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Approximately 84% of farms globally are <2 hectares; these and other smallholder

farms collectively produce over one third of humanity’s food. However, smallholder

farms, particularly in developing countries, encounter difficulties in both production

and profits due to their vulnerabilities. Sustainable intensification—increasing crop yield

without significantly greater resource use—must be globally adopted in smallholder

farming to achieve various Sustainable Development Goals (SDGs) endorsed by the

United Nations (UN). While traditional techniques for conservation agriculture must be

maintained and further promoted, new technologies will undoubtedly play a major role in

achieving high yields in a sustainable and environmentally safe manner. RNA interference

(RNAi) technology, particularly the use of transgenic RNAi cultivars and/or sprayable

double-stranded RNA (dsRNA) pesticides, could accelerate progress in reaching these

goals due to dsRNA’s nucleotide sequence-specific mode of action against eukaryotic

and viral pests. This sequence-specificity allows silencing of specific genetic targets

in focal pest species of interest, potentially resulting in negligible effects on non-target

organisms inhabiting the agroecosystem. It is our perspective that recent progress in

RNAi technology, together with the UN’s endorsement of SDGs that promote support

in- and for developing countries, should facilitate an integrated approach to sustainable

intensification of smallholder farms, whereby RNAi technology is used in combination

with traditional techniques for sustainable intensification. However, the development of

such approaches in developing countries will require developed countries to adhere to

currently-defined socioeconomic SDGs.

Keywords: sustainable intensification, conservation agriculture, dsRNA, spray-induced gene silencing,

transgenic, pesticide, integrated pest management, developing countries

CHALLENGES TO SUSTAINABLE FOOD PRODUCTION, AND
CONTEMPORARY ROLE OF TRADITIONAL PRINCIPLES, IN
SMALLHOLDER FARMS

As both arable land and water resources are becoming less abundant relative to dependent
human populations, the United Nations (UN) has ambitiously set to achieve various Sustainable
Development Goals (SDGs) by 2030 (United Nations, 2022). Each goal is relevant to a broader
action plan for people, planet and prosperity; SDG 2—End hunger, achieve food security and
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improved nutrition, and promote sustainable agriculture—fully
relates to sustainable food production. This goal attempts to
mitigate the negative effects of resource scarcity on hunger,
especially in developing countries where poverty and hunger
present major problems within these communities.

Sustainable farming systems must be in place globally to
counteract and prevent hunger in local, regional and foreign
human populations. Of the ∼570 million farms globally, most
are small, 84% being under two hectares (Lowder et al.,
2016). Smallholder farms represent a critical focus for achieving
sustainable food production, given the global distribution of
smallholder farms and their contribution to producing over a
third of the world’s food (Lowder et al., 2021). Furthermore, a
recent evidence review and meta-analysis showed that smaller
farms have, on average, higher yields and greater crop- and
non-crop biodiversity than larger farms (Ricciardi et al., 2021).

Smallholder farms include some of the most vulnerable crop
production systems, as they are often less- or insufficiently
resourced for preventing crop damage (e.g., due to crop pests,
farmland erosion, climate hazards). In addition, smallholder
farms often have a more difficult time making profits from
their labor, due to relatively small quantities of food produced,
lack of social protection, dependency on less farm hands,
and their disadvantage in supply chains. To provide for an
exponentially growing human population, smallholder farming
systems must undergo sustainable intensification, whereby crop
yields are increased in a manner that minimizes environmental
impacts without significantly greater expenditure of resources
(e.g., water, land, labor costs). Traditional practices, together
with newer technologies, have both been developed with the
aim of aiding sustainable intensification in crop production;
SDGs 1.4, 8.2, 9.4, and 9.5 (United Nations, 2022; Table 1)
encourage greater adoption- and upgrades of technologies
in developing countries. Indeed, sustainable intensification
is likely to require a combination of both traditional- and
biotechnological approaches to achieve the established SDGs.

Diversified cropping systems, as well as landscape
heterogeneity, represent long-held approaches to sustainable
food production. Such approaches for diversification aim
to enhance sustainable production via promoting ecological
diversity at both field- and landscape scales. Cropping systems
such as inter-, under- and cover cropping, maintaining crop
diversity, preserving and restoring natural and seminatural
habitats, and implementation of diverse agroforestry practices
can enhance both above- and belowground ecosystem services
in smallholder farms, allowing reductions in external inputs,
thereby promoting healthy viable agroecosystems; they can also
benefit food- and nutrition security and encourage diverse diets,
without reducing crop yields (Chai et al., 2021; Drinkwater et al.,
2021; Jemal et al., 2021; Priyadarshana et al., 2021; Rodriguez
et al., 2021). However, diversified cropping systems continue to
raise both economic and social challenges that must be overcome,
and smallholder farmers understand that crop diversification is
not a standalone sustainable solution (Rodriguez et al., 2021).
Furthermore, ecosystem services are not explicitly considered
to be key factors for achieving SDGs in developing countries
(Knight, 2021). Some principles of conservation agriculture

TABLE 1 | Sustainable Development Goal (SDG) targets, endorsed by the United

Nations (UN), relevant to adopting RNAi crop technology in developing countries.

Target 1.4. “By 2030, ensure that all men and women, in particular the poor and

the vulnerable, have equal rights to economic resources, as well as access to

basic services, ownership and control over land and other forms of property,

inheritance, natural resources, appropriate new technology and financial

services, including microfinance”

Target 8.2. “Achieve higher levels of economic productivity through

diversification, technological upgrading and innovation, including through a focus

on high-value added and labor-intensive sectors”

Target 9.4. “By 2030, upgrade infrastructure and retrofit industries to make

them sustainable, with increased resource-use efficiency and greater adoption of

clean and environmentally sound technologies and industrial processes, with all

countries taking action in accordance with their respective capabilities”

Target 9.5. “Enhance scientific research, upgrade the technological capabilities

of industrial sectors in all countries, in particular developing countries, including,

by 2030, encouraging innovation and substantially increasing the number of

research and development workers per 1 million people and public and private

research and development spending”

Descriptions of UN SDG targets to be achieved by 2030 are taken from the UN’s

Sustainable Development website (https://sdgs.un.org).

may even limit crop productivity. For example, in an analysis
of field trials across 48 crops and 68 countries, yield declines
with an overall mean of 10% were observed when no-tillage
was applied in the absence of other sustainable intensification
practices (Pittelkow et al., 2015). Thus, traditional techniques for
sustainable intensification should not be implemented alone, but
rather alongside other field- and landscape scale measures.

Given the variability of environmental and socioeconomic
conditions surrounding smallholder farming, sustainable
intensification interventions must be adapted to local contexts
(Reich et al., 2021). Furthermore, traditional techniques for
sustainable resource management (e.g., intercropping, cover
cropping, crop rotation, organic farming, agroforestry) should
be applied using advanced technologies for efficient use of
resources (Imoro et al., 2021). Indeed, while building upon
the knowledge of indigenous communities is expected to
be crucial for reaching SDGs (United Nations Environment
Programme Food Agriculture Organization of the United
Nations, 2020), the integration of new technologies can be
pivotal in reaching these goals. While smallholder farmers
may view new biotechnological applications as high-risk, the
push to globally achieve SDGs requires that we explore the
benefits of an interdisciplinary path to reach these goals. The
current momentum in technological development, especially
with regard to crop protection biotechnologies, also allows the
development and assessment of more target-specific pesticides
that potentially provide the most ecologically sustainable way to
control crop pests.

PROSPECTIVE ROLE OF RNAi
TECHNOLOGY IN SUSTAINABLE
INTENSIFICATION

Crop pests represent a dynamic, highly unpredictable and
often difficult-to-control problem for farmers globally, and
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cautious pesticide use has become an important pillar of
integrated pest management (Barzman et al., 2015). Pesticides
are considered irreplaceable to farmers in situations where
natural biological control is inadequate in regulating pests
of cash crops, which renders such farms vulnerable without
the integration of pesticides. Here we consider a biosafe
pesticide technology: the use of transgenic RNA interference
(RNAi) cultivars and/or sprayed double-stranded RNA (dsRNA),
representing approaches that have made significant progress in
crop protection research and are currently under development
by several biotechnology companies (Rank and Koch, 2021;
Willow and Veromann, 2021). The attraction to the use of RNAi
as a crop protection technology is due to dsRNA’s nucleotide
sequence-specific mode of action against eukaryotes and viruses.
This specificity allows remarkably target-specific control of crop
pests, via the evolutionarily conserved mechanism of RNAi
(Rank and Koch, 2021), potentially leaving beneficial non-
target organisms (e.g., crop pollinators, biological control agents,
soil decomposers) unharmed. This is in stark contrast to the
observed effects of non-RNA pesticide technology on non-target
organisms (Sgolastra et al., 2018; Simon-Delso et al., 2018; Calvo-
Agudo et al., 2019; Willow et al., 2019; Schulz et al., 2021).
Thus, SDGs 3.9, 12.4, 14.1, 15.5, and 15.9 (United Nations,
2022; Table 2) may be better achieved through the use of RNAi
pesticide technology, rather than conventional pesticides which
currently dominate the market.

RNAi technology represents a promising solution for
controlling outbreaks of pests in various cropping systems (Baum
et al., 2007; Koch et al., 2016; Mitter et al., 2017; Cagliari et al.,
2019; Worrall et al., 2019; Petek et al., 2020; Rank and Koch,
2021). Harnessing RNAi technology for crop protection holds
great potential for compatibility, and perhaps synergy, with
conservation biological control services in agroecosystems, as a
result of dsRNA’s nucleotide sequence-specific mode of action

TABLE 2 | Sustainable Development Goal (SDG) targets, endorsed by the United

Nations (UN), that may be better achieved through the use of RNAi crop

technology, rather than conventional pesticides.

Target 3.9. “By 2030, substantially reduce the number of deaths and illnesses

from hazardous chemicals and air, water and soil pollution and contamination”

Target 12.4. “By 2020, achieve the environmentally sound management of

chemicals and all wastes throughout their life cycle, in accordance with agreed

international frameworks, and significantly reduce their release to air, water and

soil in order to minimize their adverse impacts on human health and the

environment”

Target 14.1. “By 2025, prevent and significantly reduce marine pollution of all

kinds, in particular from land-based activities, including marine debris and

nutrient pollution”

Target 15.5. “Take urgent and significant action to reduce the degradation of

natural habitats, halt the loss of biodiversity and, by 2020, protect and prevent

the extinction of threatened species”

Target 15.9. “By 2020, integrate ecosystem and biodiversity values into national

and local planning, development processes, poverty reduction strategies and

accounts”

Descriptions of UN SDG targets to be achieved by 2030 are taken from the UN’s

Sustainable Development website (https://sdgs.un.org).

(potentially conferring no toxicity to non-target organisms).
Furthermore, dsRNA can be used to prevent plant virus
transmission/vectoring by crop pests (Bahrami Kamangar et al.,
2019; Worrall et al., 2019), as well as target non-essential
mechanisms, thereby reducing pest population fitness while
maintaining pest presence for specialized biological control
agents (e.g., specialist predators, parasitoids) to sustain their
own populations (Willow et al., 2021b). Rapid degradation of
dsRNA in soils and waterbodies (Parker et al., 2019; Bachman
et al., 2020) also presents important benefits over other types of
pesticide molecules. However, as both dsRNA uptake and RNAi
efficiency can vary between- and within taxa (Wytinck et al.,
2020; Willow and Veromann, 2021), potentially necessitating the
use of nanoparticles as co-formulants (Wytinck et al., 2020), the
environmental fate of sprayed dsRNA must be examined under
various formulation scenarios.

Both dsRNA production and transgenic biotechnologies
have steadily increased in cost-efficiency over recent years.
For example, with the advent of large-scale cell-free dsRNA
production, the cost of dsRNA has dropped to <$0.50 per gram
(Rank and Koch, 2021). Since exogenously-applied (sprayed)
dsRNA can be specifically designed to base-pair with endogenous
messenger RNA (mRNA) that codes for a specific gene, this
enables a multitude of molecular targets in any eukaryotic or
viral pest with available transcriptome sequence information
(necessary for designing a template for dsRNA synthesis). While
this information is not currently available for most agricultural
pests, current costs of obtaining whole-sequence information are
no longer considered prohibitive, and promising initiatives are
underway to mitigate this knowledge gap (Lewin et al., 2018; The
Earth BioGenome Project, 2018; i5k, 2022).

Both RNAi cultivars and dsRNA sprays present certain
advantages over each other. RNAi cultivars constantly produce
the target-specific dsRNA in the plant’s tissues, allowing the
target pest to be constantly exposed to the pesticide, as long
as the pest feeds on the transgenic crop. In some instances,
chronic feeding on dsRNA can significantly enhance RNAi
efficacy, compared to short-term feeding on dsRNA (Willow
et al., 2021a). Thus, transgenic approaches to RNAi-based pest
management may be necessary in many cases, supporting the
use of RNAi cultivars over dsRNA sprays. On the other hand,
dsRNA sprays can be altered (e.g., co-formulants, target gene) for
adaptive management, and in cases of pest polyphagy, multiple
crop species can be treated simultaneously to target the same
organism, reducing the pest’s ability to successfully take refuge on
its secondary or tertiary host plant. Furthermore, dsRNA, when
sprayed, is less persistent in the environment compared to that
for RNAi cultivars (which constantly produce the target-specific
dsRNA in the plant’s tissues throughout the growing period); this
reduced persistency tightens the period of potential exposure to
dsRNA, lessening the chance of resistance development in target
organisms, resistance development being a potential hurdle for
RNAi implementation (Khajuria et al., 2018; Mishra et al., 2021).
Finally, there is the possibility of efficient RNAi-based control
via topical contact to sprayed dsRNA; this has been observed
in aphids (Niu et al., 2019; Zheng et al., 2019; Yan et al., 2020),
and is likely to be an effective method of control for additional
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insect pests, even though oral consumption of treated plant parts
is the typical aim when spraying dsRNA for management of
insect pests.

INTEGRATING RNAi-BASED
MANAGEMENT IN SMALLHOLDER FARMS

Whether considering traditional techniques for sustainable
intensification, the use of new sustainable technologies, or a
combination of both approaches, social and financial constraints
to implementing RNAi are evident, especially in the context
of smallholder farmers in developing countries. However,
with the rapidly decreasing costs of both dsRNA production
and transgenic biotechnologies, together with the increasing
number of agriculturally relevant pest species with available
genetic sequence information, the prospect of integrating these
techniques to work toward sustainable resource management in
smallholder farming systems is becoming increasingly realistic.
Indeed, RNAi techniques have already been introduced into
smallholder farming systems, with great success. For example,
in 1998, the U.S. government allowed about 200 smallholder
papaya farmers to begin planting a papaya ringspot virus
(PRSV)-resistant cultivar, as PRSV had resulted in nearly 40%
production loss. This RNAi cultivar, commercialized as Rainbow
papaya, produced immediate positive results, not only halting
the rapid decline of Hawaii’s papaya industry, but returning
production to levels similar to before PRSV invasion. Today
this RNAi-based papaya dominates the Hawaiian papaya market
(Kuo and Falk, 2020). More recently, in 2021, the Kenyan
National Biosafety Authority has approved the environmental
release of an RNAi cassava cultivar resistant to cassava brown
steak virus (CBSV) and Ugandan cassava brown streak virus
(UCBSV), both of which result in cassava brown streak
disease (CBSD). This cultivar, known as 4046 cassava, shows
a positive food- and feed safety profile compared to its non-
transgenic parental cultivar (Wagaba et al., 2021). National
performance trials currently being conducted are optimistic,
and this cultivar is expected to soon be available to Kenyan
cassava farmers (Cassava Plus, 2021). RNAi-based control of
such viral diseases enhances sustainable intensification not only
by increasing crop yields, but potentially also by reducing or
eliminating the need to use insecticidal interventions against
crop disease vectors (e.g., whiteflies, in the case of both CBSV
and UCBSV). Using both tobacco and cowpea plants, Worrall
et al. (2019) recently demonstrated the disruption of aphid-
mediated virus transmission between plants, via exogenous
application of dsRNA targeting bean common mosaic virus.
Together these case studies suggest that both transgenic and
dsRNA spray approaches can be mobilized to protect crops from
viral diseases and potentially reduce the need to directly manage
disease vectors.

It is paramount that progress in crop protection biotechnology
does not exclude smallholder farmers in developing countries.
This would require dependable socioeconomic support from
local and foreign stakeholders and mid- or downstream sectors

of food supply chains. It may also require dependable educational
support from the scientific community and relevant expert
practitioners, given the potential for smallholder farmers to
view RNAi crop biotechnology as high-risk. Thus, financial
support/investments and transfer of knowledge are both
crucial to allow smallholder farmers to integrate sequence-
specific biosafe pesticide technology into pest management
strategies. Such aims can be facilitated by local and foreign
adherence to defined targets in SDGs 1, 2, 4, 7, 8, 9,
10, 11, 12, 13, 15, and 17 (United Nations, 2022), which
should be expected to be fully endorsed, in practice, by
all able UN member states; the transfer of support from
developed- to developing countries is particularly relevant
here. Furthermore, the integration of new and traditional crop
protection techniques are likely to facilitate a beneficial two-
way transfer of knowledge regarding the use of sustainable
intensification techniques.

It is our perspective that RNAi technology could be of
great value to sustainable intensification of smallholder
farms, including in developing countries, where there is
currently the least infrastructure in place for implementing
this technology. It must also be considered that achieving
SDGs in agricultural and ecological sustainability innately
requires adherence to socioeconomic SDGs designed to
provide support for smallholder farmers in developing
countries. Given the potential for ecologically sustainable
crop protection via the use of RNAi technology, it remains
vital to fill in the existing gaps regarding: (1) ensuring
smallholder farmers satisfactory support; (2) obtaining
transcriptome sequences of important crop pests globally; and
(3) determining methods for cost-effective RNAi applications
in pest taxa for which RNAi-based management is considered a
possible solution.
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