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Specialty crops are a vital segment of agriculture in the United
States. Specialty crops are fruits and tree nuts, vegetables, culinary
herbs and spices, medicinal plants, as well as nursery, floriculture,
and horticulture crops (USDA-AMS 2020). In 2017, the value of
farm level sales of specialty crops, including fruits, vegetables,
and nursery crops, was estimated at close to $65 billion or 38% of
total crop sales in the United States. Approximately 240,000 farm op-
erations produced more than 350 types of fruit, vegetable, tree nut,
flower, nursery, and other horticultural crops (Johnson 2019).
Most specialty crops are clonally propagated. Clonal propagation en-

sures that propagated plants grow and produce fruits genetically iden-
tical to the original plant stock from which the planting materials are
sourced (Bhiwani and Razdan 1996). In addition, mostwoody specialty
crop plants are grown on a rootstock that provides tolerance to pests,
diseases, and abiotic factors, confers adaptability to soil type, and im-
pacts vigor, as well as influences fruit yield and quality (Castle 1995;
Nimbolkar et al. 2016). Clonal propagation of rootstocks also assures
identical genetic horticultural characteristics to the propagated progeny.
Graft-transmissible pathogens including viruses, viroids, bacteria,

and phytoplasmas can cause detrimental diseases in clonally propa-
gated specialty crops, such as berries (Martin et al. 2013, 2017; Polashock
et al. 2017), citrus (Zhou et al. 2020), fruit trees (Ogawa et al. 1995;
Rubio et al. 2017; Sutton et al. 2014), grapes (Fuchs 2020; Wilcox
et al. 2015), hops (Pethybridge et al. 2008), roses (Horst and Cloyd
2007), and sweetpotatoes (Clark et al. 2013) (Table 1). If a plant stock
(scion or rootstock) of one of these specialty crops is infected with a
graft-transmissible pathogen, many of the propagated and grafted
progeny will become infected. If pathogens are not identified in plant
stocks using robust diagnostic methodologies for subsequent elimina-
tion of all propagative units that test positive, infected planting materials
will be transferred to the field where they can contribute to disease out-
breaks and epidemics. Similarly, top-working, root-grafting, and
sometimes the use of contaminated tools (Barbosa et al. 2005) can con-
tribute to the dissemination of graft-transmissible pathogens in the

field. In addition, some viruses, phytoplasmas, and bacteria of spe-
cialty crops can be transmitted in the field by aerial arthropod vectors
such as psyllids, aphids, mealybugs, soft scales, mites, whiteflies, tree-
hoppers, and leafhoppers (Table 1). Some are also pollen-borne or
transmitted by ectoparasitic dagger nematodes (Table 1) and viroids
are mechanically transmissible, for instance in citrus (Barbosa et al.
2005) and hops (Pethybridge et al. 2008). Once an infection with a
graft-transmissible pathogen has occurred, there is no cure in the field
and management options are limited, relying primarily on reducing the
level of inoculum and eventually controlling vector populations
(Almeida et al. 2005, 2013; Clark et al. 2012; Ferguson and Grafton-
Cardwell 2014; Fuchs 2020; Gabriel et al. 2020; Gergerich et al. 2015;
Gibson and Kreuze 2015; Lee 2015;Maliogka et al. 2015;Martin et al.
2017; Ogawa et al. 1995; Olexa and Benn 2018; Pethybridge et al.
2008; Polashock et al. 2017; Rubio et al. 2017;Umer et al. 2019;Wilcox
et al. 2015; Zhou et al. 2020).
Graft-transmissible diseases of specialty crops can be costly at the

local, regional, or global scale. A comprehensive literature review re-
cently summarized our collective knowledge on the economic im-
pacts of diseases of specialty crops (Yeh et al. 2019). Here, we build
on this review and describe how economic studies have identified
profit-maximizing disease management solutions for some diseases.
We then discuss collaborative research between agriculture economists,
plant pathologists, extension educators, specialty crop growers, and
regulators to develop and disseminate integrated recommendations
on disease management strategies that resonate with growers.We also
analyze studies on returns to investment in clean plant centers that
produce, maintain, and distribute pathogen-tested propagative mate-
rial with a special emphasis on centers of the National Clean Plant
Network (NCPN). Finally, we discuss how additional economic stud-
ies could further incentivize the use of clean planting material and
strengthen efforts to safeguard specialty crops in the United States.

Diseases of Specialty Crops Can Be Costly
Numerous graft-transmissible pathogens infect specialty crops.

Some of these pathogens can cause diseases that are costly not only
for the specialty crop sector but also for governmental agencies (Yeh
et al. 2019). For example, in citrus, the economic impact of Huan-
glongbing (HLB or citrus greening) caused by Candidatus Liberi-
bacter asiaticus is estimated at close to $9 billion from 2006 to
2016 in Florida alone (Court et al. 2017; Hodges and Spreen
2012). The introduction of this invasive disease in Florida in 2005
resulted in a 40% reduction of citrus bearing hectares, a 57% decrease
in the number of citrus operations, a 34% decrease in juice-processing
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Table 1. Select pathogens of importance as of 2020 to clean plant centers of the National Clean Plant Network (NCPN) with information on their
taxonomic classification (family, genus, species name, and acronym), genome composition, morphology, and vectors

Familya Genusa Speciesa Genome Morphologyb Vectorc

NCPN-Berries
Alphaflexiviridae Potexvirus Strawberry mild yellow edge virus (SMYEV) (+)ssRNA Filamentous Aphids
Betaflexiviridae Carlavirus Blueberry scorch virus (BlScV) (+)ssRNA Filamentous Aphids
Bromoviridae Ilarvirus Apple mosaic virus (ApMV) (+)ssRNA Quasi-isometric Pollen

Blackberry chlorotic ringspot virus (BCRV)
Blueberry shock virus (BlShV)
Strawberry necrotic shock virus (SNSV)

Caulimoviridae Badnavirus Rubus yellow net virus (RYNV) dsDNA Bacilliform Aphids
Caulimovirus Strawberry vein banding virus (SVBV) dsDNA Spherical Aphids

Blueberry red ringspot virus (BRRV) Unknown
Blueberry fruit drop-associated virus (BFDaV) Unknown

Closteroviridae Closterovirus Raspberry leaf mottle virus (RLMV) (+)ssRNA Filamentous Aphids
Crinivirus Strawberry pallidosis-associated virus (SPaV) (+)ssRNA Filamentous Whiteflies

Beet pseudo-yellows virus (BPYV)
Blackberry yellow vein-associated virus (BYVaV)

Fimoviridae Emaravirus Blackberry leaf mottle-associated virus (BLMoaV) (−)ssRNA Isometric Mites
Raspberry leaf blotch virus (RLBV)

Luteoviridae Polerovirus Strawberry polerovirus 1 (SPV1) (−)ssRNA Isometric Aphids
Potyviridae Brambyvirus Blackberry virus Y (BVY) (−)ssRNA Filamentous Unknown
Rhabdoviridae Cytorhabdovirus Strawberry crinkle virus (SCV) (−)ssRNA Bullet Aphids

Unassigned Raspberry vein chlorosis virus (RVCV) (−)ssRNA Bullet Aphids
Reoviridae Unassigned Raspberry latent virus (RpLV) dsRNA Isometric Aphids
Secoviridae Nepovirus Blueberry leaf mottle virus (BLMoV) (+)ssRNA Isometric Dagger nematodes

Tomato ringspot virus (ToRSV) Dagger nematodes,
pollen

Tobacco ringspot virus (TRSV) Dagger nematodes
Sadwavirus Strawberry mottle virus (SMoV) (+)ssRNA Isometric Aphids

Black raspberry necrosis virus (BRNV) Unknown
Unassigned Strawberry latent ringspot virus (SLRSV) (+)ssRNA Isometric Dagger nematodes

Solemoviridae Sobemovirus Blueberry shoestring virus (BlSSV) (+)ssRNA Isometric Aphid
Unassigned Idaeovirus Raspberry bushy dwarf (RBDV) (+)ssRNA Isometric Pollen
Unassigned Blunervirus Blueberry necrotic ring blotch virus (BNRBV) (+)ssRNA Unknown Mites
Xanthomonadaceae Xylella Xylella fastidiosa dsDNA Rod Leafhoppers,

spittlebugs
Acholeplasmataceae Phytoplasma Candidatus Phytoplasma fragaria dsDNA N/A Leafhoppers

Candidatus Phytoplasma americanum
Candidatus Phytoplasma asteris
Candidatus Phytoplasma rubi

NCPN-Citrus
Alphaflexivirdae Mandarivirus Citrus yellow vein clearing virus (CYVCV) (+)ssRNA Filamentous Aphids and

whiteflies
Indian citrus ringspot virus ((ICRSV) Unknown

Aspiviridae Ophiovirus Citrus psorosis virus (CPsV) (-)ssRNA Filamentous Unknown
Betaflexiviridae Capillovirus Apple stem grooving virus (ASGV) (+)ssRNA Filamentous Unknown

Citrivirus Citrus leaf blotch virus (CLBV) (+)ssRNA Filamentous Unknown
Citrus leaf blotch virus 2 (CLBV2)

Bromoviridae Ilarvirus Citrus variegation virus (CVV) (+)ssRNA Quasi-isometric Unknown
Citrus leaf rugose virus (CLRV)

Bunyavirales Coguvirus Citrus concave gum-associated virus (CCGaV) (-)ssRNA Isometric Unknown
Citrus virus A (CiVA)

Caulimoviridae Badnavirus Citrus yellow mosaic virus (CYMV) dsDNA Bacilliform Mealybug
Closteroviridae Closterovirus Citrus tristeza virus (CTV) (+)ssRNA Filamentous Aphids
Geminiviridae Unassigned Citrus chlorotic dwarf-associated virus (CCDaV) (+)ssRNA Whiteflies
Kitaviridae Cilevirus Citrus leprosis virus C (CiLV-C) (+)ssRNA Bacilliform Mites

Citrus leprosis virus C2 (CiLV-C2)
Luteoviridae Enamovirus Citrus vein enation virus (CVEV) (+)ssRNA Isometric Aphids
Rhabdoviridae Dichorhavirus Citrus chlorotic spot virus (CiCSV) (-)ssRNA Rod Mites

Citrus leprosis N virus (CiLV-N)
Orchid fleck virus (OFV)

Secoviridae Sadwavirus Satsuma dwarf virus (SDV) (+)ssRNA Isometric Unknown
Tymoviridae Marafivirus Citrus sudden death-associated virus (CSDaV) (+)ssRNA Isometric Unknown
Pospiviroidae Apscaviroid Citrus bent leaf viroid (CBLVd) ssRNA N/A N/A

Apscaviroid Citrus dwarfing viroid (CDVd)
Apscaviroid Citrus viroid V (CVd V)
Apscaviroid Citrus viroid VI (CVd VI

(Continued on next page)
a Some of the taxonomic affiliations and virus names are tentative, as ratifications by the International Committee on Taxonomy of Viruses are pending.
b The shape of some virions is predicted by analogy with other viruses of the same genus or the same family rather than from actual electron micrograph
observations.

c Some of the vectors are deduced by analogy with vectors of other viruses of the same genus rather than from conclusive transmission assays. N/A: not
applicable.
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Table 1. (Continued from previous page)

Familya Genusa Speciesa Genome Morphologyb Vectorc

Apscaviroid Citrus viroid VII (CVd VII)
Cocadviroid Citrus bark cracking viroid (CBCVd) ssRNA N/A N/A
Hostuviroid Hop stunt viroid (HSVd) ssRNA N/A N/A
Pospiviroid Citrus exocortis viroid (CEVd) ssRNA N/A N/A

Rhizobioceae Candidatus
Liberibacter

Candidatus Liberibacter asiaticus dsDNA Rod Psyllids

Xanthomonadaceae Xanthomonas Xanthomonas citri subsp. citri dsDNA Rod NA
Xanthomonadaceae Xylella Xylella fastidiosa subsp. pauca dsDNA Rod Sharpshooters
Spiroplasmataceae Spiroplasma Spiroplasma citri dsDNA Pleomorphic/Spiral Leafhoppers
Acholeplasmataceae Phytoplasma Candidatus Phytoplasma aurantifolia dsDNA N/A Leafhoppers

NCPN-Fruit Trees
Betaflexiviridae Trichovirus Apple chlorotic leaf spot virus (ACLSV) (+)ssRNA Filamentous Unknown

Cherry mottle leaf virus (CMLV)
Peach mosaic virus (PcMV)

Capillovirus Apple stem grooving virus (ASGV) (+)ssRNA Filamentous Unknown
Cherry virus A (CVA)

Foveavirus Apple stem pitting virus (ASPV) (+)ssRNA Filamentous Unknown
Apple green crinkle-associated virus (AGCaV) (+)ssRNA Filamentous

Robigovirus Cherry green ring mottle virus (CGRMV) (+)ssRNA Filamentous Unknown
Cherry necrotic rusty mottle virus (CNRMV)
Cherry rusty mottle-associated virus (CRMaV)
Cherry twisted leaf-associated virus 1 (CTLaV-1a/1b)

Bromoviridae Ilarvirus Apple mosaic virus (ApMV) (+)ssRNA Quasi-isometric Unknown
American plum line pattern virus (APLPV)
Prune dwarf virus (PDV) Pollen
Prunus necrotic ringspot virus (PNRSV)

Closteroviridae Ampelovirus Little cherry virus 2 (LChV2) (+)ssRNA Filamentous Mealybugs
Plum bark necrosis stem pitting-associated virus
(PBNSPaV)

Velarivirus Little cherry virus 1 (LChV1) (+)ssRNA Filamentous Unknown
Luteoviridae Luteovirus Apple luteovirus 1 (ALV-1) (+)ssRNA Filamentous Unknown

Nectarine stem pitting-associated virus (NSPaV)
Potyviridae Potyvirus Plum pox virus (PPV) (+)ssRNA Filamentous Aphids
Phenuiviridae Coguvirus Citrus concave gum-associated virus (CCGaV) (+)ssRNA Isometric Unknown

Rubodvirus Apple rubbery wood-associated virus 1 (ARWaV-1) (+)ssRNA Isometric Unknown
Apple rubbery wood-associated virus 2 (ARWaV-2)

Tombusviridae Tombusvirus Tomato bushy stunt virus (TBSV) (+)ssRNA Unknown Unknown
Secoviridae Nepovirus Arabis mosaic virus (ArMV) (+)ssRNA Isometric Dagger nematodes

Cherry leaf roll virus (CLRV) Unknown
Cherry rasp leaf virus (CRLV) Dagger nematodes
Peach rosette mosaic virus (PRMV)
Tobacco ringspot virus (TRSV)
Raspberry ringspot virus (RpRSV)
Tomato black ring virus (TBRV)
Tomato ringspot virus (ToRSV)

Unassigned Strawberry latent ringspot virus (SLRSV)
Asunviroidae Pelamoviroid Apple hammerhead viroid (AHVd) ssRNA N/A N/A

Peach latent mosaic virus (PLMVd)
Pospiviroidae Apscaviroid Apple scar skin viroid (ASSVd) ssRNA N/A N/A

Apple dimple fruit viroid (ADFVd)
Apple chlorotic fruit spot viroid (ACFSVd)
Pear blister canker viroid (PBCVd)

Hostuviroid Hop stunt viroid (HSVd) ssRNA N/A N/A
Unassigned Apple fruit crinkle viroid (AFCVd) ssRNA N/A N/A

Xanthomonadaceae Xylella Xylella fastidiosa subsp. Multiplex dsDNA Rod Leafhoppers,
spittlebugs

Acholeplasmataceae Phytoplasma Candidatus Phytoplasma pyri dsDNA N/A Psyllids
Candidatus Phytoplasma pruni dsDNA N/A Leafhoppers
Candidatus Phytoplasma prunorum dsDNA N/A Leafhoppers

NCPN-Grapes
Betaflexiviridae Vitivirus Grapevine virus A (GVA) (+)ssRNA Filamentous Mealybugs, soft scales

Grapevine virus B (GVB)
Grapevine virus D (GVD)
Grapevine virus E (GVE)
Grapevine virus F (GVF)

Caulimoviridae Badnavirus Grapevine vein clearing virus (GVCV) dsDNA Bacilliform Aphids
Closteroviridae Ampelovirus Grapevine leafroll-associated virus 1 (GLRaV1) (+)ssRNA Filamentous Mealybugs,

soft scales
Grapevine leafroll-associated virus 3 (GLRaV3) Mealybugs,

soft scales
Grapevine leafroll-associated virus 4 (GLRaV4)
Grapevine leafroll-associated virus 13 (GLRaV13) Unknown

(Continued on next page)
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facilities and a loss of almost 8,000 full-time jobs by 2018 (Singerman
2019; USDA-NASS 2020). In California, the Citrus Pest and Disease
Prevention Program spends over $40 million annually to eradicate and
suppress HLB and its vector, the Asian citrus psyllid (ACP, Diaphor-
ina citri Kuwayama). Additionally, the United States Department of

Agriculture (USDA) has invested $400 million for HLB suppression
in eight years (McRoberts et al. 2019; Olexa and Benn 2018). A hy-
pothetical 20% reduction in citrus bearing hectares due to HLB was
predicted to result in more than 7,000 job losses and a reduction of
$0.5 billion in California’s gross domestic product (Babcock 2018).

Table 1. (Continued from previous page)

Familya Genusa Speciesa Genome Morphologyb Vectorc

Closterovirus Grapevine leafroll-associated virus 2 (GLRaV2) (+)ssRNA Filamentous Unknown
Velarivirus Grapevine leafroll-associated virus 7 (GLRaV7) (+)ssRNA Filamentous Unknown

Geminiviridae Grablovirus Grapevine red blotch virus (GRBV) ssDNA Twinned Treehopper
Secoviridae Nepovirus Artichoke Italian latent virus (AILV) (+)ssRNA Isometric Unknown

Arabis mosaic virus (ArMV) Dagger nematode
Blueberry leaf mottle virus (BBLMV) Unknown
Cherry leafroll virus (CLRV)
Grapevine Anatolian ringspot virus (GARSV)
Grapevine Bulgarian latent virus (GBLV)
Grapevine deformation virus (GDeV)
Grapevine chrome mosaic virus (GCMV)
Grapevine fanleaf virus (GFLV) Dagger nematode
Grapevine Tunisian ringspot virus (GTRV) Unknown
Peach rosette mosaic virus (PRSM) Dagger nematode
Raspberry ringspot virus (RpRSV)
Tobacco ringspot virus (TRSV)
Tomato ringspot virus (ToRSV)
Tomato black ring virus (TBRV)

Unassigned Strawberry latent ringspot virus (SLRSV) (+)ssRNA Isometric Dagger nematodes
Tymoviridae Marafivirus Grapevine asteroid mosaic-associated virus

(GAMaV)
(+)ssRNA Isometric Leafhoppers

Grapevine rupestris vein feathering virus (GRVFV)
Grapevine Syrah virus 1 (GSyV1)

Maculavirus Grapevine fleck virus (GFkV) (+)ssRNA Isometric Unknown
Grapevine redglobe virus (GRGV)

Xanthomonadaceae Xylella Xylella fastidiosa dsDNA Rod Leafhoppers,
spittlebugs

Acholeplasmataceae Phytoplasma Candidatus Phytoplasma vitis dsDNA N/A Leafhoppers/
Planthoppers

Candidatus Phytoplasma solani
Candidatus Phytoplasma asteris
Candidatus Phytoplasma pruni
Candidatus Phytoplasma ulmi
Candidatus Phytoplasma phoenicium
Candidatus Phytoplasma trifolii
Candidatus Phytoplasma fraxini

NCPN-Hops
Bromoviridae Ilarvirus Apple mosaic virus (ApMV) (+)ssRNA Quasi-isometric Unknown

Prunus necrotic ringspot virus (PNRSV)
Betaflexiviridae Carlavirus Hop mosaic virus (HpMV) (+)ssRNA Filamentous Aphid

American hop latent virus (AHLV)
Hop latent virus (HpLV)

Secoviridae Nepovirus Arabis mosaic virus (ArMV) (+)ssRNA Isometric Dagger nematode
Tobacco ringspot virus (TRSV)
Tomato ringspot virus (ToRSV)

Pospiviroidae Apscaviroid Apple fruit crinkle viroid (AFCVd) ssRNA N/A Mechanical
Cocadviroid Citrus bark cracking viroid (CBCVd) ssRNA N/A Unknown

Hop latent viroid (HLVd) Seed
Hostuviroid Hop stunt viroid (HSVd) ssRNA N/A Mechanical

Acholeplasmataceae Phytoplasma Candidatus Phytoplasma asteris dsRNA N/A Leafhoppers

NCPN-Roses
Bromoviridae Ilarvirus Apple mosaic virus (ApMV) (+)ssRNA Quasi-isometric Pollen

Prunus necrotic ringspot virus (PNRSV)
Blackberry chlorotic ringspot virus (BCRV)

Caulimoviridae Rosadnavirus Rose yellow vein virus (RYVV) dsDNA Bacilliform Unknown
Fimoviridae Emaravirus Rose rosette virus (RVV) (-)RNA Isometric Mite
Luteoviridae Luteovirus Rose spring dwarf-associated virus (RSDaV) (+)RNA Isometric Aphids

NCPN-
Sweetpotatoes

Closteroviridae Crinivirus Sweet potato chlorotic stunt virus (SPCSV) (+)ssRNA Filamentous Whiteflies
Geminiviridae Begomovirus Sweet potato leaf curl virus (SPLCV) ssDNA Twinned Whiteflies, seed
Potyviridae Potyvirus Sweet potato feathery mottle virus (SPFMV) (+)ssRNA Filamentous Aphids

Sweet potato virus G (SPVG)
Sweet potato virus C (SPVC)
Sweet potato virus 2 (SPV2)
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In wine grapes, grapevine leafroll disease causes losses ranging
from $25,000 to over $226,000 per hectare over a predicted 25-year
lifespan of a vineyard, depending on disease prevalence, level of
yield reduction, price penalty for suboptimal fruit quality and the
grape growing region (Atallah et al. 2012; Ricketts et al. 2015). Sim-
ilarly, losses to grapevine red blotch disease were estimated to range
from $2,200 per hectare in eastern Washington state to over $69,500
per hectare in Napa County, California over a predicted 25-year life
span of a vineyard (Ricketts et al. 2017). The annual impact of grape-
vine leafroll-associated virus 3 (GLRaV-3), the major virus associ-
ated with leafroll disease (Almeida et al. 2013), is estimated at
$90 million in California (Cheon et al. 2020). For Pierce’s disease,
the economic fallout to the grape and wine industry in California
is similarly estimated at $92 million annually (Alston et al. 2013).
In fruit trees, the discovery of plum pox virus (PPV) in Pennsyl-

vania in 1999 resulted in enactment of a statewide eradication pro-
gram. This is because PPV is a regulated invasive species in the
United States. The cost of the PPV eradication program in Pennsyl-
vania was $59million from 1999 to 2009 in USDA and Pennsylvania
Department of Agriculture payouts (Welliver et al. 2014). In addi-
tion, close to 810 hectares of stone fruit orchards and over 2,500 trees
in garden centers, landscape nurseries and homeowner properties
were removed and destroyed (Welliver et al. 2014). A more recent
example of the economic impact of a fruit tree disease is the dual ep-
idemic of little cherry virus 2 (LChV2), the major causal agent of lit-
tle cherry disease (Harper et al. 2019a), and Candidatus phytoplasma
pruni, the causal agent of X-disease (Harper et al. 2019b), which is
projected to reduce cherry production in the Pacific Northwest of the
United States by 12% in 2020. To date, over 400 hectares of sweet
cherry trees and close to 300 hectares of other stone fruit trees have
been removed to contain the two pathogens and reduce their spread
(Mejica 2020; Prengaman and Mullinax 2019).

With documented losses in the billions of dollars annually, eco-
nomic studies stress how costly select diseases of specialty crops
can be in the United States (Yeh et al. 2019). Economic studies also
underscore how destabilizing diseases like HLB or plum pox can be
to growers’ communities with employment losses, interruptions in
production, diversification of farm operations, relocations of production
fields and nurseries or confinements of nursery operations (Singerman
2019; Welliver et al. 2014). Similarly, actions promoted by govern-
mental agencies to avoid crop losses due to diseases of specialty crops
through certification, eradication or quarantine programs are costly
(Singerman 2019; McRoberts et al. 2019; Olexa and Benn 2018;
USDA-NASS 2020; Welliver et al. 2014).

Pathogen-Tested, Foundation Plant Stocks of Specialty
Crops and the NCPN
The management of diseases caused by graft-transmissible patho-

gens of specialty crops is essentially prophylactic with the produc-
tion and maintenance of pathogen-tested (negative) foundation
plant stocks, and the distribution of propagation material derived
thereof to nurseries and growers for the generation of clean planting
material or of producing plants (Gergerich et al. 2015). Clean,
pathogen-tested foundation plant stocks are the backbone of sustain-
able specialty crop production. The production, maintenance, and
distribution of pathogen-tested foundation propagative material,
i.e., scion budwood, rootstock cuttings, liners, seedlings, or rhi-
zomes, is essential for the production of plants for planting that
are healthy and of high horticultural quality. One can think of invest-
ments in pathogen-tested foundation plant stocks and their distribu-
tion to growers as an insurance policy to avoid future economic
losses.
In the United States, the production, maintenance, and distribution

of pathogen-tested foundation propagation material is supported by

Fig. 1. Centers of the National Clean Plant Network (NCPN) that produce and maintain pathogen-tested foundation stocks in the United States, and distribute material derived
thereof, as of 2020. From left to right: Foundation Plant Services, University of California - Davis (UC Davis) in Davis, CA; United States Department of Agriculture-Agriculture
Research Service (USDA-ARS) at Oregon State University (OSU) in Corvallis, OR; University of California - Riverside (UC Riverside) and USDA-ARS, National Clonal Germplasm
Repository for Citrus and Dates in Riverside, CA; Washington State University (WSU) in Prosser, WA; University of Hawaii (UH) in Honolulu, HI; University of Arizona (UA) in Yuma,
AZ; Texas A&M University (TAMU) in Kingsville, TX; Texas A&M University (TAMU College Station) in College Station, TX; University of Arkansas (UARK) in Fayetteville, AR;
Louisiana State University (LSU) in Chase, LA; University of Arkansas (UARK Pine Bluff) Division of Agriculture in Pine Bluff, AR; Louisiana State University (LSU) in Baton Rouge,
LA; Missouri State University (Missouri State Mtn Grove) in Mountain Grove, MO; Mississippi State University (MSU) in Pontotoc, MS; Auburn University (Auburn) in Auburn, AL;
University of Puerto Rico (UPR) in Mayaguez, PR; Florida A&M University (FAMU) in Tallahassee, FL; Florida Department of Agriculture and Consumer Services, Division of Plant
Industry (FLDPI) in Winter Haven, FL; Clemson University (Clemson) in Clemson, SC; Florida Department of Agriculture and Consumer Services, Division of Plant Industry (FLDPI)
in Winter Haven, FL; Cornell University (Cornell) in Geneva, NY; and North Carolina State University (NCSU) in Raleigh, NC. The specialty crops managed at each NCPN center
are indicated by colored dots. Research on economic benefits focused so far on the two NCPN centers circled in red.
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the NCPN, which was created to protect specialty crops from eco-
nomically harmful plant pests and diseases (NCPN 2020a). The
NCPN is managed by the USDA’s Animal and Plant Health Inspec-
tion Service (APHIS) in conjunction with USDA’s Agriculture Re-
search Service, and USDA’s National Institute for Food and
Agriculture (NCPN 2020a). The mission of NCPN centers is to pro-
duce and maintain pathogen-tested foundation plant stocks, and dis-
tribute clean propagative material derived thereof to nurseries,
growers, and consumers (Gergerich et al. 2015). To date, the NCPN
comprises seven crop-specific networks, i.e., grapes, fruit trees, cit-
rus, berries, hops, roses, and sweetpotatoes. These seven networks
consist of 33 clean plant centers located in 20 states and one territory
(NCPN 2020b). Among the 33 clean plant centers affiliated with
the NCPN, 22 are involved in the production and maintenance of
pathogen-tested foundation stocks and the distribution of materials
derived thereof. They are located in 16 states, i.e., Alabama, Arizona,
Arkansas, California, Florida, Hawaii, Louisiana, Maryland, Missouri,
Mississippi, North Carolina, New York, Oregon, South Carolina,
Texas, and Washington, and one territory, i.e., Puerto Rico (Fig. 1).
Most clean plant centers are involved in a single crop-specific network
and a few are involved in multiple crop-specific networks (Fig. 1).
Pathogen-tested foundation plant stocks are primarily maintained

in foundation sites referred to as G1 blocks (Fig. 2). Only a limited
number of plants (usually less than five) are routinely kept for each
clean accession (i.e., cultivar, clone, genotype, selection, etc.) in G1
foundation blocks. Plant material in G1 blocks is kept in open sites,
as well as enclosed settings, i.e., greenhouses, screenhouses, plastic
houses, and/or tissue culture growth rooms (Fig. 3). Material from
G1 blocks is then established in increase fields, referred to as G2
blocks, to bulk up the number of propagative units needed for the
production of planting material to be sold to growers. Material from
G2 blocks can be further propagated and established in G3 blocks,
and eventually in G4 blocks (Fig. 2).
Material in G1 blocks is established and maintained by NCPN cen-

ters as registered foundation stock with a state department of agricul-
ture (Fig. 2). Material in G2 to G4 blocks is typically established and
maintained by nurseries and registered and/or certified by their respec-
tive state department of agriculture (Fig. 2). Registration and certifica-
tion are essential to ascertain the health of G1 to G4 plants with regard
to the absence of detrimental diseases for which assays are available to
test for causal or associated agents, and to minimize the introduction of
regulated diseases and pests inG1 toG4 blocks (Gergerich et al. 2015).
These processes are also essential to ensure the health of planting ma-
terial. Although we recognize the utmost importance of registration and
certification programs for managing graft-transmissible pathogens of
specialty crops, we will not further discuss them in this article.
Selected pathogens of importance to NCPN centers are listed in

Table 1. For a complete list of pathogens dealt with by NCPN cen-
ters, visit http://nationalcleanplantnetwork.org/. Nearly every patho-
gen managed by NCPN centers is graft transmissible. Plant stocks at
various G1 foundation blocks that test negative for these pathogens
are maintained by NCPN centers. These include thousands of acces-
sions for most crops: 2,250 fruit trees, 1,000 grapevines, 1,000 citrus,
close to 300 berries, 170 sweetpotatoes, 50 hops, and 600 roses
(NCPN 2020c). In addition, NCPN centers distribute annually to
nurseries and growers approximately 100,000 units of propagation
material (cuttings, scions, and plantlets) and more than 340,000 buds
of fruit trees; 140,000 cuttings, buds, plants, and seeds of grapevines;
material for the annual production of 30 million clean berry plants;
material for the production of 7.5 million clean citrus trees; 1,000
propagative units of hops; 100,000 sweetpotato plants; andmore than
80,000 propagative units of roses (NCPN 2020c).

Management of Pathogen-Tested Foundation Plant
Stocks at NCPN Centers
The establishment and maintenance of G1 blocks by NCPN cen-

ters is laborious and costly. Traditionally, G1 blocks of pathogen-
tested plant stocks were in open settings (Fig. 3). These conditions
can compromise the health of G1 plants via the introduction of path-
ogens via pollen- or vector-mediated transmission. This reality called

for rigorous approaches to mitigate the influx of pathogens via aerial
dispersal of viruliferous vectors or infected pollen and the use of best
practices to maintain the health of precious plant materials in G1
blocks. To minimize exposure to secondary spread of pathogens
from nearby virus sources, isolation of G1 field sites from similar
plants or cross-compatible plant species is used. Nonetheless, exten-
sive monitoring and testing of G1 fields is required annually when
established in the open. Any infected plant needs to be immediately
removed with systematic follow-up to ensure that no secondary
spread has occurred within the foundation block. An elegant ap-
proach to minimize the consequences of aerially dispersing vectors
or pollen movement from undesired plant sources is to establish
and maintain pathogen-tested stocks in greenhouses or screenhouses
with pest exclusion features (Fig. 3). This approach was adopted
early by the citrus industry as a consequence of HLB outbreaks
(USDA-APHIS 2020; Vidalakis et al. 2014), then by the tree fruit
industry in the Pacific northwestern United States in response to
the vector-borne Ca. phytoplasma pruni in Prunus spp. (Harper
et al. 2019b), and more recently by the grape industry in California
in response to the discovery of red blotch disease in foundation vine-
yards (Farrar 2019). Another approach to avoid plant exposure to det-
rimental pathogens is to maintain and propagate pathogen-tested
foundation stocks in tissue culture containers. This strategy was
implemented by the berry industry (Fig. 3). Maintaining G1 blocks
in screened greenhouses, screenhouses, and/or tissue culture vessels
sustains the cleanliness of foundation plant stocks over time.
The supply of pathogen-tested stocks can occasionally fall short of

grower demand (Hansen 2014; Herrick 2014; Weinstock 2016). For
example, growers can request cultivars, particularly new cultivars or
new clones of existing cultivars, in substantial quantity and at a cer-
tain time to diversify their production. These cultivars or clones
might not be available, or their availability might be limited in G1
blocks. A high demand for new cultivars or new clones and the drive
to get them into the marketplace quickly often forces nurseries to pro-
duce planting material derived from stocks that are not tested for
pathogens. This is particularly true for apple production, for which
there is a constant turnover of cultivars in orchards in response to
market demands and to the industry transitioning to high density
plantings (Herrick 2014; Weinstock 2016). As a consequence, path-
ogens can be introduced into production fields via unchecked planting
material, potentially starting new epidemics and incurring substantially
increased management costs. An example of this is the discovery of
little cherry virus 1 spreading by root-grafting though a cherry or-
chard in central Washington State; as this virus lacks a vector (Fuchs
et al. 2020), it could only have been introduced through infected
planting material (Harper, unpublished). To facilitate the timely
availability of new materials that are tested for pathogens, breeding
programs are encouraged to screen their elite selections for pathogens
at NCPN centers when launching new cultivars or new clones. This
ensures that pathogen-tested source materials are available at nurser-
ies for the timely production of clean planting material in the amount
needed to supply the demand.

Economic Benefits of NCPN Centers
A literature review recently summarized the economic benefits of

NCPN centers (Yeh et al. 2019). To date, these studies have focused
on two centers: Clean Plant Center Northwest (CPCNW), Washing-
ton State University in Prosser, WA; and Foundation Plant Services
(FPS), University of California in Davis, CA (Fig. 1). The economic
benefits of the center in Prosser, WA, were estimated based on pro-
jected yield losses and quality decline due to viruses in fruit trees
such as apples, sweet cherries, and clingstone peaches. The total
gross annual benefit to fruit tree growers and nurseries was close
to $81 million annually or 150 times the cost of establishing and op-
erating the center (Cembali et al. 2003). These findings suggested
that for every dollar invested in the clean plant center in Prosser,
WA, there is a $150 return to the fruit tree growers and nurseries.
The return for consumers ($147 million) was approximately 270-
fold. These benefits were primarily calculated in terms of avoiding
higher retail prices and higher production costs due to virus diseases.
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They were estimated based on the performance of the fruit tree indus-
try, assuming it is entirely virus free (Cembali et al. 2003). Notably,
this assumption is unrealistic, given the documented foray of patho-
gens in production orchards via aerial vectors. Therefore, the benefits

to consumers might have been overvalued in this study. For the same
center, an earlier analysis estimated returns of $2.6 billion over 20
years to apple, cherry, pear, and peach growers in the Pacific North-
west of the United States (Seavert and Julian 2012). These two

Fig. 2. Flowchart depicting the journey of a specialty crop selection through a center of the National Clean Plant Network (NCPN). Plant selection candidates are introduced from
foreign or domestic sources and extensively tested for pathogens and diseases. If tests are positive, plant selection candidates may be sanitized using appropriate therapeutic
methodologies and, following treatment, tested again to verify that the pathogen(s) of concern has been eliminated. If tests are negative, the identity of the plant selection candidates
may be tested by morphological characteristics or DNA fingerprinting. If the selection is correctly identified, it qualifies as a foundation plant stock for establishment in a G1 block and
registration by a state department of agriculture. Plant material from G1 blocks is then established by nurseries in increase blocks referred to as G2 blocks. Material from G2 blocks
can be further propagated by nurseries and established in G3 blocks, and subsequently in G4 blocks. Plant material in G2 and G3 blocks is registered by a state department of
agriculture and provides the planting material that is certified by a state department of agriculture and made available to growers. For berries, nurseries sell G2 or G3 tissue cultured
plants to growers. NCPN activities are depicted in blue on the flowchart.
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seminal studies were the first to document the economic impact of a
clean plant center in the United States.
More recently, an economic analysis of FPS, the major NCPN cen-

ter for grapes, was performed as a collaborative effort between agri-
culture economists, center leaders, nursery managers, state regulators,
extension educators, and vineyard managers. The analysis of the
costs and benefits of testing for GLRaV-3 at FPS documented ben-
efits exceeding $20 million annually for the north coast of California,
with economic returns outweighing costs 10-fold (Fuller et al. 2019).
For the rest of the main grape growing regions in California, the an-
nual value of the same program was estimated at $70 million (Cheon
et al. 2020). Combined, the value of GLRaV-3 screening in Califor-
nia is estimated at $90 million per year or approximately 1.6% of the
estimated $5.5 billion value of the grape industry in California
(Cheon et al. 2020). Another study estimated the economic impacts
of public investments in FPS by focusing on grapevine leafroll dis-
ease. It revealed returns to public investments ranging from a 19:1 to
a 99:1 ratio with a 5% and a 20% disease infection rate in commercial
vineyards, respectively, from 2006 to 2015 (Gómez, unpublished
data). Projections to the next 10 years indicated returns to public in-
vestments ranging from a 38:1 to a 140:1 ratio with a 5% and a 20%
disease infection rate in vineyards (in 2015-dollar value) by 2025.
These findings stressed the tremendous economic impact of an
NCPN center. In addition, Gómez and colleagues analyzed how re-
sources are allocated regarding the production and adoption of clean
planting material. These authors suggested that grape growers and
nurseries reap most of the benefits of clean planting material derived
from virus-tested G1 stocks, as opposed to wineries, because the grape
supply is less responsive to prices relative to the wine industry demand
for grapes.
In summary, economic studies highlighted the critical nature of

NCPN centers for the sustainability of viticulture and fruit tree pro-
duction with documented returns on public investments ranging from
10:1 to 150:1. With positive industry returns largely exceeding total
costs, the cost-effectiveness of these two clean plant centers is

undeniable. In addition, economic studies revealed that growers
and nurseries receive the primary benefits of clean planting material
derived from pathogen-tested foundation plant stocks. It should be
noted that CPCNW, FPS, and most NCPN centers do not rely exclu-
sively on public resources to operate. They primarily use funds pro-
vided by growers and nurseries through user fees for the purchase and
propagation of propagative material sourced from G1 plant stocks
or through commodity marketing orders or checkoff programs. They
also rely to some extent on institutional support (e.g., use of land
grant university resources such as human and physical capital) to
operate and fulfill their mission. However, public funds are critical
for continuous operations of NCPN centers, regardless of how mar-
kets fluctuate.

Disease Management Options That Minimize the
Negative Impacts of Graft-Transmissible Pathogens on
Grower Profits
Once in the field, diseases of specialty crops caused bygraft-transmissible

pathogens require expensive management strategies at the local, re-
gional, or national level. Reduction or elimination of pathogens are
the primary objectives of disease management solutions in the field.
These are primarily achieved by roguing in combination with insect
vector control strategies, if applicable and appropriate, and entire field
removals (Sisterson and Stenger 2013). These strategies are designed
to reduce or eliminate the pathogen inoculum and to limit disease
spread.
Roguing and orchard removals have recently been applied to man-

age simultaneous outbreaks of LChV2 and Ca. phytoplasma pruni
in cherry orchards in the Pacific Northwest of the United States
(Mejica 2020; Prengaman and Mullinax 2019). Similarly, virus dis-
ease management in vineyards relies on extensive scouting, roguing,
or elimination of entire parcels and, if appropriate, applications of ag-
rochemicals to control vector populations, particularly mealybugs,
soft scale insects, and dagger nematodes (Almeida et al. 2013; Bell
et al. 2018; Maliogka et al. 2015; Pietersen et al. 2017). Multiyear
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Fig. 3. Pathogen-tested foundation G1 specialty crop plant stocks maintained in open fields, enclosed settings with pest exclusion features, and tissue culture containers at centers
of the National Clean Plant Network (NCPN). A, G1 strawberry plants maintained in greenhouses with pest exclusion features at Foundation Plant Services (FPS), University of
California-Davis in Davis, CA, with annual screening for viruses and DNA fingerprinting to ensure no propagation or labeling errors are made. B, G1 hops maintained in a
greenhouse with pest exclusion features at the Clean Plant Center Northwest (CPCNW), Washington State University, in Prosser, WA. C, G1 apple trees in a greenhouse at
the CPCNW, Washington State University, Prosser, WA. D, G1 sweetpotato plants maintained in a greenhouse with double door entries and strict vector control procedures
at FPS, University of California-Davis in Davis, CA, because damaging viruses are readily transmitted by aphids and whiteflies. E, G1 blackberry plantlets maintained in gas
permeable polyethylene Star*Pac bags in a tissue culture growth room and then in a cold storage room for 2.5 years with extensive indexing for viruses and DNA
fingerprinting at USDA-ARS in Corvallis, OR. F, G1 roses maintained at FPS, University of California-Davis, Davis, CA, in field plantings with annual screening for prunus
necrotic ringspot virus and apple mosaic virus. With the support of NCPN, the collection, which was established in the 1960s, was repropagated and expanded in recent
years to include over 800 scion selections and eight rootstock genotypes. G, G1 grapevines maintained in a greenhouse with pest exclusion features at the CPCNW,
Washington State University, in Prosser, WA. H, G1 citrus budwood source trees maintained in 80,000 sq. ft. screenhouse structures with pest exclusion features since
1998 and backed up twice in two compartments of a 5,700 sq. ft. positive pressure greenhouse, built by the citrus industry at the Lindcove Research and Extension Center,
University of California-Agriculture and Natural Resources, in Exeter, CA. Pathogen tested citrus germplasm is also cryopreserved at the USDA-ARS, National Center for
Genetic Resources Preservation at Fort Collins, CO.
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studies on the spatiotemporal dynamics of leafroll disease in Califor-
nia (Cooper et al. 2018), New Zealand (Bell et al. 2018), and South
Africa (Pietersen et al. 2013) vineyards substantiated that leafroll dis-
ease management should target both mealybug vectors via popula-
tion suppression approaches and virus inoculum via the removal
of diseased vines. These solutions have been successfully adopted
for the management of leafroll disease in South Africa and New Zea-
land (Pietersen et al. 2017). Interestingly, economic studies con-
firmed the merit of roguing in combination with insecticide
applications to reduce mealybug populations when leafroll disease
prevalence is low (between 5 and 10%), whereas a full vineyard re-
placement should be pursued if disease prevalence is higher, gener-
ally above 25%, although regional differences were clearly noted
among the three studied grape-growing regions in California (Ricketts
et al. 2015). Other studies reached similar conclusions in New York
(Atallah et al. 2012), New Zealand (Bell et al. 2018; Pietersen et al.
2017), South Africa (Pietersen et al. 2013, 2017), and the north coast
of California (Fuller et al. 2019). Economical leafroll disease man-
agement recommendations should be considered as general guide-
lines that need to be customized at a parcel, estate, or regional scale.
This is because singularities among estates and grape-growing re-
gions in terms of vineyard management practices, tolerance to the
effects of leafroll disease on fruit quality, and business model need
to be captured for the development of tailored solutions.
For grapevine red blotch disease, management strategies consist of

roguing and removal of entire vineyard parcels without the applica-
tion of insecticides (Cieniewicz et al. 2019b). Populations of the
three-cornered alfalfa hopper (Spissistilus festinus, Say, 1830) vector
of GRBV (Bahder et al. 2016) are low in vineyards; they visit vine-
yards predominantly during a short period of the growing season
(Cieniewicz et al. 2017, 2019a) and do not reproduce on grapevines
(Preto et al. 2018). Thus, controlling vector populations is not recom-
mended to mitigate the impacts of red blotch disease. Roguing symp-
tomatic vines and selecting replants derived from virus-tested
foundation vine stocks are predicted to minimize economic losses
if the incidence of red blotch disease is low to moderate (below
30%), whereas a full vineyard replacement should be pursued if dis-
ease incidence is higher, generally above 30% (Ricketts et al. 2017).
Again, strategies designed to minimize the negative impacts of graft-
transmissible diseases on grower profits should be considered as
guidelines to develop customized actions at a parcel, estate, or re-
gional scale.
In citrus, disease management solutions are drastic, essentially due

to the severity of HLB. Areas affected by HLB are quarantined to
limit the spread of the disease; eradication programs are instituted
to remove infected trees to protect the citrus industry. In addition,
the movement of citrus fruits and propagative materials is regulated;
only cleaned or packed fruits are allowed to move in order to mini-
mize the dissemination of psyllids. Also, only materials derived from
pathogen-tested plant stocks are used to replant groves or replace
trees infected with HLB or other pathogens (CDFA 2019; McRoberts
et al. 2019; Morris and Muraro 2008; Roka et al. 2009; Salifu et al.
2012). Furthermore, nurseries are required to produce trees under in-
sect exclusionary structures, such as screenhouses or greenhouses.
Transportation of citrus nursery stock is allowed after treatment with
approved insecticides and only achieved in enclosed vehicles. In cit-
rus groves, frequent agrochemical treatments of trees are mandated
for the control of psyllid vectors to reduce disease spread. Most im-
portantly, coordinated area-wide management of psyllid vectors by
multiple growers with applications timed only a few days apart
has been adopted to reduce psyllid populations and the spread of
HLB. This practice is economically more attractive and biologically
more effective than actions taken by individual growers (CDFA
2019; McRoberts et al. 2019; Olexa and Benn 2018; Sherman
et al. 2019; Singerman et al. 2017).
In summary, economic studies made substantial contributions to

minimize the economic impacts of graft-transmissible pathogens
of specialty crops once diseases are present in growers’ fields (Atallah
et al. 2012; Bell et al. 2018; Cieniewicz et al. 2019b; Fuller et al.
2019; Pietersen et al. 2017; Ricketts et al. 2015, 2017). Additionally,

economic assessments provided evidence that preventive actions to
ensure clean planting material are more beneficial to the specialty
crop sector relative to farm-level management strategies (Alston
et al. 2013; Cembali et al. 2003; Seavert and Julian 2012).

Economic Studies Contribute Integrated Disease
Management Solutions That Resonate With Growers
Disease management recommendations based on roguing and par-

cel removal and/or control of vector populations are routinely com-
municated to growers of specialty crops by plant pathologists and
extension educators. However, these recommendations can be imper-
ceptible to grower communities. This is because a message rooted
only in disease ecology does not always resonate with a grower au-
dience. Consequently, growers can be reluctant to practice roguing
or parcel removals because they perceive limited, if any, financial
gain.
Although disease ecology informs disease management (Jones and

Naidu 2019; Sisterson and Stenger 2013), economic studies provide
additional guidance for a strategic selection of optimal solutions. For
example, as discussed above, roguing is recommended when the in-
cidence of grapevine red blotch disease in a vineyard is below 30%
and parcel removal is recommended when disease incidence is above
30% (Ricketts et al. 2017); and no action is recommended against the
treehopper vector of GRBV (Cieniewicz et al. 2019b). In other
words, economic losses are minimized if growers practice roguing
when disease incidence is low to moderate, whereas a full vineyard
removal should be pursued if disease incidence is higher, generally
above 30% (Ricketts et al. 2017). The consideration of a disease
threshold (30% in the case of red blotch) provides growers with a tan-
gible indicator to take action. Additionally, decision matrices devel-
oped by agriculture economists are highly valuable to select optimal
disease management options. Such decision matrices can tailor man-
agement recommendations by taking into account various factors
such as production costs at a regional level, infection prevalence at
the parcel level, disease onset, yield reduction, and price penalty
for poor fruit quality. This tailored approach was used to formulate
management recommendations for grapevine leafroll disease in New
York (Atallah et al. 2012) and California (Ricketts et al. 2015). In
California’s Napa County, roguing is recommended when the dis-
ease infection rate is 20%, disease onset is late (12 years postplant-
ing), and production is reduced by 25%. In the Northern San Joaquin
Valley of California, vineyard replacement is recommended under
the same scenario. In contrast, the recommendation for Sonoma
County growers in California is to opt for no action as an econom-
ically optimal strategy (Ricketts et al. 2015). Similar decision matri-
ces are available for grapevine red blotch disease (Ricketts et al.
2017). Decision matrices provide valuable action roadmaps for
growers to consider by offering tailored disease management solu-
tions regionally and at an estate level.
An integrated approach to disease management that is rooted in

disease ecology and based on profit-maximizing solutions is more
palatable to growers compared with options rooted only in disease
ecology, as monetary incentives speak volumes to producers. Conse-
quently, integrated disease management recommendations often res-
onate with growers because they perceive opportunities for returns on
their investment compared with taking no action. In turn, planting ma-
terials derived fromG1 plant stocks are more readily used by growers to
replace plants that have been eliminated through roguing and parcel re-
movals, as illustrated by recent actions taken by numerous grape growers
in California to combat leafroll and red blotch diseases in vineyards.

Future Economic Research
While the studies described above addressed the economic bene-

fits of clean planting materials for specific crops and the costs of se-
lect diseases, many of the specialty crops supported by the NCPN
have not been the subject of rigorous studies to fully understand
the benefits of ensuring clean planting material. Economic studies
have estimated the economic impacts of select diseases of a limited
number of specialty crops and assessed the value of just a couple of
NCPN centers. In spite of their small number, economic studies have
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been highly valuable for the NCPN. Their findings provided a com-
pelling justification for public investments in NCPN centers with
benefits largely outweighing costs by conservative estimates ranging
from 10:1 to 150:1. Economic studies also incentivized the adoption
of clean planting material derived from pathogen-tested G1 stocks in
support of sustainable specialty crop production. They further con-
tributed to the development of disease management solutions that
are rooted in profit maximization, as well as ecologically driven op-
tions. Finally, they have facilitated the crafting and dissemination of
information on disease management strategies that resonate with
growers. This latter outcome has transformed the ability of plant pa-
thologists to deliver a palatable and impactful message on the control
of detrimental diseases in the field. The delivery of disease control
recommendations that speak to growers, particularly on how they re-
late to the financial management of their field operations and estates,
rather than ivory tower-rooted recommendations is much more inspi-
rational and convincing. This change in communication strategy has
generated new opportunities for long-term collaborative interactions
with growers and for a higher adoption rate of clean planting material
derived from G1 stocks (M. Fuchs, personal observations).
There is an urgent need for additional economic studies to docu-

ment the value of the NCPN. Research on berries, hops, citrus, roses,
and sweetpotatoes is particularly needed, as either no or limited in-
formation is available on the economic impact of diseases or benefits
of clean plant centers. New studies should first examine the costs of
production during the lifecycle of the crop and determine the eco-
nomic impacts of key diseases. This type of information allows
the foundation to address disease management solutions and to iden-
tify economical and effective options under different scenarios. Sim-
ilarly, new research efforts could refine existing data for fruit trees
and grapes, as well as address pending issues related to different pro-
ducing regions and to new diseases. For example, studies on grape-
vine red blotch disease could complement previous studies on
grapevine leafroll disease and cover grape-growing areas other than
northern California, eastern Washington, and New York. Also, eco-
nomic studies on fruit tree diseases that were carried out almost 10
years ago (Cembali et al. 2003; Seavert and Julian 2012) should
be refreshed. Furthermore, new economic studies could complement
past investigations that narrowly focused on a single specialty crop,
e.g., grapes at FPS in Davis, CA, and fruit trees at the CPCNW in
Prosser, WA, by assessing their value to other specialty crops that
are handled by these two NCPN centers. In addition, they could also
assess the returns on investment in a specific specialty crop network
of clean plant centers. For example, studies could focus on the eco-
nomic value of all the NCPN-Citrus centers or all the NCPN-Berries
centers to estimate the returns for citrus and berries, respectively.
Economic studies have traditionally focused on a single pathogen

(Fuller et al. 2019) or a single disease (Gómez, unpublished data) to
estimate the value of NCPN centers. Such estimates are restrictive
and may have underestimated contributions of the centers, as infec-
tions by multiple pathogens are common in the field for specialty
crops (Fuchs 2020; Gergerich et al. 2015; Maliogka et al. 2018; Martin
and Tzanetakis 2018; Wright et al. 2020). Thus, most estimates sub-
stantially undervalue the economic benefits of clean plant centers.
This is because the tallied combined economic impact of more than
one pathogen or disease will likely be higher than the economic im-
pact of a single pathogen or disease; in turn, the economic value of
clean plant centers will be higher if multiple pathogens are consid-
ered compared with single pathogens. A more global approach that
considers the costs of multiple pathogens or diseases would be desir-
able to better describe and capture the actual value of NCPN centers.
New economic studies could also assess the value of G1 stocks to

nurseries in order to encourage the adoption of clean planting mate-
rial by commercial producers. Such projects would also better de-
scribe socioeconomic factors that drive market dynamics and
growers’ preferences in terms of the adoption of and willingness
to pay for clean planting material. These studies would also better
circumscribe the rationale for a lack of price difference between
planting material derived from G1 stocks and those derived from
other stocks for certain specialty crops. It is anticipated that the

higher net present value of planting material derived from patho-
gen-tested stocks should justify higher prices to the nurseries. How-
ever, more studies on grower willingness to adopt and willingness to
pay are needed to identify what such a price premium is, if any, for
each crop and grower group. Although not directly related to NCPN,
an example of such studies is a recent survey of factors affecting
the demand for clean sweetpotato planting material by small-
holder farmers in Kenya (Mwiti et al. 2020). This study included only
clean planting material; therefore, it remains unknown whether sur-
veyed farmers place a price premium on clean sweetpotato, relative
to untested planting material, and what factors might drive such
premium.
Finally, studies should thoroughly evaluate how diseasemanagement

actions of neighboring growers might increase or decrease the incentive
of growers to adopt optimal profit-maximizing and ecologically driven
management solutions, and to select planting material derived from G1
stocks. This would be valuable particularly in the case of airborne vector-
mediated spread of pathogens for which a collective, regional, or na-
tional approach to disease management is not widely adopted.
Addressing socioeconomic factors that drive growers’ actions to
manage or not to manage diseases in the field when neighboring
growers are making certain choices would provide insights that could
potentially advance a wider use of clean planting stock (Sherman
et al. 2019). These efforts could result in incentives for neighboring
growers to cooperate and strategically coordinate disease manage-
ment efforts at a larger scale, as investigated for grapevine leafroll
disease (Atallah et al. 2017), HLB (McRoberts et al. 2019), the
ACP vector of HLB (Fenichel et al. 2014), and a fungal disease of
hops (Sherman et al. 2019). Similarly, better understanding of socio-
economic elements that drive growers’ decisions to use or not to use
certified planting material would eventually provide new opportuni-
ties to strategically increase the adoption of plants derived from G1
stocks. Finally, future research efforts should address how to best com-
municate findings of economic studies to growers and nurseries to fos-
ter the use of clean planting material, as elegantly documented for the
adoption of integrated pest management (Sherman and Gent 2014).

Conclusions
Pathogen-tested foundation plant stocks are the cornerstone of sus-

tainable specialty crop cultivation. The production, maintenance, and
distribution of pathogen-tested propagative material are managed in
the United States by clean plant centers that are affiliated with the NCPN
under the aegis of USDA-APHIS. Nurseries and growers source these
plant products (buds, cuttings, liners, seeds, rhizomes) to produce
clean planting materials for the establishment and easier maintenance
of disease-free plantings of specialty crops. Economic studies have
documented the impacts of select diseases caused by graft-transmissible
pathogens of some specialty crops, identified profit-maximizing disease
management solutions in the field, and assessed the returns to public in-
vestment of two NCPN centers. These economic studies have proven
essential to themission of theNCPN.Additional economic studies could
further reinforce efforts to produce, maintain, and distribute pathogen-
tested propagation material, and to enhance the adoption of clean plant-
ingmaterial derived thereof by growers. Advancing efforts by theNCPN
and its clean plant centers will help to ensure the competitiveness of the
United States specialty crop industries in the globalmarket. These efforts
might also contribute to environmental sustainability of specialty crop
production, as less disease pressure may result in reduced needs to apply
agrochemical inputs such as pesticides for arthropod and nematode vec-
tor suppression.
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Yeh, D. A., Park, K., Gómez, M., and Fuchs, M. 2019. A review of economic
studies on pathogen-tested plant materials and clean plant programs for
specialty crops. Charles H. Dyson School of Applied Economics and
Management, Cornell University, Ithaca, NY. https://dyson.cornell.edu/wp-
content/uploads/sites/5/2020/02/Clean-plant-literature-review-FINAL-VD.pdf.
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