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RNA interference (RNAi) has inspired insect scientists to aim toward the development of

this technology for protection against insect pests. The RNAi mechanism works at the

intracellular level by exploiting a mode of action specific to the expression of genes,

interrupting the transcription to translation process. Many of the limitations of RNAi

technology are being addressed to adapt it for insect pest application. However, most of

the insect pest problems for which RNAi is being developed involve direct plant-insect

interactions, primarily in monocultures. Ants (Hymenoptera: Formicidae) are important

agricultural pests that generally do not feed directly on crops, yet have dramatic impact

on agroecosystems such as pastures, orchards, and nurseries. The application of RNAi

to pest ants is complicated by the social nature of ants. Here the goal is to examine the

potential application of RNAi to ant pests, especially invasive ants, which present distinct

challenges with regard to delivery, targeting, efficacy, and risks.
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INTRODUCTION

RNA interference (RNAi) is a cellular process that degrades messenger RNA (mRNA), the key to
protein synthesis, and hence gene function. The RNAi process is conserved in eukaryotic organisms
including insects (Agrawal et al., 2003; Dowling et al., 2016). The overall process is triggered by
double-stranded RNA (dsRNA) inside the cell. In a generalized model eukaryotic cell, the presence
of dsRNA signals invasion by viral molecules or activity of transposable elements. Either of these
conditions represent a threat to the cell and triggers a defensive RNAimechanism. A chain of events
within the cell is triggered by recognition of dsRNA, and genes are activated that produce the RNAi
core machinery: sets of proteins that assemble into an enzymatic apparatus called the RNA-induced
silencing complex (RISC) [reviewed in Cooper et al. (2019) and Zhu and Palli (2020)]. This
apparatus disassembles the dsRNA and enables the degradation of any mRNA that is precisely
identical to the dsRNA sequence. The generalized RNAi mechanism relies on several coordinated
enzymes; both the mechanism and enzymes have been characterized in model organisms. Specific
enzymatic pathways that enable RNAi within a single cell and among tissues within a single insect
vary among insect species. In social insects, the specific RNAi genes and pathways, while predicted
as present by homology are mostly undeciphered so far.

The precise specificity of RNAi to a unique sequence has inspired molecular genetic techniques
and led to exploitation of the RNAi process and mechanisms for experimental and applied designs.
One exciting potential application of RNAi is insect control (Baum et al., 2007; Price andGatehouse,
2008; Scott et al., 2013). Ideally, a dsRNA could be designed that interrupts one or more vital insect
species’ genes so specifically and effectively that only the target insect species would be killed.
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Delivery of RNAi products to combat crop pests through
transgenic plants has been enthusiastically pursued by science
and the agricultural biotechnology industry (Baum et al.,
2007; Cagliari et al., 2019) and has entered the commercial
marketplace. The recent development of a transgenic crop
product, SmartStax PRO maize, approved for use in North
America, is an example of an application of RNAi technology that
combats a destructive beetle, the corn rootworm Diabrotica spp.
(Coleoptera: Chrysomelidae) (Head et al., 2017). Non-transgenic
plant methods to deliver RNAi pest control products have also
been theorized, designed, and tested [reviewed in Cagliari et al.
(2019) and Taning et al. (2020)].

In this discussion of RNAi and insect pest control, ants are
considered as potential targets of RNAi technology. Generalized
barriers and limitations to dsRNA delivery and efficiency are
examined in light of progress that has been made to date.

RNAi IN INSECTS

The RNAi mechanism in general and in insects specifically
has been reviewed (Vélez and Fishilevich, 2018; Vogel et al.,
2018; Christiaens et al., 2020). In a broad study of insect
transcriptomes, many taxonomic groups of insects were
examined and found to have a suite of genes encoding core
RNAi enzymes; unfortunately ants were not included (Dowling
et al., 2016). An ant genome project (Smith et al., 2011) found
both nuclear and cytoplasmic RNAi genes in a harvester ant,
Pogonomyrmex barbatus. RNAi components were described in
the genomes of Jerdon’s jumping ant Harpegnathos saltator
and the Florida carpenter ant Camponotus floridanus, and
injection of dsRNA resulted in decreased measures of gene
transcription (Bonasio et al., 2010). To illustrate that other
members of the Formicidae are no exception to the apparent
presence of RNAi core enzyme genes, three species of invasive
ant were queried in NCBI (BLASTp) with proteins of core and
systemic RNAi enzymes, and the resulting homologs are listed in
Supplementary Table 1.

Insects are multicellular organisms, and application of RNAi
relies on the propagation of the mechanism throughout cells
and tissues. In isolated insect cells derived from the model
insect Drosophila melanogaster, a protein called systemic RNA
interference–deficient (SID) identified from the model nematode
Caenorhabditis elegans (Winston et al., 2002) was shown to
improve intercellular distribution of dsRNA (Feinberg and
Hunter, 2003). A second SID protein was required for intestinal
absorption in C. elegans (Winston et al., 2007). Ant genomes have
genes similar to sid (Supplementary Table 1).

RNAi evaluation in insects is most often initiated by
microinjection studies that are aimed at characterizing gene
function or identifying RNAi gene targets. This is the obvious
method for delivering dsRNA to cells; ideally a fertilized or
viable haploid insect egg in pre-cellularization stage is injected.
This maximizes likelihood of delivery of the dsRNA effector
construct to each cell, bypassing the cell membrane barrier
to intercellular RNAi distribution. Cell fates in insects are
determined during oogenesis and early in embryogenesis. In later

stages of development the integument and cuticle are formidable
barriers for both the insect’s exterior and most of the cells within
the insect gut. In a major agricultural pest, Helicoverpa zea
(Lepidoptera: Noctuidae), four candidate genes were evaluated
for RNAi effect, using egg microinjection, egg soaking, and
feeding as delivery strategies. Only egg microinjection resulted
in decreased transcript levels, demonstrating the recalcitrance
of some insect species to diet-delivered dsRNA (Wang et al.,
2018). Thus, far, due to their delicate nature as components
of a superorganism, ant eggs have not been injected with
dsRNA. Testing RNAi candidate genes in cell lines is also
preferable, however there is a dearth of insect cell lines
available for research, and none that are derived from
ants (Arunkarthick et al., 2017; Guo et al., 2020). In the
absence of cell lines or egg microinjection methods, dsRNA
delivery for the purpose of biopesticide development in insects
is most often achieved via haemocoelic microinjection or
through feeding.

THE NATURE OF ANTS

While many members of Hymenoptera are social insects,
all members of the family Formicidae are eusocial, the
most advanced form of sociality (Branstetter et al., 2017).
The definition of eusociality includes three characteristics:
cooperative care of juvenile forms, overlapping generations in
the colony, and development of differing adult forms (castes) that
include both sterile and reproductive forms. Ants do not function
as individuals but as members of a colony that includes at least
one reproductive queen and sterile female workers (Hölldobler
andWilson, 1990). Because of the interdependency of the diverse
members of the colony, ants are described as a superorganism
(Hölldobler and Wilson, 2009; Pull and McMahon, 2020).
While many insects exhibit social behaviors, the ants certainly
exhibit the most social complexity. Termites, another insect
that might be considered an apex of social complexity, are in
another phylogenetic order evolutionarily distant from the ants
and are adapted to degrade woody materials, a quite different
trophic niche from the ants. Only the family Formicidae are
considered here.

Division of labor among workers is pronounced in most
ant species and is important in their ecological and invasion
success. In many social insects, division of labor is based on
age (temporal castes). Some ant workers show morphological
specialization for particular tasks (physical castes); these are
often those major workers with adaptation of the head and
mandibles for colony defense. For example, the genus Pheidole
includes species that produce soldier ants with greatly enlarged
heads that can be manipulated using RNAi (Rajakumar et al.,
2018). Other genera have similarly differentiated soldier castes
that are enlarged overall and have heads and mandibles adapted
for defense. Other soldier caste morphological adaptations
include those adapted for blocking nest entrances and those
with mandibles adapted for grinding grain. These highly
visible adaptations are in sterile forms that may be useful for
study but are not useful for designing colony-level targeted

Frontiers in Agronomy | www.frontiersin.org 2 May 2021 | Volume 3 | Article 591539

https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles


Allen RNAi for Ants

RNAi biopesticides. Subtle behavioral castes are currently being
identified (Valentini et al., 2020) but generalized adult roles
that are vital to the success of the colony, and thus logically
critical to RNAi biopesticide success, are the forager and nurse
worker. Foraging workers are often numerous and somewhat
expendable, ranging outside of the colony and exposed to
dangers. Nurses stay within the colony and tend juveniles,
collectively referred to as “brood.” Other adult worker roles
are defense, hygiene, food processing, queen tending, and
others. While every role in the colony is important, logical
targets for pest control focused RNAi, those vital to the
overall and immediate colony survival, should involve central
processes of brood care and reproduction. The basic function of
communication within the colony, if disrupted, could also lead to
colony death.

After an egg has been produced by the ant queen, it is
cared for by worker adults of the nurse caste. Eggs are collected
and incorporated into the brood pile that often includes other
juvenile stages, which require constant tending by workers
to survive. An ant egg may develop into a sterile female,
a fertile female, or a male, or may not develop at all; ants
are known to produce “trophic eggs” that provide nutrition
for the colony (Hölldobler and Wilson, 1990; Crespi, 1992;
Perry and Roitberg, 2006). As larvae, those destined to be
reproductives—males or females—often become substantially
larger (or otherwise differentiated) than the sterile females, the
workers. Reproductive adults are generally winged, although
the female reproductive wings are deciduous, while workers are
wingless. The constant colony care required for juvenile ants
makes handling and experimenting with isolated stages in a
laboratory environment nearly impossible; this is an impediment
to developing RNAi tests.

Importantly, juveniles play a vital nutritional role in the ant
colony; the larvae serve as the colony digestive organ (Dussutour
and Simpson, 2009; Allen et al., 2018). The morphology of
adult ants includes a narrow constriction, the petiole, between
the mouth and the internal digestive organs, the crop and
the midgut. This mechanically prevents passage of large food
particles to the gut and is supplemented in some species by
an internal filter (Hölldobler and Wilson, 1990; Lanan et al.,
2016). Only liquids can pass into the crop or midgut of adult
ants. Larvae, on the other hand, have no such constriction,
and they produce digestive enzymes adults lack (Hölldobler and
Wilson, 1990; Lanan et al., 2016; Allen et al., 2018), and are
able to digest food solids. Through trophallaxis, regurgitation
of stomach contents, larvae provide digested liquids to feed all
members of the colony (Cassill et al., 2005). Thus, digestion and
nutrition in the colony is a distributed activity; food particles
are collected by adult foragers, digested by larvae, and passed
to other colony members through trophallaxis. In many species
food processing involves much more complex steps, notably
in fungus-gardening ants (Hölldobler and Wilson, 1990). For
the purposes of this discussion all pre-feeding activities will
be called “processing,” and yet those very activities may be
critical to success or failure of an RNAi ant control product.
The complexity of diverse ant food collection and processing is

the first barrier to RNAi ant control implementation. Cooper
et al. (2019) defines five impediments to RNAi efficiency in
insect systems: (1) dsRNA instability, (2) problems with dsRNA
internalization, (3) problems with core RNAi machinery (4)
problems with spreading of RNAi signal/mechanism within
the insect body, and (5) target gene associated problems. In
an ant colony, all five of these potential issues must first
overcome the social behaviors and mechanisms associated with
feeding, presenting further difficult entry into the cellular RNAi
environment within the target individual within the colony.
Better understanding of the food collection and processing
steps performed by each pest ant species will reduce barriers
and present opportunities for delivery of RNAi biopesticides
to the colony if the five impediments can be overcome. The
ant colony presents additional impediments, and opportunities,
associated with the nature of ants as a superorganism. The
adult worker ants, the foragers, collect materials to feed the
colony but do not ingest them directly nor immediately. The
foragers first mechanically disassemble food into bits that can be
transported back to the colony. Food sources may be covered
with particulate matter prior to disassembly and transport
(Wang et al., 2016; Qin et al., 2019). Food sources may be cut
into small pieces and stored within the colony (Haack et al.,
1995; Gayahan and Tschinkel, 2008). Solid particles are then
passed to larvae for digestion of complex and high molecular
weight materials: proteinaceous, complex carbohydrate, or other
macromolecules. Liquids are collected in the forager’s crop. After
various “processing” steps, nutrients are distributed throughout
the colony via trophallaxis. All of these food handling steps
may be viewed as additional barriers/opportunities between
presentation of a potentially effective dsRNA molecule and the
interior of the ant cell in which it is intended to interrupt gene
function. Some genes thatmay be involved in dsRNAdegradation
in ants (Supplementary Table 2) show homology to orthopteran
genes (Song et al., 2019). Beyond being degraded by the gut
contents or hemolymph, similar to most insects (Cooper et al.,
2019), dsRNA targeting ant genes may be degraded by the pre-
ingestion environment, by ant forager exudates in saliva or
venom gland secretions during collection or storage of solids.
Although ant saliva and venoms have not yet been tested for
dsRNA-degrading activity, ant venom is antimicrobial (Tragust,
2016; Aanen, 2018; Cremer et al., 2018), and some ants produce
an unidentified RNA-degrading compound (Valles et al., 2012).
DsRNA may also be degraded within the crop of the forager
ant in the case of liquids. Additionally, soil microorganisms
may interact with the dsRNA. Figure 1 presents a generalized
diagrammatic representation of the potential ant superorganism
barriers to RNAi application considered in this text, many of
which have yet to be examined experimentally. Potential barriers
are also listed in Table 1.

Ants as Pests
The agronomic impact of ants is usually indirect, because very
few ants attack growing plants. A notable exception is fungus
farming ants that may defoliate vast territories to support
enormous colonies (Zanetti et al., 2003). Many ants defend
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FIGURE 1 | Impediments to RNAi efficacy in ant colonies based on their social nature. Preparations of RNAi effector molecules (square labeled F for “food”) must be

collected by foraging workers. Workers dedicated to defending the colony may reject contaminated food or foragers. Furthermore, worker or brood that are defective

or contaminated may be discarded by worker ants functioning in a hygiene role (social immunity). Food may be stored and/or processed in sites within the nest or

within workers. Modified food is represented by the square labeled F with a modified shape effect. When food is needed it is digested and converted to liquid form by

larvae and distributed among juveniles, workers, and queen(s) by trophallaxis. Q, queen; B, brood.

TABLE 1 | Characteristics of ants that may impact RNAi and need further study.

Ant characteristic

(Hölldobler and Wilson,

1990, The Ants)

Specific behavior or

role

Expected impact on RNAi

Eusociality—sterile

caste(s)

Foraging—disposable

individuals, recruitment

Acute effect kills or disables

forager (D–, E–, R+), bait

transferred to nest

Defense—venoms,

aggressive castes,

and/or behaviors

(All –)

Hygiene—removal of

dead or contaminated

(E–, R+)

Eusociality—care of

juveniles

Eggs Trophic eggs, multiple

developmental options (all –)

Larvae Developmental options,

trophyllaxis

Pupae Tended by nurses (E+?)

Eusociality—overlapping

generations

Reproductive and

dispersal flexibility

(D–, T–)

Complex communication Virtually all behaviors Detection and avoidance of

RNAi (all –)

Nest construction Cryptic and often

subterranean

(D–)

Intricate symbioses Micro- to macrobiota Highly variable and species

specific

Categories of proposed impact are delivery (D), targeting (T), efficacy (E), and risk (R).

sucking pests, improving their success and thus increasing crop
damage. More commonly, the nest-building activities of ants,
particularly invasive ants, disrupt infrastructures such as roads,

sidewalks, or other stone or cement foundations (Vinson, 2013).
Ants also invade commercial beekeeping operations (Weeks and
Drees, 2002). Nests may be made on or near farm equipment and
electrical infrastructure, and result in damage to the equipment
itself or very often contact with humans or livestock that results
in bites, stings, and in extreme cases death (Goddard, 2004;
Tankersley, 2008). Certain ants have become some of the most
successful invasive pests, notably the Argentine ant, Linepithema
humile, and the red imported fire ant, Solenopsis invicta, which
has been extensively studied as an ant, as a pest, and as a target
for RNAi.

RNAi APPLIED TO ANTS

In the first demonstration of RNAi in an ant, the vitellogenin
receptor (VgR) gene of the red imported fire ant, S. invicta,
was targeted. Transfer of the protein vitellogenin via VgR is
pivotal to the development of insect oocytes in the ovary.
Injection of VgR dsRNA into the abdomens of queen pupae
while the cuticle was still white but eyespots were visible resulted
in silencing of the gene and delayed oocyte development (Lu
et al., 2009). Interestingly, injection of more advanced queen
pupae in which cuticle darkening had progressed did not result
in silencing (Lu et al., 2009). To demonstrate a mechanism
for social insect communication, a pheromone biosynthesis
activating neuropeptide (PBAN) and its receptor were targeted
with RNAi, again in S. invicta. Silencing was demonstrated by
decreased transcription, differences in pheromone production,
and the inability of dsRNA-injected ants to produce functional
trail pheromones (Choi and Vander Meer, 2012). The same
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PBANdsRNA interfered withmelanization (cuticle darkening) of
pupae when injected, was shown to result in increased mortality
when injected, and importantly increased mortality of larvae
when dsRNA was fed in a sucrose solution to nurse ants (Choi
et al., 2012). This dsRNA feeding experiment resulted in multiple
patent awards (US Patent 8,575,328, 2013; US Patent 9,000,145,
2015; US Patent 9,617,542, 2017). Another feeding study in S.
invicta utilized small dsRNA to test a chemosensory gene, CSP9
and a protein kinase gene. Feeding resulted in gene silencing
after 48 h and the larvae fed by nurse ants provided with the
dsRNA/sucrose solution had increased mortality and failed to
molt normally (Cheng et al., 2015). Similarly, feeding dsRNA
based on the sequence of a short neuropeptide receptor gene
may have affected larval mortality, although supporting data
from multiple feeding studies varied (Castillo Bravo, 2015). In
another feeding study, dsRNA complementary to sequences of
the capsid protein gene of an ant-infecting virus, Solenopis
invicta virus 1 (SINV-1) was provided to colonies of ants
intentionally infected with the virus. The results showed a
leveling-off of the effects of viral infection (death of colony
members) and a decrease in viral titre after dsRNA treatment
(Rydzak and Bextine, 2016).

In the sexually dimorphic ant genus, Diacamma,
microinjected dsRNA silenced expression of the gene yellow
which is involved in melanization. After injecting the pre-
darkened pupal stage twice with a 666 bp preparation of
dsRNA, individual specimens were observed for color changes.
Expression levels of the yellow gene were also measured and
treated and control specimens had significantly different levels
overall. Color results were somewhat inconsistent among the
treated specimens but color changes were documented and
significant in females, which normally are black; the yellow
dsRNA treated specimens were brown. In males, an increase
in mortality was noted in the dsRNA treated group. The males
were normally brown so the dsRNA-based color effect was not
apparent (Miyazaki et al., 2014).

In another ant, C. floridanus, two genes encoding
peptidoglycan recognition proteins thought to be involved
in the regulation of the intracellular endosymbionts were
used as targets for RNAi (Ratzka et al., 2013). Earlier work
on this species had shown that injection of dsRNA resulted in
decreased measured gene transcription (Bonasio et al., 2010).
DsRNA was fed to insects and decreased gene expression was
demonstrated for one of the genes, but only in adult insects fed
dsRNA, not in the larvae fed by the adults. Additionally, and
counterintuitively, the treated adult midgut tissue did not show
silencing while the dsRNA was shown to persist in the adult crop
(Ratzka et al., 2013).

Additional studies focused on the physiological function of
estrogen receptor and associated pathway genes in the ant
Polyrhachis vicina. DsRNA was used in feeding bioassays and
results depended on the caste and time following dsRNA
exposure (Zhang and Xi, 2018; Xi et al., 2019).

Injection of dsRNA in ants have yielded more dramatic
results in Harpegnathos saltator and Pheidole hyatti (Gospocic
et al., 2017; Rajakumar et al., 2018), reviewed in Arsenault et al.

(2019). In H. saltator, an ant that has “unusual reproductive
flexibility” in that a sterile worker of a colony that has lost a
queen is able to convert to a reproductive status, RNAi facilitated
the identification of a gene critical to caste identity, corazonin
(Gospocic et al., 2017). The RNAi component of the study
utilized small interfering RNAs (siRNA) designed to knock down
transcription of the receptor gene for the corazonin peptide.
The siRNA was injected into the heads of living adult ants, with
behavioral and transcriptional effects. Counts of ants interacting
with crickets in a confined space were categorized as hunting
behavior, and transcription was measured using both qRT-PCR
and RNA-Seq comparisons. The results indicated convincingly
that the siRNA treatment was effective, and supported the study
conclusions: corazonin receptor knockdown decreased hunting.
In P. hyatti RNAi was used to show how a specific gene vestigial
was related to differentiation of a soldier subcaste phenotype,
characterized by an oversized head (Rajakumar et al., 2018).
This RNAi experiment was part of the larger study of caste
differentiation in a species with highly dimorphic workers. A
very concentrated (3.5 mg/ml) solution of dsRNA was used and
microinjected into larvae at the wing bud region where the
vestigial gene is expressed. This study used a relatively long,
over 600 base pairs, dsRNA construct. Measurements of the
RNAi effect included overall size, head size, wing development
in males, and semiquantitative RT-PCR. While the overall
results reported were compelling with respect to the topic of
gene function in caste differentiation, the range of recorded
RNAi results overlap in the treated and untreated groups, so
the knockdown was far from efficient, even using the very
stringent methods.

The most recent study of RNAi in ants focused on feeding
dsRNA based on six highly conserved housekeeping genes
to the invasive pest ant Nylanderia fulva, another highly
invasive ant. Heat-inactivated bacterial expression vectors were
incorporated into artificial diet prepared from expression
vector cells, glucose solution, and agar, and fed to worker
ants. Reduced gene expression was measured after feeding,
and two sequences resulted in modestly higher ant mortality
(Meng et al., 2020).

These studies have little in common, other than ants as target
organisms. Target genes, control genes, methods of introduction
and measurement were dramatically different and focused on
very different experimental goals (see Supplementary Table 3).
The studies that used feeding as a delivery method did not
use similar methods for feeding. Taken together, however,
these studies demonstrate that RNAi is functional in ants,
but that effectiveness is highly variable. One implication that
can be gleaned from injection experiments is that direct
application of either long or siRNA constructs can decrease
transcription of a target gene if delivered in close proximity
to the desired tissue and at the specific developmental stage
of gene expression. However, there is substantial variation
among treated individuals. Routine procedures and standardized
results need to be established. Feeding experiments reach similar
conclusions: results vary depending on the gene, delivery, stage,
and tissue.
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PROSPECTS AND RECOMMENDATIONS

No experiments have yet examined whole colony impacts.
To produce RNAi-based pest control products for ants, the
interfering molecule, dsRNA, must be delivered to the organism,
and further to the superorganism, the colony as a whole,
overcoming numerous barriers (Table 1). Products used to
control ant pests are most often formulated as baits. Large scale
production of dsRNA and other RNAi materials is progressing
to a point that testing bait formulations for ant control should
become possible (Taning et al., 2020). And yet, basic questions
about applying RNAi to control ants persist. Will RNAi baits
effectively reach the cells of the vital stage of the vital caste of
the targeted species? Once the dsRNA molecule is internalized
by an insect in the colony, having passed potentially through
or by several individuals, the RNAi machinery may be activated
and the signal spread throughout the individual. But will killing
or changing that individual impact the entire colony? The
eusocial characteristics of ants require special consideration in
designing an RNAi biopesticide strategy. Table 1 summarizes
the ant characteristics and potential impacts; further research
is needed to elucidate solutions and overcome challenges in
specific pest species. In general, sterile foraging individuals must
be attracted to the product and transport it to the colony. The
product must withstand any food handling performed by the
colony workers and resist degradation by the environment of
the colony and any microbiota within the nest. The product
must not trigger any defensive or hygiene behaviors. Once these
challenges have been met, the product should be distributed
throughout the colony by trophallaxis, enhancing the potential
for the biopesticide to reach all colony members, both juvenile
and adult. Target genes may be aimed at disrupting basic cellular
function, digestive, reproductive, or communications systems.
Choosing an appropriate target gene or genes must be done
in the context of the colony, not the individual (Rodovalho
et al., 2011; Allen et al., 2018). Progress to date, and indications
from genome sequencing (Supplementary Tables 1–3) indicate
likelihood of success. However, efficiency is still a problem (Meng
et al., 2020), and the possibility that dsRNA is degraded within
each pest species must be addressed. DsRNA stability and RNAi
signal propagation have been discussed as limitations to effective
RNAi pest control strategies (Terenius et al., 2011; Allen and
Walker, 2012; Shukla et al., 2016; Vélez and Fishilevich, 2018)
and dsRNA degrading enzymes have recently been discovered
and described as problematic (Guan et al., 2018; Song et al.,
2019). Many genes are being identified through recent and
ongoing sequencing efforts (Boomsma et al., 2017). None of
the studies performed so far provide substantial insight to
these questions, although the implications of overall results
are tantalizing. While the number of ant genomes continues
to increase, the functional studies of ant genes specific to the
diverse and fascinating behaviors of ants are relatively few.
Studies that focus on effective delivery methods for colony-
level effects are needed. New technologies for assisting and
packaging RNAi biopesticides, as discussed in Zhu and Palli
(2020), should be assessed in ant bioassays, which also need to

be established, independently verified, and standardized as much
as possible.

The core RNAi components appear to be present in
ants (Supplementary Table 1). Detailed transcription studies
identifying the timing, castes, developmental stages, and tissues
in which RNAi enzymes and RNA-degrading enzymes are
present in ants in the presence and absence of dsRNA would
be extremely useful to the implementation of RNAi both for
study purposes and for development of RNAi biopesticides. Ant-
derived cell lines would also be extremely helpful for studying
gene interactions in ants.

RNAi detection in ants is a challenge. Visible markers
have been enormously helpful; eye color knockouts have
been demonstrated in Orthoptera (Dong and Friedrich, 2005)
and Lepidoptera (Fabrick et al., 2004), but have not been
demonstrated in ants. As primarily subterranean organisms, ants
generally do not have well-developed eyes. Still, eye pigments
can be visualized in the developing pupae of many ant species,
so a knockout phenotype study could prove valuable, and is
recommended. Experimentally, knockout of visual pigment or
transport genes may be more efficiently conducted initially using
CRISPR tools (Trible et al., 2017; Yan et al., 2017) rather than
RNAi. Sadly, some of the visible phenotype studies, such as
the Pheidole supersoldier head phenotype, are not applicable
to most ant species. Thus, for ants in general, there is a lack
of a broadly useful positive control. The sort of cuticle color
RNAi applications that were successful in the genus Diacamma
(Miyazaki et al., 2014) have proven difficult in other ant genera
(unpublished observations by this author). Thus, for ants in
general, there is a lack of a broadly useful positive control
for phenotype.

Certainly ants, as most other broad taxonomic groups, are not
solely composed of invasives and/or pests. Furthermore, those
ants that are pests in one context may perform environmental
services in another (Helms et al., 2016; Baldwin et al., 2020).
Therefore, it is essential to design novel ant control materials
that have few off-target effects, to protect other ants and
other benign organisms that might contact a preparation of
ant RNAi materials. The high target specificity due to the
complementary nature of gene-coding molecules makes RNAi
technology especially appealing to insects in light of the many
ecosystem services provided by ants and other insects as
pollinators, nutrient and soil cyclers, predators, and food for
wildlife (Baldwin et al., 2020; Elizalde et al., 2020).

So many aspects of ant biology, while fascinating, present
concerns with respect to the development of RNAi ant control
products. All of the facets of ant biology, from behavior to
biochemistry, await study and illumination so that we can
develop and apply this powerful molecular technology now
available to science and agriculture.
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