon Injection _and o muscle (DLM)_ B
. nanocarrier flightin dsRNA 374 bp shapes, and wider [85]
prsum delivery and looser
dorsoventral flight
muscles (DVMs)

were observed.
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Table 1. Cont.
Tygielseﬁiii;ne Aphid Species Plant Species Delivery Strategy Target Genes Molecule Size Main Effects Reference
Topical application
Eriosoma and nanocarrier- Induced target
. mediated V-ATPase subunit gene silencing and
ZZ;% ZZZ; transdermal D (ATPD) dsRNA / led to high [86]
dsRNA delivery mortality.
system
Myzus Feeding TRV-ALY, TRV-Eph  dsRNA 182 b, Inhibition of target [87]
nicotianae 249 bp genes.
Disturbed their
Myzus persicae Injection MpMIF1 dsRNA 205 bp ability to feed from [71]
phloem sap.
Insects successfully
took up dsRNA;
the dsRNA was
Myzus persicae Foliar application ZYMV HC-Pro dsRNA 588 bp processed into [88]
siRNA by the
insect RNAi
machinery.
Silencing stylin-01
. . decreased the
Cuticular protein, efficiency of
Myzus persicae Feeding Stylin-01, siRNA 19 bp cauliﬂov\}/ler mosaic [77]
Stylin-02 virus transmission
by Myzus persicae.
Induced high
M . . Voltage-gated mortality and
yzus persicae Feeding sodium channel dsRNA 289 bp 1 £ dit [89]
MpNav ower fecundity
and longevity.
Feeding and Induced target
Myzus persicae Brassica stem MpCP19 dsRNA 139 bp gene silencing and [52]
dipping high mortality.
Feedine and Decreased the
. g activity of
Myzus persicae Brassica stem MpGNBP1 dsRNA 450 bp immune-related [53]
dipping phenoloxidase.
. . 423 bp, Induced high
Myzus persicae Feeding Mp58, OBP2 dsRNA 428bp mortality. [90]
Topi'cal a.md roo; Downregulated
applications an ..
Muyzus persicae nanocarrier- Vest1g1'a1 @©3), dsRNA 489 bp, target genes and [91]
R . Ultrabithorax (Ubx) 359 bp caused wing
mediated delivery aberration
system :
ATP-binding
cassette transporter
. N gene (ABCG4), 5 Increased mortality
Myzus persicae Injection DnaJ homolog dsRNA 400 bp rate. [92]
subfamily C
1(Di 1
Other delivery member 1 (DnafCI) Reduced the
method Tyrosine L-DOPA level in
Megoura viciae Injection hydroxylase dsRNA 400 bp aphids and a slight [93]
MV-TH decrease in exuvia
tanning.
Increased
susceptibilities to
Rhopalosiphum - Acetylcholinesterase pirimicarb and ,
padi Injection gene RpAcel dsRNA 383bp malathion in R. (%41
padi and reduced
fecundity.
Reduced survival
Sitobion avenae Feeding Catalase CAT dsRNA 471 bp rate and ecdysis [95]
index.
Unigenes DSRS8, }ﬁ% Ep’ Downregulation of
Sitobion avenae Feeding DSR32, DSR33, dsRNA 439 bgl target genes and [96]
DSR48 397 bp aphid mortality.
Increased
. susceptibility to
Sitobion avenae Injection Acr?tyslzgi?? esterase  JsRNA 400 bp pirimicarb in S. [94]
gene avenae and reduced
fecundity.
Ecdysone receptor Significantly
Sitobion avenae Feeding (SHECR).’ dsRNA 469 bp, decreased the [97]
ultraspiracle 411 bp

protein (SaUSP)

survival of aphids.
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Table 1. Cont.

Types of Gene
Silencing

Aphid Species

Plant Species Delivery Strategy Target Genes Molecule Size Main Effects Reference

Other delivery
method

Sitobion avenae

Sitobion avenae

Sitobion avenae

Schizaphis
graminum

Schizaphis
graminum

Sitobion
miscanthi

Inhibited the
transcript levels of

Feeding Laccase 1, SaLac 1 dsRNA 613 bp SaLac 1 and [98]

decreased the

survival rate.

Reduced SaveOBP9

expression and

induced a

nonsignificant
dsRNA 501 bp response in S. [99]
avenae to
tetradecane,
octanal, decanal,
and hexadecane.
Aphids exhibited
nonattraction
towards
{-caryophyllene
and a
nonsignificant
behavioral
response to
pentadecane,
butylated
hydroxytoluene,
and tetradecane.
Feeding on
artificial diet for 3
days followed by
transfer to
aphid-susceptible
wheat suppressed
5¢C002 expression
and led to lethality.

376 bp, Increased
Feeding MRA, GAT, TLP dsRNA 433 bp, susceptibility to [102]
422 bp imidacloprid.

Topical application Decreased
and nanocarrier- fecundity and
mediated survival and
transdermal Sm9723 dsRNA / negatively affected
dsRNA delivery the feeding
system behavior.

Odorant-binding

Feeding protein (SaveOBP9)

Odorant-binding
Feeding protein dsRNA 432 bp
(SaveOBP10)

[100]

Feeding 5¢C002 siRNA 476 bp

[101]

[103]

Note: HIGS: host-induced gene silencing. SIGS: spray-induced gene silencing.

Many studies of HIGS focused on M. persicae through various transgenic plants, for
example, Arabidopsis thaliana, Nicotiana benthamiana, and Solanum lycopersicon. Some salivary
effectors have been identified in aphids, such as MpC002, MpPIntO1 (Mp1), MpPIntO2
(Mp2), and Mp55. The knockdown of these genes reduced the reproduction of aphids,
which indicated that these effectors could be selected as potential RNAi targets [17,33,34].
Rack-1 is a conserved multifunctional scaffold protein that was identified as a luteovirus-
binding protein in peach aphids. The knockdown of Rack-1 reduced the fecundity of peach
aphids [17]. Based on previous studies of Rackl, MpC002, and MpPIntO2, the persistence
and transgenerational effects of plant-mediated RNAi were also investigated through
transgenic Arabidopsis [35]. Transgenic tomato plant mediated RNAi has been shown
to effectively silence the Acetylcholinesterase 1 (Acel) gene and reduce the fecundity of
peach aphids when fed transgenic plants [36]. A study reported that the knockdown of
the cysteine protease Cathepsin B3 (CathB3) gene improved the performance of a non-
tobacco-adapted (NTA) aphid lineage on tobacco. CathB3 elicited host defenses to suppress
phloem sap ingestion by the aphid [37]. Plastid-mediated RNNA interference (RNAi) was
successfully employed to silence MpDhc64C. Both transgenic and transplastomic tobacco
plants exhibited significant resistance to peach aphids, as demonstrated by decreased
survival fecundity and survivor weight [38].

Most of the studies on S. avanae were applied by wheat-mediated HIGS. A particle-
bombardment-mediated wheat transformation method was used to obtain stable transgenic
wheat plants. Feeding on transgenic wheat expressing the carboxylesterase (CbE E4) gene
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could suppress the expression level of CbE E4 in grain aphids and impair larval tolerance
to phoxim insecticides [18]. Silencing the lipase maturation factor 2-like (Imf2-like) gene
reduced the molting number and decreased the survival and reproduction of aphids [39].
Similarly, the knockdown of the Chitin synthase 1 (CHS1) gene reduced the molting and
survival of aphids [40]. Silencing the G protein (Gqa) gene could also reduce reproduction
and molting in grain aphids [41]. Silencing the zinc finger protein (SaZFP) gene led to high
mortality and decreased fecundity of grain aphids. The transgenerational silencing effect
was investigated in the successive first to fourth generations [42].

2.3. Spray-Induced Gene Silencing

Although transgenes are convenient, they are not required for ectopic gene silenc-
ing activation in pathogens or pests. According to some research, eukaryotic pests and
pathogens, including fungi and nematodes, are able to take up RNAs from the environ-
ment [104-106]. This phenomenon was defined as ‘Environmental RNAi’, in which the
transferred RNAs complemented to the sequence of target genes in the organism can induce
highly effective target gene silencing [104,107]. These studies prompted the development of
spray-induced gene silencing (SIGS). In spray-induced gene silencing, dsRNAs or sSRNAs
that target pathogen or pest genes are sprayed directly onto plants. Then, these RNAs
move into the pest or pathogen cells and silence target genes [106,108].

The first evidence of the exogenous application of dsRNA for pest control was in
citrus and grapevine trees, in which dsRNA targeting the arginine kinase gene was used
to control psyllids and sharpshooter pests [109]. Fusarium graminearum development in
barley leaves was suppressed by spraying dsRNA to target the fungal cytochrome P450,
establishing the feasibility of spray-induced gene silencing (SIGS) [110]. Moreover, the
potential non-transgenic, spray-based exogenous dsRNA or sRNA (SIGS) application has
been widely used to decrease disease in crop plants [111-114].

2.4. Spray-Induced Gene Silencing Based Aphid Control

The delivery of siRNA and dsRNA via nanoparticle carriers is a novel strategy that
has been successfully applied in some insect systems [115-117]. The majority of SIGS-based
studies employed nanocarrier delivery systems for aphid control (Table 1).

tor is a carotene dehydrogenase gene that plays an important role in pigmentation in
A. pisum. The branched-chain amino acid transaminase (bcat) gene is important in branched-
chain amino acid metabolism in aphids. An aerosolized siRNA-nanoparticle delivery
strategy induced a modest for gene knockdown in A. pisum and a bcat gene knockdown
in Aphis glycines as well as the associated phenotype. These results indicated that the
aerosolized siRNA-nanoparticle method was an effective RNAi delivery system [44].

According to previous studies, Yan et al. [45] selected the soluble trehalase (TREH), V-type
proton ATPase subunit D (ATPD), V-type proton ATPase subunit E (ATPE), and chitin synthase 1
(CHS1) genes as RNAI target genes to test the silencing effect in A. glycines [66,115,118,119].
This study indicated that A. glycines exhibited higher mortality when it fed on soybean
seedlings sprayed with a dsATPD + dsCHS1 nanoparticle formulation. They also demon-
strated that a water-soluble cationic dendrimer (nanocarrier) was an efficient gene carrier [45].

Biedenkopf et al. [46] reported that the application of dsRNA to detached barley leaves
resulted in the effective SIGS of the sheath protein (Shp) gene in grain aphids. Systemic
RNAi was also observed in Hordeum vulgare after a spray treatment in which sprayed
dsRNA moved from barley leaves to stems and root tissues. This research contributed
significantly to understanding the mechanism of RNA spray technology, especially for SIGS.
However, another study in barley suggested that grain aphids fed barley seedlings sprayed
with naked SaMIF-dsRNAs did not affect the survival of nymphs, which indicated that
aphids were unable to absorb dsRNA from these plants [47]. A recently published paper
reported that the SIGS-based nanocarrier-mediated dsRNA delivery system effectively
silenced the putative salivary effector Sg2204 in Schizaphis graminum and its homologs
from four other aphid species. Aphids with silenced 5g2204 exhibited a stronger defense
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response, and the treatment induced a negative impact on aphid survival, fecundity, and
feeding behavior [48].

2.5. Other Delivery-Method-Mediated Gene Silencing for Aphid Control

Microinjection is an efficient and widely used research method for delivering dsRNAs.
The first evidence of successful dsRNA microinjection was applied to silence the frizzled
and frizzled 2 genes in Drosophila melanogaster embryos by injecting their corresponding dsR-
NAs [120]. Since then, microinjection has become a potential method for delivering dsRNA
into various insect species. This method was reported to apply in many aphid species,
namely A. gossypii, A. pisum, M. persicae, and S. avenae (Table 1). The injection of siRNA-C002
into pea aphids decreased the transcription level of C002 [63]. Injections of dsRNAs of
different aphid genes that play important roles in aphid sheath formation (SHP) [73], cutic-
ular waterproofing (CYP4G51) [75], (E)-b-farnesene (ERF) reception (ApisOR5, ApisOBP3,
and ApisOBP7) [76], chitin biosynthesis (CHS) [80], molting (ApCCAP and ApCCAPR) [62],
flight musculature formation, and wing extension (flightin) [85] induced effective target
gene silencing.

Feeding was another basic delivery method for aphids because of its less laborious
and easier operation. Aphids fed a diet containing synthetic dsSRNA were more appliable
for target gene knockdown. It was first reported that feeding on E. coli bacteria expressing
dsRNA in C. elegans conferred silencing effects on the nematode larvae [121]. In Aphis
citricidus, RNAi was performed by feeding dsRNAs of target genes with citrus leaf through
stem dipping. Acetylcholinesterase (ACKE) is an important gene targeted by insecticides
based on organophosphates and carbamates. The silencing of two aphid AChE genes, Teacel
and Tcace2, increased susceptibility to malathion and carbaryl insecticides. Furthermore,
Teacel silencing resulted in higher aphid mortality than Tcace? silencing, which indicated
that TcAChE1 was essential for A. citricidus postsynaptic neurotransmission [50]. A knock-
down of Vitellogenin (Vg) and its receptor (VgR) had a negative impact on embryonic
and postembryonic development, which led to nymph-adult transition delay, a longer
pre-reproductive period, and a shorter reproductive period [51]. Cuticle protein is a pri-
mary target in insect development and molting. The silencing of the cuticle protein 19
(CP19) gene in A. citricidus led to aphid mortality [52]. Similarly, aphids fed dsRNA of a
Gram-negative binding protein gene (AcGNBP1) caused target gene silencing and high
mortality [53]. The same delivery strategy was applied in A. pisum. Different dsRNAs
were fed with bean leaves through stem dipping. The silencing of the CP19 gene in pea
aphids also led to high mortality [52]. Parental silencing of the carotenoid desaturase gene
(CdeB) reduced the intensity of the body color in vivo in the treated aphids and subsequent
generations and negatively affected aphid performance [82]. The silencing of ApGNBP1 but
not ApGNBP2 in A. pisum decreased immune-related phenoloxidase activity [53]. Feeding
on Brassica leaves inserted into a solution containing MpCP19 and MpGNBP1 dsRNAs also
induced effective target gene silencing [52,53]. With the aim of decreasing insecticide use
and eliminating pesticide-resistant evolved populations, RNAi has also been used to in-
crease the susceptibility of aphids to insecticides. A study reported that RpAcel suppression
increased the susceptibility to pirimicarb and malathion in Rhopalosiphum padi. Silencing
SaAcel also increased S. avenae susceptibility to pirimicarb [94].

It has also been demonstrated that mechanical inoculation can help deliver dsRNA
and induce RNAIi by spreading dsRNA with soft sterile brushes and gentle rubbing inocu-
lation [122,123]. The molecules were rapidly absorbed by tomato plants and were ingested
by peach aphids (M. persicae) when the tomato leaves were gently rubbed with dsRNA
solution [88]. With the use of a nanocarrier and detergent, a novel dsRNA formulation was
exploited, which can quickly penetrate through the body wall of A. glycines and effectively
suppress gene expression. This suggests that transdermal dsRNA delivery could be devel-
oped as a potential SIGS-based aphid control strategy. Hemocytin (Hem) is an important
factor in the hemocytes and fat bodies of insects, which might regulate aphid population
density. When spreading a dsSRNA-HEM nanocarrier/detergent formulation on A. glycines,
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the expression level of hemocytin was efficiently silenced, which impaired the survival
and fecundity of aphids and suppressed aphid population growth [54]. Another study
also investigated the RNAI efficacy of the ATPD gene in woolly apple aphids (Eriosoma
lanigerum) via a nanocarrier-mediated transdermal dsRNA delivery system. Their results
suggested that the interference efficiency was greatly increased using nanocarriers and
induced high aphid mortality [86]. The nanocarrier-delivered RNAi method was also used
to silence the flightin, vestigial (vg), and Ultrabithorax (Ubx) genes, which suppressed the
wing development in M. persicae [85,91]. In Sitobion miscanthi, the putative salivary effector
Sm9723 was effectively silenced via a nanocarrier-mediated transdermal dsRNA delivery
system. The fecundity and survival of S. miscanthi dramatically decreased after Sm9723
silencing, and the aphid feeding behavior was also impaired [103].

3. Challenges for Enhancing RNA Interference Efficiency
3.1. Target Gene Selection

The selection of the target gene is essential to the successful application of RNAi-based
insect control. RNAi efficiency varies considerably among different insect species for the same
transcripts [26,124]. The efficiency can vary in the same species with different transcripts,
genotypes, and tissues, even among the same transcript from different areas [26,125-129].
The ideal RNAIi gene target must be essential for insect survival and highly expressed and
should not have functional redundancy [130,131]. Therefore, potential target genes should
be thoroughly investigated for the capacity to suppress specific transcripts and the ability to
cause mortality to enhance the efficiency of RNAi-based pest control.

RNAI targets are initially selected based on the discovery of key genes in other organ-
isms or by cDNA library screening. Numerous studies have indicated that genome-wide
screens of high-sensitivity target genes are effective in RNAi. Other high-throughput ap-
proaches, such as RNA-seq and digital gene expression tag profiles (DGE-tag), were used in
the Asian corn borer (ACB; Ostrinia furnacalis) to identify potential RNAI targets [132]. The
expression profiling and transcriptome reconstruction of an increasing number of insects
have been made possible by second-generation sequencing. High-throughput screens such
as feeding assays [66] and the topical application of dsRNA [44,54,132] are also powerful
tools to identify potential RNAi targets. With the available databases growing, tissue-
specific and developmental-stage-specific expression profiles of insects may narrow down
candidate pools for target gene selection. After identifying candidate genes, screening
for dsRNA-induced mortality is necessary to evaluate the capacity of specific dsSRNAs
to induce the desirable phenotype. The potential for the candidate dsRNA sequences to
cause mortality at various stages of life can be examined in further experiments. Targeting
multiple genes, dsSRNA concatemerization, or using different dsSRNA structures can all be
performed to improve the efficiency of RNAi [133-136].

3.2. Length of dssSRNA

In some insect species, the uptake and silencing efficiency of RNAi are determined
by the length of the expressed dsRNA. Different insect species require different minimum
lengths of dsRNA to achieve maximal RNA:i silencing [137]. In Tribolium castaneum, an
analysis revealed that the dsRNA length had a significant impact on the effectiveness of
the RNAi response. Longer dsRNA is proving to be more effective at suppressing gene
expression. The desired interference requires a minimum length of 70 nucleotides [138].
The length of dsRNA sequences between 139 bp and 773 bp was used in the majority of the
aphid feeding experiments to obtain successful RNAi (Table 1).

As we described above, siRNA injections were able to suppress the target gene (C002)
expression in pea aphids, which dramatically reduced aphid survival [63]. In grain aphids,
RNAI targeting the sheath protein (SHP) gene with transgenic barley plants expressing
a 491 bp shp-dsRNA strongly inhibited the feeding and reproductive behavior of grain
aphids and negatively impacted their survival [31]. Gq proteins play critical roles in insect
cellular signal transduction. The downregulation of the Gga gene with a 540 bp fragment
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of dsRNA resulted in decreases in the fecundity and molting rate [41]. A 198 bp dsSaZFP
fragment could induce target gene silencing in grain aphids when feeding on transgenic
wheat plants, resulting in decreased reproduction and survival rates [42].

Therefore, both short and long dsRNAs effectively induce gene silencing, depending
on the target pests and genes. Longer dsRNAs may increase the possibility of off-target
effects on beneficial organisms due to the generation of potentially large siRNA pools.
Accordingly, RNAi efficiency will be improved by selecting the optimal lengths of target-
specific RNAi targets combined with effective siRNA analysis [9].

3.3. Delivery of dsSRNA

Various dsRNA delivery methods, including microinjection, feeding, soaking, HIGS
mediated by transgenic plants, and SIGS mediated by spraying, have been applied in
pest management. As we discussed before, microinjection and feeding are the two basic
delivery methods. The soaking delivery method was usually applied in insect cell lines
via adding dsRNA directly into the cell culture medium [139,140], and some studies have
investigated topically applied dsRNA /siRNA formulations penetrating into the insect
cuticles to induce mortality [13,141-145]. Transgenic plants expressing dsRNA or siRNA
have lots of advantages for pest control [146]. The SIGS-mediated delivery method does
not require plant genetic engineering. dsRNAs/siRNAs are applied topically to the plant
surface via spraying in this silencing type [106].

To improve dsRNA delivery efficiency, various new technologies have been exploited,
such as cationic-liposome-assisted and nanoparticle-enabled methods. The application
of RNAI in conjunction with nanotechnology may develop as a more environmentally
friendly approach to pest control. In the first investigation of nanoparticle-mediated
dsRNA delivery, chitosan was used to silence the chitin synthase genes in Anopheles
gambiae, and the RNAI effectiveness was found to be enhanced [115]. Short interfering
RNA (siRNA)-nanoparticle complexes, peptide nanomaterial branched amphiphilic pep-
tide capsules (BAPCs), and nanocarrier-based transdermal dsRNA delivery systems were
demonstrated to be successful for aphid RNAi, which could efficiently silence gene expres-
sion [44,45,54,147].

3.4. The Stability of dsSRNA

RNA:I stability and efficiency vary drastically depending on the length and concen-
tration of the dsRNA, the delivery method and technique, plant-organ-specific processes,
insect life stage, target gene selection, and adverse environmental conditions [145,148,149].
Environmental microorganisms can degrade dsRINA before it is consumed by pathogens or
pests. Nucleases in pest saliva, the gut lumen, and hemolymph may also rapidly degrade
dsRNA [19,127,150-153].

The stability of dsRNA in the insect gut is critical for a successful RNAi response, and
increased nuclease expression can result in dsRNA degradation and subsequent RNAi
failure [154]. The activity of gut nucleases can be impacted by the high or low pH present
in the gut lumena of particular pests, which can directly or indirectly decrease dsRNA sta-
bility [155]. Some strategies have already been exploited to improve the stability of dsRNA.
For example, the nanoparticle-mediated dsRNA delivery system was demonstrated to be
efficient in increasing dsRNA stability and efficacy, and has been applied to improve the
penetration and persistence of dsRNA into plants or insects [9,149,156,157].

3.5. Nontarget and Off-Target RNAi Effects

Silencing nontarget genes in the same or nontarget organisms has resulted in off-target
effects [158-160]. To improve RNAI efficiency and minimize off-target effects, species-
specific or tissue-specific dsSRNA could be selected. A study reported that the silencing
of V-ATPase genes in A. pisum, D. melanogaster, M. sexta, and T. castaneum was observed
without affecting nontarget species using species-specific dsSRNA [66].
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To design efficient and potent RNAI targets, various web-based computational design
approaches have been exploited to minimize potential off-target effects. For example,
pssRNAit was developed to design specific and effective siRNAs [161]. Further assess-
ments were applied to selected sequences using software, for example, ERNAI [162],
dsCheck [163], and basic local alignment search tool (BLAST) [164] analysis against the
transcriptomic datasets of human and beneficial insects [9].

4. Conclusions and Perspectives

During the past few years, RNAi has developed as a promising, valuable, and ef-
fective technique for functional genomic studies. Various RNAi-based approaches have
been applied in crop protection for species-specific and ecofriendly pest management. In
this review, we summarize the present studies on numerous strategies exploited against
different aphid species.

Growing evidence suggests that HIGS-based and SIGS-based crop protection against
pests is effective. Transgenic plants appear to be a more beneficial approach to enhancing
RNAI effects. Nevertheless, a lack of transformation technology in several crop species
has restricted the widespread application of HIGS. Furthermore, they are still regarded as
genetically modified (GM) products in many countries, requiring a thorough assessment
of the plants before being licensed. The development of transplastomic technology was
also restricted by the extensive regulatory process. Global applications of HIGS are limited
by public concern over the biosafety of genetically modified organisms (GMOs) [165,166].
Using optimized target gene and fragment selection strategies, more effective transforma-
tion constructs, and stable transgenic systems, the major challenges for the HIGS strategy
will be overcome [167]. SIGS, in comparison to HIGS, does not produce GMOs. However,
it has become clear that the instability of naked dsRNA is a significant limitation of SIGS,
resulting in a relatively short period of protection. In order to address this issue and im-
prove the insecticidal activity of non-transformative RNAi products, SIGS-based dsRNAs
affiliated with different types of nanoparticles would be an efficient technique [168-174].
These prospective strategies may decrease the cost and improve the dependability of the
present delivery techniques. They may also create new opportunities to study the roles
of important genes. Another consideration for RNAi application is to exclude potential
off-target effects and effects on nontarget organisms. To support the biosafety claims of
RNAi applications, a combination of bioinformatics and ecological bioassays using selected
target species is essential.

With the development of new technology, clustered regularly interspaced short palin-
dromic repeat/CRISPR-associated endonuclease Cas9 (CRISPR/Cas9)-based genome editing
had been reported in Spodoptera exigua [175], Helicoverpa armigera [176-178], S. litura [179,180],
and Nilaparvata lugens [181,182]. However, many of these studies have focused on insect
genomic functions. Further study is needed to exploit genome editing as a viable strategy
to create resistant varieties against numerous insect pests and enhance pest resistance in
crops [183].

Overall, by obtaining a deep understanding of the RNAi machinery and the develop-
ment of various dsRNA delivery strategies, RNAi will be more effectively used in aphid
control for crop protection.
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