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Synopsis

Disease identification and management are challenges for
hemp producers because the crop has been absent in the US
for the last 70 years. Next-generation sequencing technologies
enable the characterization of known and unknown viruses
and viroids affecting hemp and provide information about
virus diversity, aid in the development of diagnostic tools, and
influence actions and decisions involving disease mitigation.
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Hemp (Cannabis sativa) or industrial hemp is a rapidly growing industry in the United States (Figure 1). However, the
crop has been poorly studied in the US since its production
declined in the late 1950s, and information on the biological
and agricultural factors affecting hemp is limited (Schluttenhofer & Yuan 2017). With the passage of the 2014 Farm Bill,
hemp is no longer considered an illegal plant and is now a
legal agricultural crop in the US. Within the bill, Section 7606
(Legitimacy of Industrial Hemp Research) provided a formal
definition of the crop as “the plant Cannabis sativa L. and
any part of such plant, whether growing or not, with a delta9-tetrahydrocannabinol (THC) concentration of not more
than 0.3 percent on a dry weight basis”. In addition, the 2018
Farm Bill addressed many issues that had previously impeded
development of the crop. Currently, 46 US states have enacted
laws removing barriers to its production. In 2019, hemp
production was 206, 965 hectares with 16,877 grower licenses
across 34 states, according to “US Hemp Report” (www.votehemp.com). This is a greater than 455% increase over 2018
licensed acreage. Colorado, the leading state in hemp production increased production from 4,873 licensed hectares (346
growers) in 2017 to 12,525 licensed hectares (835 growers)
in 2018. The US retail sales of hemp products was reported at
$1.2 billion in 2018 (thehia.org). The most profitable market
for North American hemp is oilseed production and cannabidiol (CBD), a nonintoxicant cannabinoid with promising
therapeutic use as a pharmaceutical product. Current CBD
sales are estimated at $190 million and are projected to reach
$2.5 billion by 2022 (www.bdsa.com).
As we enter this new era of hemp production, plant
diseases associated with the crop in the US and associated
disease management needs are essentially undescribed. The
emergence of phytopathogens and their spread is a rising
concern as hemp production increases (Fike 2016). Therefore,
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there is an urgent need to identify emerging and established
hemp viruses and viroids, elucidate their diversity and distribution, develop early pathogen detection tools, and provide
hemp growers, industry and other stakeholders information
and resources to make timely management decision and minimize crop loss.

Viruses and Viroids Affecting Hemp

Hemp is affected by over 100 pathogens, but less than a dozen
of these are serious problems (McPartland et al. 2000). These
include fungal, bacterial, viral, and nematode species that affect
hemp during production. The earliest reports of plant viruses
affecting hemp were hemp streak virus (HSV) described in
1941 (Röder 1941) and hemp mosaic virus (HMV) described
in 1958 (Ceapoiu 1958); however, the causal agents of these
diseases have yet to be isolated and characterized. In addition
to the naturally occurring infestation, Hartowicz et al. (1971)
mechanically inoculated 22 common plant viruses to test their
ability to infect hemp and over half the viruses could infect
cannabis. In unpublished data referred to in McPartland et al.
2000, tobacco ringspot virus (TRSV), tomato ringspot virus
(ToRSV), tobacco streak virus (TSV), euonymus ring
spot
(apparently caused by tomato ringspot virus), elm mosaic

Figure 1. Field production of Cannabis sativa plants in western
Colorado.
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Figure 2. Virus-like symptoms observed on hemp in Colorado include leaf curl and deformation, stunting, mosaic, and chlorosis. Photo credit:
Whitney Cranshaw.

virus (currently called elm mottle virus) and alfalfa mosaic
virus (AMV) were able to infect hemp and elicit symptomatic
responses (McPartland et al. 2000). Another study demonstrated that AMV, cucumber mosaic virus (CMV), potato
virus Y (PVY), broad bean wilt virus (BBWV), arabis mosaic
virus (ArMV), and raspberry ringspot virus (RpRSV) infected
at least two out of the three hemp cultivars tested, whereas
ToRSV and potato virus X only infected one cultivar (Kegler
& Spaar 1997).
More recently, the cannabis cryptic virus (CanCV) was
accidentally isolated while purifying hop latent virus (HpLV)
from hemp plants (Ziegler et al. 2012). CanCV is a new plantassociated virus member of the genus Partitivirus. Interestingly, the virus was detected in several commercial varieties
of hemp suggesting that it is widespread and can be seedtransmitted. In fact, plants with the so-called HSV had no
pathogenic virus except for CanCV (Righetti et al. 2018). In
addition, hemp is also affected with hop latent viroid (HLVd).
Two reports confirmed the presence of HLVd associated with
multiple hemp cultivars grown in California, causing stunting, malformation or chlorosis of leaves, brittle stems, and
reduction in yields (Bektas et al. 2019; Warren et al. 2019). In
a survey of authorized cannabis farms in Israel, plants showing leaf yellowing and interveinal chlorosis, that are typically
associated with general nutrient deficiency were infected with
lettuce chlorosis virus (LCV) (Crinivirus, Closteroviridae)
(Hadad et al. 2019).

Curly Top Disease Outbreak in Hemp

Beet curly top virus (BCTV) was first reported in hemp fields
located in Delta County, Colorado in 2019 (Giladi et al.
2020). Virus-like symptoms had been observed since 2015
but it was not widespread until 2019. The virus is transmitted
exclusively by the beet leafhopper, Circulifer tenellus. Both
the virus and vector have a broad range of hosts including
sugar beets, tomato, bean, pepper, cucurbits, and weed hosts
(Chen & Gilbertson 2016). It is likely that hemp will serve as
a source of inoculum for other crops. In 2019, we confirmed
the virus in over 150 hemp samples from different hemp varieties across Colorado, with several fields reporting disease
incidence levels above 90% and disease severity reaching
greater than 50% of leaf area in infected plants. This led to
diminished crop yield, including overall stunted growth and
flowers with low quality of CBD. The symptoms observed
were variable among plants and disease progression differed
across farms (Figure 2). Two different strains of BCTV, BCTVWorland and BCTV-Colorado, were identified, and the presence of the virus was also confirmed in its leafhopper vector
(Nachappa et al. unpublished data). This emerging pathogen
poses a significant economic threat to hemp production in
the US. While the virus has only been confirmed in Colorado,
its presence is suspected in California (Robert Gilbertson
UC Davis, personal communication) and Oregon (Ken Frost
Oregon State University, personal communication).

Exploring the Hemp Virome

The term “virome” is defined as the genomes of all the viruses
inhabiting a specific organism or environment. Virome research
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Table 1. Identification of viruses and viroids affecting hemp using virome analysis. Samples were obtained from field collection and grower
submitted samples to the CSU Plant Diagnostic Clinic.
Sample location Virus and viroids
Boulder
Conejos

Delta

Pueblo
Rio Blanco

Larimer

Cannabis sativa mitovirus 1
Hop latent viroid
Cannabis sativa mitovirus 1
Tobacco streak virus
Beet curly top virus-Colorado
Plasmopara viticola associated ourmia-like virusa
Opuntia_umbra-like virus
Hop latent viroid
Cannabis sativa mitovirus 1
Citrus yellow vein-associated virus
Beet curly top virus
Beet mild curly top virus
Cannabis sativa mitovirus 1
Beet curly top virus
Citrus yellow vein-associated virus
Cannabis sativa mitovirus 1
Beet curly top virus-Worland
Plasmopara viticola associated ourmia-like virusa
Hop yellow virus -RNA1
Cannabis sativa mitovirus 1
Cannabis cryptic virus - RNA 1

provides information on virus genetic diversity, genome variants within virus populations, transmission dynamics, and
virus evolution, which can have significant impact on the
development of robust detection assays (Villamor et al. 2019).
The occurrence of multiple viruses in a single plant can make
it difficult to determine the role of each in disease but can also
lead to understanding virus-virus interactions and their effect
on symptom development and variation (Jo et al. 2018).
Many recent studies have identified novel viruses infecting hemp: LCV (Hadad et al. 2019) and CanCV (Righetti et
al. 2018) and known viruses and viroids, BCTV (Giladi et
al. 2020) and HLVd (Bektas et al. 2019; Warren et al. 2019)
using next-generation sequencing (NGS). Metagenomic
NGS technologies allow researchers to identify known and
discover novel viruses and bacterial and fungal pathogens and
explore their diversity and pathogenicity in agricultural crops
(Villamor et al. 2019). Using shotgun metagenomic sequencing on an Illumina NextSeq platform, we identified 7 viruses
and HLVd across Colorado (Table 1). The number of identified viruses and viroid in each location ranged from 2–5.
Some viruses were seed-transmitted or insect-transmitted.
Cannabis sativa mitovirus, BCTV and HLVd were commonly
present in several locations, whereas other viruses were
unique to specific locations. We identified a divergent virus
with 81% sequence identity to tobacco streak virus. Phylogenetic/genetic analysis could be used for a better genomic
epidemiological understanding of emerging viruses. Our study
provides initial evidence of the diversity of viral communities
in different hemp cultivars in Colorado and provides impetus
for developing accurate detection methods and screening for

Closest Genbank
accession

Mode of transmission

BK010437.1
X07397.1
BK010438.1
KR017708.1
KT276901.1
MN532596.1
MH579715.1
X07397.1
BK010437.1
NC_040311.1
KX867022.1
KX867017.1
BK010437.1
AY134867.1
NC_040311.1
BK010437.1
KX867017.1
MN532596.1
MG727388.1
BK010437.1
KX709964.1

Seed transmitted
Aphids, mechanically
Seed transmitted
Thrips, mechanically
Beet leafhoppers
No known vector
Aphids
Aphids, mechanically
Seed transmitted
Aphids
Beet leafhoppers
Beet leafhoppers
Seed transmitted
Beet leafhoppers
Aphids, mechanically
Seed transmitted
Beet leafhoppers
No known vector
Seed transmitted
Seed transmitted
Seed transmitted

host resistance. Moreover, knowledge of virus and viroids and
their management will also be applicable to outdoor Cannabis production.

Challenges to Disease Management in Hemp

The most significant challenge for disease management in
hemp is early pathogen detection. Early detection is a critical component of disease management, particularly for viral
diseases because of the lack of effective chemical control.
To date, there are no pesticides labeled for industrial hemp
production in the US (Sandler & Gibson 2019). Once the plant
is infected with a virus, it serves as a reservoir for secondary
disease spread typically through insect vectors. Detection of
hemp viruses is challenging because of the absence of commercially available kits that detect plant viruses, because of virus
genetic diversity, and because many potentially pathogenic
viruses simply have not been discovered yet. Reliable detection assays also aid in developing virus management strategies, specifically those targeting insect vector populations at
the onset of the disease. In addition, use of virus-free planting
material screened by reliable, sensitive detection methods is
critical in breeding for virus resistance.
Information about the biology and ecology of the insect
vectors is needed to develop sustainable disease management strategies. As detailed knowledge of the vector biology
becomes available, weak links in its life cycle (when the vector
is most susceptible to control measures) may become evident.
Most of the viruses and viroids identified in hemp are transmitted by insect vectors (Table 1). While many phytophagous
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species of arthropods infest hemp (Cranshaw et al. 2019) and
can cause yield loss, there is no information on the potential
of these arthropods to serve as vectors.
Host plant resistance is an especially important disease
control strategy for viral pathogens, as commercial insecticides such as neonicotinoids and organophosphates that are
effective against insect pests are restricted on hemp (Sandler
& Gibson 2019). However, there is no information on the
response of hemp genotypes to various pathogens. Since many
viruses of hemp are seed transmitted or vertically transmitted with high efficiency (Table 1), development of confirmed,
virus-free germplasm should be a top priority. Future research
should be aimed at screening a diverse hemp germplasm that
is free from viruses and resistant to pathogens.

Implications for Seed Certification and Plant
Movement

Viruses and viroids are transmitted by vectors, pollen, seed,
and/or vegetative propagules (Anderson et al. 2004; Barba
& James 2017). Hemp is propagated via seeds and cuttings
(Chandra et al. 2017), which are transported to new areas,
exchanged by farmers within and across growing regions,
and moved across borders. Therefore, implementation of
phytosanitary measures becomes imperative. Plant quarantine
is an imposed biosecurity measure that prevents or minimizes
the introduction and spread of pests and pathogens to new
areas (Martin et al. 2016; Gergerich et al. 2015). Quarantine
regulations effectively reduce the spread of pests and pathogens. They may also reduce germplasm trade necessary for the
development of competitive markets in importing and exporting regions (Martin et al. 2016). Implementing quarantine
measures for a particular pathogen depends on whether it is
present in a region and poses a threat to the local flora and/or
agricultural industry (MacDiarmid et al. 2013). The diversity
and distribution of viruses and viroids in hemp are largely
unknown and the movement of seed and propagative material across the country is not restricted. The emergence of new
pathogenic hemp viruses and viroids is being assessed by regulatory agencies to determine whether biosecurity measures for
regional, national, and international movement are warranted
(MacDiarmid et al. 2013).
Certification of seed and other propagative material ensures
that phytosanitary requirements associated with movement
are met during plant production. This certification process
calls for the establishment, implementation, and monitoring
of standards agreed upon by industry, government, and technical partners at the state level (Gergerich et al. 2015; Barba
& James 2017). Hemp producers are familiar with inspection,
sampling and testing protocols established for THC certification and commercialization of their crop. Similarly, certification systems for plants free of pathogens require appropriate and reliable sampling strategies and diagnostic protocols
that can be easily implemented by regulatory and certification agencies and diagnosticians (Tinivella et al. 2008). The
lack of information about the epidemiological and molecular
aspects of virus and viroid transmission limits the deployment
of management strategies. Viruses and viroids are often found
at low titers in seed and unevenly distributed in their plant
host, therefore making them difficult to detect (Martin et al.

2016). Hence, it is important to study the biology of these
pathogens, host-pathogen interactions, and the epidemiological factors involved in spread, which inform the development
of innovative detection technologies and improved management strategies (Jones 2014).
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