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Abstract

Plant viruses pose a continuous and serious threat to crop production worldwide, and globalization and climate change are exacerbating the
establishment and rapid spread of new viruses. Simultaneously, developments in genome sequencing technology, nucleic acid amplification methods,
and epidemiological modeling are providing plant health specialists with unprecedented opportunities to confront these major threats to the food
security and livelihoods of millions of resource-constrained smallholders. In this perspective, we have used recent examples of integrated application
of these technologies to enhance understanding of the emergence of plant viral diseases of key food security crops in low- and middle-income countries.
We highlight how international funding and collaboration have enabled high-throughput sequencing-based surveillance approaches, targeted field and
lab-based diagnostic tools, and modeling approaches that can be effectively used to support surveillance and preparedness against existing and
emerging plant viral threats. The importance of national and international collaboration and the future role of CGIAR in further supporting these
efforts, including building capabilities to make optimal use of these technologies in low- and middle-income countries, are discussed.
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Increasing global trade and movement of people and goods, in-
tensification of farming, and perturbance of natural ecosystems,
as well as climate change, are exacerbating the incidence and im-
pacts of plant pathogens, including viruses (Jones 2020, 2021). At
the same time, novel technological developments, including high-
throughput sequencing (Villamor et al. 2019), isothermal nucleic
acid amplification methods (Bhat et al. 2022), remote sensing tools
(Wang et al. 2022), geographical information systems, information
and communication technology, and artificial intelligence (Mrisho
et al. 2020; Ramcharan et al. 2019; Selvaraj et al. 2019, 2020),
offer a powerful set of tools for detection, diagnostics, monitor-
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ing, and prediction of such threats. Although such tools can be used
proactively to scan the existence and evolution of plant viral threats,
most often, they are used reactively as an emergency occurs, par-
ticularly in food-insecure low- and middle-income countries that
have limited resources to invest in proactive measures. Examples
of successful reactive deployment of such tools in managing plant
viral outbreaks in developing countries during the last 10 years in-
clude the maize lethal necrosis in East Africa (Boddupalli 2021;
Boddupalli et al. 2020), banana bunchy top virus (BBTV) in West
and East Africa (Alabi et al. 2022; Shimwela et al. 2022), and the
cassava mosaic disease in Southeast Asia (Chittarath et al. 2021;
Siriwan et al. 2020) (Fig. 1).

Proactive approaches have also been implemented, providing in-
formation that helped suppress or avoid major outbreaks of plant
viruses. These can be categorized into (i) those that target a specific
known disease that is considered a threat and (ii) those that take a
generic approach to identify and prevent occurrence of any potential
new threat. Examples of specific proactive surveillance activities in-
clude those to monitor germplasm to prevent transboundary spread
of seedborne pests and pathogens (Kumar et al. 2019), whereas
generic approaches to map entire viromes have been implemented at
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different geographic scales, crops, ecosystems, and their interfaces
(Maclot et al. 2020 and references therein), including major food
security crops, such as wheat (Redila et al. 2021; Singh et al. 2020),
maize (Lappe et al. 2022), cassava (Scussel et al. 2019), sweet-
potato (Bachwenkizi et al. 2022; Nakasu et al. 2022), and potato
(Okonya et al. 2021). These actions have only been possible through
collaboration between several international and national partners
from public, academic, and private sector representatives to coor-
dinate country and regional actions, and international agricultural
research centers have often played an important role in facilitating
these networks. In the following sections, we will describe some
of the mentioned cases, which present specific examples and are
by no means exclusive, highlighting the successes and learnings,
and then synthesize them into a set of recommendations for better
management of plant viral diseases in the future.

Maize Lethal Necrosis in Africa
Maize was domesticated in Central America/Mexico and is the

world’s most important staple food crop, fourth most important in
low-income food-deficit countries of the world, and third most im-
portant in the least developed countries (FAOSTAT 2021). Maize
lethal necrosis (MLN) emerged and was first reported from Kansas
as corn lethal necrosis in the late 1970s and associated with co-
infections of maize chlorotic mottle virus (MCMV) and maize
dwarf mosaic virus or wheat streak mosaic virus. Since then, re-
ports have emerged from several Latin American countries and
then Asia (Redinbaugh and Stewart 2018). The first outbreak of
MLN in Africa (Fig. 1B) occurred in Kenya in 2011, followed by
its rapid spread to several countries in East Africa within a span
of 3 to 4 years (Mahuku et al. 2015). This caused huge concern
to stakeholders, including maize-dependent smallholder farmers,
researchers, national plant protection authorities, the commercial
seed sector, and governments across the African continent, where
maize is a crucial staple crop. Effectively countering the incidence,
spread, and adverse impacts of MLN in Africa required strong,
coordinated, and synergistic efforts from multiple institutions, as
the challenge is complex and multifaceted. Since 2012, a team in-
cluding CIMMYT, the Kenya Agricultural and Livestock Research

Organization, national plant protection organizations and commer-
cial seed companies across sub-Saharan Africa, the International
Institute of Tropical Agriculture, the International Centre of Insect
Physiology and Ecology, several advanced research institutions in
the United States of America and Europe, and nongovernment or-
ganizations, such as the Alliance for Green Revolution in Africa
and African Agricultural Technology Foundation, have intensively
implemented a multidisciplinary strategy for curbing the spread and
impact of MLN in Africa (Boddupalli 2021; Boddupalli et al. 2020).

The first step, identifying the causal agent(s) of MLN in Africa,
was achieved in parallel through high-throughput sequencing
(Adams et al. 2013) and serological (Wangai et al. 2012) ap-
proaches, resulting in the recognition of MCMV and sugarcane
mosaic virus (SCMV) as the causal agents. Whereas SCMV is en-
demic in Africa in grasses, it causes little or no damage by itself,
whereas sequence analysis revealed that MCMV was possibly intro-
duced in infected maize seed from China (Braidwood et al. 2018).
It has since been recognized that other potyviruses besides SCMV,
such as johnsongrass mosaic virus, can cause MLN in combination
with MCMV in Africa (Stewart et al. 2017). MLN management
in Africa included (i) breeding and deployment of resistant culti-
vars, (ii) establishing and implementing an MLN monitoring and
surveillance system in East and Southern Africa, (iii) production
and exchange of MLN virus-tested commercial seed, and (iv) op-
erating an MLN phytosanitary community of practice, especially
to share learning across borders on key aspects, such as standard-
ized MLN diagnostics procedure(s), providing training on MLN
diagnostics, expediting adoption of appropriate phytosanitary and
diagnostic procedures (e.g., use of MCMV lateral flow assay test
strips and enzyme-linked immunosorbent assay [ELISA] for virus
detection, maize-free crop period for at least 2 to 3 months in a
year, and systematic sampling and analysis of commercial seed
production plots for possible presence of MLN-causing viruses),
and identifying/validating and deploying novel and low-cost MLN
diagnostic protocols (Boddupalli 2021; Boddupalli et al. 2020).

MCMV has primarily driven the emergence of MLN in East
Africa, South America, and some countries in Asia. MCMV trans-
mission through seed could be a major channel for the spread of
the disease. Identification of infected seed lots is therefore critical

FIGURE 1
Symptoms of virus diseases

affecting major food security crops:
A, virosis of potato caused by

co-infection of potato leaf roll virus,
potato virus X, potato virus S, and

potato virus V; B, maize plant
affected by maize lethal necrosis
caused by co-infection of maize

chlorotic mottle virus and
sugarcane mosaic virus; C, cassava

leaf with symptoms of cassava
mosaic disease caused by Sri
Lankan cassava mosaic virus;

D, a sweetpotato plant affected by
“sweetpotato virus disease”

caused by co-infection of
sweetpotato chlorotic stunt virus,

sweetpotato feathery mottle virus,
and sweetpotato leaf curl virus;
and E, a banana plot with plants

heavily affected by banana bunchy
top disease (stunted and dwarfed
plants), caused by banana bunchy

top virus.
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for preventing the spread of MCMV through seed. Bernardo et al.
(2021) evaluated different protocols, including ELISA, reverse-
transcription polymerase chain reaction (RT-PCR), and quantitative
RT-PCR for detection of MCMV in maize seed lots from Kansas,
Mexico, and Kenya. The study demonstrated that although both
ELISA and RT-PCR were effective in detecting MCMV in seed
lots, ELISA provided a reliable and inexpensive diagnostic assay
for routine implementation in seed testing facilities.

Biswal et al. (2022) analyzed the impacts of MLN in Africa and
found that resource-poor farmers and low-income consumers are
the most vulnerable populations. They also highlighted the possible
molecular mechanism in transmission of MLN viruses, the role of
vectors, and host plant resistance, identifying a range of potential
opportunities for genetic and phytosanitary interventions (including
cultural practices) to control MLN. Recent studies also indicated
that microRNAs could have a role in host plant response to MLN-
causing viruses (Liu et al. 2022).

The fact that no maize-growing country in Southern or West
Africa has reported further outbreak of MLN is a testimony
to the successful initiative to collectively manage MLN in East
Africa. Nevertheless, there is no room for complacency. MLN is
still prevalent in East Africa and has not been eradicated. The
threat of the disease spreading to other regions in sub-Saharan
Africa still looms. It is, therefore, imperative to sustain MLN
disease management, which is being done through the CGIAR
Plant Health Initiative, including continued surveillance of coun-
tries in Southern and West Africa with potential risk of MLN
invasion; training and capacity building of national plant protec-
tion organizations and seed companies on MLN diagnostics and
management practices for MLN-free commercial seed production
and exchange; and scaling and deployment of MLN-resistant culti-
vars together with sensitization of farming communities on cultural
management.

Cassava Mosaic Disease in Southeast Asia
Cassava originates from the Amazon region of South America

and is currently the sixth most important staple food crop globally
and the second most important in the low-income food-deficit and
least developed countries of the world (FAOSTAT 2021). Cassava
mosaic disease (CMD) in Asia can be caused by single or mixed
infections of Indian cassava mosaic virus and Sri Lankan cassava
mosaic virus (SLCMV; Fig. 1C), and neither has been reported from
Africa so far. It was first characterized from symptomatic plants col-
lected in Colombo, Sri Lanka, in 1998. In Africa, CMD is present in
all cassava-growing countries, where it is caused by a different set
of begomovirus species, new variants of which have driven succes-
sive outbreaks of the disease over the last century (Legg et al. 2014).
Begomoviruses are circular DNA viruses transmitted by whiteflies
of the Bemisia tabaci species complex and/or by distribution of con-
taminated vegetative propagation material (cassava nodal cuttings,
or “stakes”); experimentally, SLCMV is more virulent and can be
more easily mechanically transmitted to N. benthamiana than In-
dian cassava mosaic virus (Saunders et al. 2002). Over the past
20 years, the cultivated area of cassava in Southeast Asia has sig-
nificantly increased, and cassava is now considered the second most
important crop after rice in this region (Malik et al. 2020). Although
Southeast Asian cassava has been virtually free of phytosanitary
constraints for most of its history, recent region-wide monitoring
activities unveiled a complex of invasive pests and pathogens in-
creasingly affecting cassava in this region (Graziosi et al. 2016;
Siriwan et al. 2020). Reports of CMD in Southeast Asia increased
from a single plantation reported in Cambodia in 2015 (Wang et al.
2016) to several reports from Thailand, Laos, Vietnam, and South
China in less than 6 years and identifying only SLCMV in these
countries (Chittarath et al. 2021; Siriwan et al. 2020; Wang et al.
2019). Regional monitoring of whiteflies showed that B. tabaci Asia

II 1, a known vector of SLCMV (Chi et al. 2020), and Asia II 6 are
present in Southeast Asia but in low abundance (Leiva et al. 2022),
suggesting that the observed geographical spread of the virus was
related to human movement of contaminated cassava stakes, likely
facilitated by the efficient yet “informal” network of cassava stakes
traders in the region (Delaquis et al. 2018).

Current proactive activities in management of CMD in this re-
gion include the identification of disease tolerance in local cassava
genotypes (Malik et al. 2022) and regional (Thailand, Lao PDR,
Cambodia, and Vietnam) virus surveillance for early detection of
new incursions and for new strains of SLCMV or any new species
of cassava begomovirus (Chittarath et al. 2021; Siriwan et al. 2020),
such as those present in Africa (Legg et al. 2014). In addition, identi-
fication and seasonal monitoring of the insect vector B. tabaci in the
region can help identify hotspots to target control methods (Leiva
et al. 2022). These activities include the active participation of local
plant health officers and the establishment of a regional network ini-
tially established by organizing advanced training courses on the use
of standard field sampling protocols, image data collection, sample
storage and handling (Jimenez et al. 2021), and molecular tests us-
ing specific and generic PCR primers (Leiva et al. 2022; Siriwan
et al. 2020). In cases where a new infected area is reported or un-
usual symptoms are observed in the photographic record, rolling
circle amplification using random hexamer primers is carried out to
amplify complete circular genomes and confirm/discard the pres-
ence of additional begomovirus species (Leiva et al. 2020). These
genome surveillance data are uploaded and communicated using
Nextstrain (Hadfield et al. 2018). Incidence maps integrating symp-
toms and sequence data are recorded and shared with local plant
health officers using open platforms (Cuellar et al. 2022) to sup-
port early interventions (Chittarath et al. 2021; Siriwan et al. 2020).
On the other hand, artificial intelligence developed and validated for
detection of CMD in Africa through the PlantVillage Nuru app (Mr-
isho et al. 2020; Ramcharan et al. 2017, 2019) can support farmers
in the identification of the disease and alert local diagnostic net-
works, which then can validate the identity of the virus. To date,
only SLCMV (two phylogenetic groups differing in the length of the
rep open reading frame) and low abundances of B. tabaci have been
recorded in Cambodia, Laos, Thailand, and Vietnam (Leiva et al.
2022; Siriwan et al. 2020). However, this situation will likely evolve
in the near future, as cassava cultivation is intensified in some South-
east Asian regions, favoring the buildup of whitefly populations in
cassava and in alternative hosts (Hemniam et al. 2022).

Future research requirements include the following:

(i) CMD in Southeast Asia emerged soon after another disease,
cassava witches’ broom, had just spread in the region, but co-
infection is not commonly found in the field. It is necessary
to investigate the differential response of cultivated cassava
genotypes to both diseases (host−pathogen interactions).

(ii) Changes in whitefly (B. tabaci) populations and transmitted
pathogens that could increase the risk of establishment of
additional cassava-infecting viruses in the region should be
monitored.

(iii) Awareness must be raised on the importance of having a “crit-
ical mass” of local researchers supporting and continuing to
implement harmonized phytosanitary protocols for safe seed
movement across borders to prevent new outbreaks.

(iv) Capacity-building activities on identification and rapid molec-
ular diagnostics of (cassava) pests and pathogens not yet known
to occur in the region should be continued.

(v) Pilot screening and large-scale production and deploy-
ment of disease-resistant/-tolerant varieties based on higher-
resolution risk maps are necessary to maximize the impact of
interventions.
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BBTV in Africa
Bananas and plantains were domesticated in the Indonesian

archipelago and are currently the tenth most important staple food
crop globally and sixth most important in the low-income food-
deficit and least developed countries of the world (FAOSTAT 2021).
Banana bunchy top disease (BBTD; Fig. 1E) was first recorded in
1889 in Fiji, Oceania. It was first reported in sub-Saharan Africa
in the 1960s in the Democratic Republic of Congo and has since
spread to 16 countries in sub-Saharan Africa. It is a typical case
of transboundary expansion of an introduced virus through human
activities, especially perpetuation and exchange of virus-infected
vegetative propagules, and ubiquitous aphid vectors (Kumar et al.
2011; Stainton et al. 2015). Reports of BBTD occurrence increased
after 2000, which could be due to new spread or an increase in
surveillance efforts since 2008 (Kolombia et al. 2021; Lokossou
et al. 2012). After the first BBTD outbreaks in Benin in 2011
(Lokossou et al. 2012) and Nigeria in 2012 (Adegbola et al. 2013),
which were the first reports of the virus occurrence in banana in
West Africa, a regional alliance (www.bbtvalliance.org) was es-
tablished in 2013 to organize BBTV surveillance surveys in the
affected countries and monitor virus spread to initiate containment
measures. Recombinase polymerase amplification-based field as-
says were established to help with early detection of BBTV and
implement eradication of infected mats (connected groups of pseu-
dostems originating from one rhizome). The management of BBTD
has relied on approaches to detect and eradicate infected plants.
Symptom-based rogueing has already been used (Omondi et al.
2020). However, this approach relies on accurate early BBTD symp-
tom identification (Allen 1987). Tools for the effective detection of
diseased plants could help in minimizing field risk of BBTD spread,
especially in seed certification. Digital tools have been developed to
facilitate field detection of BBTD and other banana diseases using
smartphone-based applications, such as TUMAINI (Selvaraj et al.
2019). Like PlantVillage NURU, the application would enable in-
dependent disease detection and afford expert advice on disease
management, reducing the reliance on expert presence (Alabi et al.
2022; Dato et al. 2021; Selvaraj et al. 2020). More recently, re-
mote sensing approaches using medium-resolution satellite imagery
and drones were used to identify banana fields to aid in targeted
surveillance for BBTV control and delineate areas of possible in-
festation (Alabi et al. 2022; Dato et al. 2021; Selvaraj et al. 2020).
These advancements helped with early detection and eradication
of BBTV in Togo (Kolombia et al. 2021) and early confirma-
tion of BBTV occurrence in Tanzania and Uganda (Ocimati et al.
2021; Shimwela et al. 2022). Vegetative propagation of bananas and
maintenance of the crops as perennial plantations make every virus-
infected plant a perennial source for BBTV inoculum, contributing
to the further spread of the virus by human activities and vectors.
Variability in BBTD expression among cultivars makes the stan-
dard Cavendish-based symptom expression inefficient, especially
in multiple cultivar production systems, promoting the mainte-
nance of diseased plants in fields. Other predisposing factors are a
lack of sufficient knowledge about virus and disease identification
(Abiola et al. 2020) and cultural practices linked to the propagation
and exchange of planting materials among farmers (Nkengla-Asi
et al. 2021). This case reflects the integration of diagnostics, surveil-
lance tools, and epidemiology contributing to better management
of BBTV in sub-Saharan Africa.

A number of gaps still remain toward the management of BBTD,
especially in Africa.

(i) One gap is the variability of BBTV and vector susceptibility
among banana cultivars. Although reliable immunity was not
found in popularly grown cultivars in Africa, different levels
of tolerance to aphids and the virus (Ngatat et al. 2022) present
both an opportunity for field-level control and a risk for BBTD

spread in seed systems. Lessons from Fusarium Race 1, how-
ever, suggest that mixed cultivar and multi-crop systems would
be more resilient against disease spread.

(ii) An understanding of the seasonal variability in disease expres-
sion and vector behavior could help refine disease modelling
efforts for a more efficient management approach.

(iii) Seed systems policies and tools integrating disease risk maps
would support efforts at regional and country scales.

(iv) Collaborative mapping between states is needed. BBTD out-
break zones are, so far, mostly in border regions of most
countries. Collaborative and stricter quarantine efforts are
necessary.

(v) The benefit of landscape design in BBTD management remains
little studied. Dato et al. (2021), for example, identified land-
scape complexity and crop association parameters that could
be associated with BBTD prevalence. These factors may work
indirectly through vector dispersal, predation, or abundance
and are especially suited for tropical mixed cropping systems.

(vi) Modelling BBTD risk, including landscape, seed movement,
and crop management data, at the continental and landscape
scales may yield predictions of vulnerability and prevent new
outbreaks within the continent, learning from existing knowl-
edge of BBTD spread within the continent.

Sweetpotato Virome
Sweetpotato originates from Central America/Mexico and is

currently the world’s sixth most important staple food crop, sev-
enth most important in low-income food-deficit countries, and
fourth most important in the least developed countries of the world
(FAOSTAT 2021). Viruses are among the most important con-
straints in sweetpotato production (Fig. 1D), particularly in Africa,
where seed is often recycled, accumulating infections over genera-
tions. However, until 2012, except for in Uganda, little was known
about the viruses affecting the crop throughout the continent. To
get an understanding of the viruses circulating in sweetpotato on
the continent, a project was launched to characterize all viruses in-
fecting the crop using an agnostic approach based on small RNA
sequencing and assembly (sRSA; Kreuze et al. 2009), collecting
over 2000 leaf samples from 11 countries across sub-Saharan Africa
in collaboration with national agricultural research authorities in
each of these countries. The results were analyzed and published in
a publicly accessible geo-referenced database associated with pic-
tures of sampled leaves, plants, and fields with support from the
Boyce Thomson Institute (http://bioinfo.bti.cornell.edu/virome).
Although several novel viruses were identified, they could be cate-
gorized into several groups:

(i) Those occurring in only one or a few samples, probably re-
flecting chance infections or even failed infections, and are of
low priority for further investigation.

(ii) New viruses that were found commonly but only locally, rep-
resented by a group of new ampelovirids in Angola and a
new potyvirus found in Malawi, Mozambique, Zimbabwe,
and Angola. The new potyvirus is closely related to known
sweetpotato-infecting potyviruses and is therefore expected to
have similar properties, which have been well investigated in
its relatives, and should therefore be considered just as relevant.
The new ampelovirus, however, is unrelated to known viruses,
and its effect on sweetpotato remains unclear. Because of its
frequency in Angola, it appears established in sweetpotato and
therefore should be considered a priority for further study and
monitoring in Angola and neighboring countries.

(iii) Known viruses occurring at a much larger frequency than
previously known, exemplified by a group of begomoviruses
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referred to as sweepoviruses. These were found to be the
third most common viruses infecting sweetpotato after sweet-
potato feathery mottle virus and sweetpotato chlorotic stunt
virus, which combined cause the most devastating and common
yield impacts, known as sweetpotato virus disease. Sweep-
oviruses have previously been reported to be largely symptom-
less (Cuellar et al. 2015; Ling et al. 2010, 2011; Trenado et al.
2011; Wasswa et al. 2011) but could nevertheless cause signifi-
cant yield losses (Ling et al. 2010) depending on the genotype.
This prompted further research into the impact these viruses
might have on African sweetpotato cultivars. Subsequent ex-
periments revealed that also in Africa, these viruses could cause
a significant yield loss of up to 40% without showing obvious
symptoms, and this was independent from resistance/tolerance
to sweetpotato feathery mottle virus and sweetpotato chlorotic
stunt virus (Wanjala et al. 2020). By applying ecological niche
modeling with the data from the African virome database, areas
could be predicted where this virus would likely be prevalent
and for which virus resistance should be a priority breeding
target. To support this, using the sequences generated in the
virome study, we were able to develop and validate generic
primers able to detect all variants of this highly variable group
of viruses (Wanjala et al. 2021).

(iv) The two most prevalent viruses identified were novel DNA
viruses that had previously been discovered by sRSA in appar-
ently healthy plants: a badnavirus, named sweetpotato pakakuy
virus (SPPV), and a mastrevirus, sweetpotato symptomless
mastrevirus 1 (SPSMV-1) (Kreuze et al. 2009). These have
since been detected from all continents. Particularly, SPPV
was found to be nearly ubiquitous and highly variable, merit-
ing further investigation into its interaction with other viruses,
even if there was no previous evidence of observable damage.
Results showed that the detection did not represent integrated
sequences and occurred at extremely low concentrations in
the plants, well below one copy per plant cell, but that it
nevertheless could be transmitted to an indicator host at low
frequency, but again only accumulating to very low concen-
trations and without showing discernable symptoms (Kreuze
et al. 2020a). No significant interactions with other viruses
could be discerned, and therefore, it is considered likely not to
have any impact on sweetpotato production. Its extremely com-
mon occurrence may be due to efficient seed transmission in
sweetpotato rather than vectors, which have yet to be described
(Kreuze et al. 2020a). SPSMV-1 has also been reported to be
seed transmitted (Qiao et al. 2020), although at a much lower
rate than reported for SPPV. Several studies also confirm its
symptomless nature (Fiallo-Olivé et al. 2022), although stud-
ies into interactions and possible yield effects are still lacking.
Contrary to SPPV and other geminiviruses, in this virus, very
little sequence variability is identified across the world (Cao
et al. 2017; Fiallo-Olivé et al. 2022). Although the situation
with SPSMV-1 seems analogous to that of SPPV, experiments
are currently underway to determine possible yield impacts
of SPSMV-1 alone and in combination with other common
sweetpotato viruses.

Thus, through the sweetpotato virome analysis, we were able to
identify and alert to new possible risks in particular geographies
of the continent (new ampeloviruses in Angola), identify likely
relevant new viruses that merit testing in healthy vegetative seed pro-
duction systems (new potyvirus belonging to a well-characterized
group with known relevance), and identify an unexpected high fre-
quency of known symptomless viruses (begomoviruses), leading to
follow-up research and new resistance breeding priorities.

Future research requirements include the following:

(i) Conducting biological characterization, including possible
yield impacts, modes of transmission, and alternative hosts of

novel viruses identified, starting with the most common (e.g.,
SPSMV-1 and the new ampelovirus from Angola).

(ii) Evaluating antiviral treatments to enable germplasm cleanup,
particularly for SPPV and SPSMV-1, which seem to be resis-
tant to current virus cleaning procedures. On the other hand,
experiments to understand the unusual persistence of these
viruses despite low concentrations are likely to reveal exciting
new insights into virus−host interactions.

(iii) Developing quantitative diagnostic methods for breeders to en-
able high-throughput screening for virus resistance for symp-
tomless viruses that have been shown to have a significant
impact on yield (e.g., begomoviruses).

Potato Virome
Potato originates from the Andean region of South America and

is currently the fourth most important staple food crop globally and
the fifth most important in the low-income food-deficit countries
and least developed countries of the world (FAOSTAT 2021). Like
all clonally propagated crops, potato is heavily affected by viruses
(Fig. 1A), the most important of which have likely spread with the
crop from its center of origin. Despite this, by 2015, from the sev-
eral hundred potato virus genomes deposited in the gene bank, not
one was from the crops’ center of origin in Peru. However, several
previous studies based on classical virology suggested that many
more species of viruses affected potato in Peru than in the rest of the
world (Kreuze et al. 2020b). Therefore, in a similar approach as de-
scribed for the sweetpotato virome above, over 1,000 samples were
collected from throughout Peru and sequenced. Again, the results
could be categorized into different groups, which were, however,
different from those of sweetpotato in Africa.

(i) Known viruses that infect potato frequently across the globe
and representing the most frequent infections (>14% of sam-
ples each), including potato viruses X, Y, V, A, and S (Fuentes
et al. 2019, 2021a, b, 2022; Santillan et al. 2018). The excep-
tion in this group was potato virus B (De Souza et al. 2017),
which was found to infect 20% of samples and that has not
been reported from elsewhere in the world. Little is known
about the biology, symptomatology, and possible yield effects
of this virus; however, due to its frequency, further research on
it should be a priority.

(ii) Eleven viruses occurring in 1 to 7% of samples, about half of
which were previously characterized viruses (Silvestre et al.
2020) and half were new. This group included potato leaf roll
virus, which is an important virus elsewhere in (sub-)tropical
countries of the world, and potato mop top virus, which has
become an important pathogen in cool and humid temperate
regions of the world. Included in this group were also Andean
potato mottle virus, potato yellowing virus, Andean potato la-
tent virus, and Andean potato mild mottle virus. New viruses
included those belonging to the genera Nepovirus, Badnavirus,
Fabavirus, Ophiovirus, and Potyvirus. A new torradovirus,
potato brown rugose stunting virus, found in this group was
associated with a historic disease outbreak in Southern Peru
(Alvarez-Quinto et al. 2023; Kreuze et al. 2020b), indicating
that such viruses can be a source of serious disease outbreak
when conditions become favorable and deserve close monitor-
ing, particularly in the context of a changing climate.

(iii) Eleven viruses occurring in less than 1% samples, which were
mostly new. These included arracacha virus B, potato virus
T, and potato black ringspot virus, as well as new viruses
belonging to the genera Enamovirus, Betaflexivirus, Po-
texvirus, Carlavirus, Tobravirus, Polerovirus, Tepovirus, and
Tymovirus.
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Thus, the potato virome analysis doubled the number of virus
species known to infect potato in Peru. Whereas all the new viruses
were relatively infrequent (infecting <6% of samples), historical
data indicate that some of them have potential to cause significant
disease outbreaks. Whereas molecular diagnostic assays have been
rapidly developed based on sequences, biological characterization
is expensive and should be prioritized based on frequency of in-
fections and association with symptomatology or known biological
properties of the virus group. It is unknown whether any of the new
viruses also occur in countries neighboring Peru, such as Ecuador,
Bolivia, and Chile, but considering frequent informal exchange of
potatoes over the borders, it can be regarded as quite likely. In-
ternational movement of potatoes over longer distances, where no
direct land borders exist, will likely be more limited, and formal
movement is strongly regulated and restricted to in-vitro plants but
can also include botanical seed. Still, several of the newly identified
viruses have been detected in intercepted potatoes transported by
private travelers in Europe and the United States (Alvarez-Quinto
et al. 2023), highlighting the risk that inadvertent introductions can
happen and will increase as the volume of travel from the Andes
to other parts of the world increases. Until studies have been per-
formed to identify exact yield impacts, host ranges, and mode of
spread of the new viruses, it is difficult to estimate the degree of
risk they pose to the rest of the world and particularly food-insecure
low- and middle-income countries. The ability to rapidly develop
nucleic acid amplification-based detection methods based on the
identified sequences should at least enable detection during formal
international transfer and in healthy seed systems.

Future research priorities include the following:

(i) Developing and validating diagnostic assays for each of the
new viruses to enable detection and control.

(ii) Biological characterization, including identification of yield
impacts, modes of transmission, and alternative hosts of the
newly identified viruses, starting with the most frequent ones.

(iii) Determining the extent of occurrence of these viruses in neigh-
boring countries in South America.

Conclusions
The presented virus disease cases illustrate a range of success-

ful partnerships that have resulted in the control or prevention of
outbreaks or generated new knowledge and better preparedness to
address existing or emerging threats that had not previously been
noticed. Importantly, most of these efforts were mobilized through
international collaborations and funding by international donors,
highlighting the importance of partnerships and international assis-
tance in understanding plant virus disease threats to secure plant
health and ensure sustainable food production in low- and middle-
income countries of the world. Further coordination and harmoniza-
tion of efforts, approaches, and strategies to confront current and
emerging viral threats are needed to improve both proactive and re-
active responses. In that respect, the recent effort to harmonize the
CGIAR research strategy across centers through a dedicated Plant
Health Initiative (PHI) should play an enabling role in fostering re-
gional and global strategies and collaborations. The magnitude of
plant health challenges in the food-insecure regions of the world
are too enormous for any single initiative to tackle. Most interna-
tional consortia, such as the PHI and others, have prioritized limited
resources to contain transboundary spread of viruses and for man-
aging emerging plant viral threats in targeted geographies based on
the risk and damage. Additional investments, especially from the
country governments, are necessary to generate complementary ac-
tions to increase the impact of individual efforts. Encouraging and
promoting the creation of regional and global surveillance and di-
agnostic networks, employing harmonized or compatible protocols,
sharing services and expertise, and enabling learnings from success-

ful models implemented in different continents is a major goal of the
PHI. In this respect, among the specific examples described in this
perspective, some obvious areas for improved efficiencies can be
identified: Different organizations and projects have developed and
used different tools for similar purposes (e.g., image recognition
of diseases), whereas different protocols and database structures
are used to collect and analyze data, even for similar diseases and
crops. At the same time, plant health information is dispersed over
the internet and not always easy to find unless users know exactly
what they are looking for. Although not everything can be com-
pletely standardized and needs to be adjusted to specific contexts
and needs, at least, information should follow the FAIR principles
(Findable, Accessible, Interoperable, and Reusable).

On the other hand, results of applying high-throughput sequenc-
ing tools should also raise awareness of the needed research invest-
ment in confirming the yield impact of novel viruses, evaluating the
effectiveness of costly cleaning protocols, and updating regional
quarantine lists, all of which will ultimately favor the movement
and utility of germplasm collections in breeding programs and large-
scale healthy seed multiplication to control the impact of pests and
diseases. Thus, the PHI has the opportunity, in coordination with
other CGIAR initiatives, such as the Accelerated Breeding Initia-
tive and Seed Equal, to develop into a platform where global plant
health research involving viruses can be coordinated as a one-stop
shop with inventory of plant health research for food-insecure re-
gions of the world, where an increasing number of local plant health
officers can easily find information and each other for collaboration
and learning.

The COVID-19 pandemic helped many countries strengthen
diagnostics and surveillance capacity, including establishing sys-
tems that integrated information and communication technologies
with diagnostics for testing and traceability, such as using high-
throughput sequencing-based methods. It was a successful case of
a threat catalyzing an opportunity to improve capacity, thanks to
decent funding support and government interest in uplifting capac-
ity to counter the pandemic of the century. However, a similar level
of change has not taken place in the case of plant virus disease
outbreaks, pandemics, and major epidemics due to limited funding
and not giving due importance to plant health protection, despite
the severe impact on food and income security. Investments are
necessary in low- and middle-income countries to enhance not only
the understanding of virus epidemic drivers and the effectiveness of
control measures but also the capacity for early detection and rapid
response to avoid the recurrence of devastating virus disease out-
breaks. The examples cited in this article showcase the width and
flexibility of modern technologies for tailoring and adoption to fit
the local scenarios. It is high time for country governments to invest
in strengthening plant health capacity to tackle virus diseases.
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