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Abstract Interveinal chlorosis and leaf margin wrin-
kling are widespread symptoms of Cannabis sativa.
They are traditionally attributed to the so-called hemp
streak virus (HSV), but its existence has not been dem-
onstrated yet. To our knowledge, no molecular investi-
gation has so far been performed in order to identify the
causal agent of this symptomatology, we therefore de-
cided to use traditional and molecular virology tech-
niques to better characterize symptoms and pursue the
etiological agent. No pathogenic virus was found by
using targeted PCR reactions and by RNA sequencing,
whereas we were able to detect the Cannabis cryptic

virus (CanCV) with both techniques. We, therefore,
developed an RT-qPCR assay based on a CanCV-
specific TaqMan probe and applied it to a wide range
of symptomatic and symptomless plants, using a two-
step (for quantification), or a one-step (for fast detection)
protocol. Both symptoms and the virus were only shown
to be transmitted vertically and did not pass via mechan-
ical inoculation or grafting, though we could not find
any cause-effect correlation between them. In fact, the
virus was found in all the tested hemp samples, and its
abundance varied greatly between different accessions
and individuals, independently from the presence and
severity of symptoms. The suggestion that hemp streak
is caused by a virus is therefore questioned. Some
abiotic stresses seem to play a role in triggering the
symptoms but this aspect needs further investigation.
For breeding purposes, a selection of parental plants
based on the absence of symptoms proved to be efficient
in containment of the disease.
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Introduction

Cannabis sativa L. (Cannabaceae), commonly known
as hemp, is an important herbaceous species and a
uniquely versatile plant that has been grown for at least
5000 years (McPartland et al. 2000). This plant offers
raw material for many industrial uses, including textiles,
paper, rope and innovative biomaterials, as well as
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foodstuffs, cosmetics and fuel. It is also a source of
bioactive molecules of interest to the pharmaceutical
industry, but its use for human health has experienced
ups and downs throughout history, and nowadays it is
regulated differently in many countries.

Hemp is well adapted to most European agricul-
tural and environmental conditions but, despite a
reputation for being quite resistant, it can host several
pathogens and suffer from diseases and pests
(McPartland 1996). A number of known bacterial
and fungal pathogens are responsible for different
stress symptoms and diseases (Kusari et al. 2013),
whilst limited literature on the subject reports only a
dozen common plant viruses able to infect Cannabis
plants (McPartland et al. 2000) and only five viral
syndromes. Among these, three are caused by known
agents, all with a worldwide distribution and a wide
host range: Alfalfa mosaic virus (AMV), Cucumber
mosaic virus (CMV) and Arabis mosaic virus
(ArMV), whereas the causal agents of the syndromes
observed and described under the names of Hemp
streak virus (HSV) and Hemp mosaic virus (HMV)
have yet to be isolated and characterized. In particu-
lar, symptoms attributed to HSV were originally de-
scribed in 1941 (Röder 1941) and caused serious
losses also in Italy (Ferri 1963). According to these
references, foliar symptoms appear as interveinal
yellow streaks; eventually, leaf margins become
wrinkled, leaf tips roll upward and leaflets curl into
spirals, and such syndrome is still widely observed
among hemp accessions, as reported by farmers and
amateur growers.

More recently, another virus was found in hemp
plants and characterized by molecular tools. The Can-
nabis cryptic virus (CanCV) was accidentally isolated
by Ziegler et al. (2012) while using hemp as host to
propagate a hop virus. The CanCV genome consists of
two linear molecules of monocistronic double-stranded
RNA (dsRNA) 2420 and 2346 nucleotides in length,
which code for a putative RNA-dependent RNA poly-
merase (RdRp) and a coat protein (CP), respectively.
Following phylogenetic analysis, the virus has been
included in the new Betapartitivirus genus, within the
Partitiviridae family, whose members are known to
infect plants, fungi, and protozoa generally without
causing obvious symptoms (Nibert et al. 2014). Ziegler
et al. (2012) found that five out of six hemp varieties
tested were positive for the presence of CanCV by using
CP specific primers in RT-PCR, suggesting that this

virus is widespread among hemp varieties. Nonetheless,
no other information is reported in literature about the
role and effects of CanCV in Cannabis plants.

The recent resurgence of interest in both medical and
food uses of C. sativa is demanding plants that are
suitable for vegetative propagation and free from path-
ogens, like viruses, that can affect plant metabolism and
production. Up to date, little is known about hemp
diseases and very little research has been done, probably
also due to regulatory constraints in its cultivation.
However, a better understanding of mechanisms trigger-
ing recurring symptoms, like those of hemp streak, is
essential for disease management and breeding of resis-
tant varieties.

During this project, we studied expression and trans-
missibility of hemp streak symptoms and looked for the
possible viral agent by means of both traditional and
molecular techniques; these were applied according to
each result achieved as work progressed. Corroborating
evidence obtained by different techniques (for example
RT-PCR and NGS) is included to strengthen our results,
describing methods that can be readily used by other
researchers. We also focused on CanCV, investigating
its spread and transmissibility, therefore offering a new
contribution to the controversial question on the attribu-
tion of an etiological role of ‘cryptoviruses’ in plants.

Materials and methods

Plant material

Different varieties of Cannabis sativa were used, as
specified in the following paragraphs. Most experiments
were carried out on the Dutch cultivar (cv.)
‘Chamaeleon’ and on the Italian variety ‘Codimono’
because, based on our experience, these varieties
showed severe HSV associated symptoms (as defined
in the following paragraph) starting from very early
stages of growing. Alsomany other European and Asian
accessions were assessed to investigate the diffusion of
CanCV.

Plants were grown in three different environments.
Most experiments were performed in a glasshouse
where plants received natural photoperiod and lighting;
a second environment consisted of a growth chamber
equipped with high-pressure sodium lamps, with a pho-
toperiod of 16 h of light and a temperature of 22–26 °C.
The third environment was the open field in the
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experimental station of Rovigo, Italy (Latitude: 45° 4′
41.912″ N; longitude: 11° 45′ 56.988″ E; altitude: 0 m
asl).

Nicotiana benthamiana and Chenopodium quinoa
plants were used as common viral hosts for transmission
tests by mechanical inoculation.

Hemp streak symptom description

Early foliar symptoms attributed to HSV, as described
by McPartland et al. (2000), were considered. These are
typically interveinal yellow streaks (later called
interveinal chlorosis) and leaf margin wrinkling upward
(later referred to as leaf wrinkling). Severity scales for
interveinal chlorosis and leaf wrinkling were defined
from 1 (no symptoms) to 4 (symptoms spread on the
whole leaf surface) (Fig. 1). In all experiments, plant
phenotyping was performed independently by three dif-
ferent operators and average scores were calculated. The
severity index (SI) of symptoms was given as the prod-
uct of the values obtained for interveinal chlorosis and
leaf wrinkling, ranging from 1 (no symptoms) to 16.

Screening for plant viruses

Leaves from 6 highly symptomatic (SI = 16) and 6
symptomless (SI = 1) plants of the cv. ‘Chamaeleon’
were tested for the presence of the most common viruses
by PCR. The species or genus-specific primer pairs and
relative references are listed in Table 1. DNA or cDNA
were used as templates for amplification, according to
the virus type. DNAwas extracted from 50 to 100 mg of
frozen leaf material with Nucleospin® Plant II
(Macherey-Nagel) and 5 ng were used for subsequent
applications.

Total RNAwas extracted from 50 to 100 mg frozen
leaf material by Spectrum™ Plant Total RNA kit
(Sigma-Aldrich) and treated with DNAse I (Sigma-Al-
drich). For cDNA synthesis, 500 ng of RNA were de-
natured at 80 °C for 2 min, then reverse transcribed in
10 μL reaction, using High-Capacity RNA-to-cDNA
Kit (Life Technologies). For PCR detection of members
of the genus Carlavirus and Potyvirus, the cDNA was
synthesized using the M4T primer (Table 1) and the
enzyme Superscript III (Invitrogen).

Positive controls (Table 1) were nucleic acids extract-
ed from virus-infected plants. Fragments of the expected
sizes were obtained by (RT)-PCR with all primer pairs

used on the respective positive controls, supporting the
reliability of the results obtained.

The presence of virus particles in symptomatic hemp
leaves was further tested by electronic microscopy. Pu-
rification was performed as published elsewhere (Turina
et al. 2007) from 60 g of symptomatic leaves collected
from 2-month-old hemp plants. Purified particles were
adsorbed to two different carbon-coated (polyvinyl for-
mal) 300 mesh-grids and observed by Philips CM 10
transmission electron microscope (TEM) after negative
staining with 2% uranyl acetate (pH 4.3).

Next generation sequencing approach

Total RNA from highly symptomatic cv. ‘Codimono’
was used as template for an RNA sequencing approach.
The nucleic acid was extracted using QIAGEN RNeasy
kit, followed by selective depletion of ribosomal RNA
(Invitrogen RiboMinus™ Plant Kit). A paired-end li-
brary was created from double stranded cDNA (Illumina
Nextera XT Library Preparation Kit) and sequenced on
an Illumina MiSeq platform. De novo assembly of the
reads was done using the Geneious software (ver. 9.2.3).
The assembled contigs were analyzed for similarities to
known viruses by NCBI nucleotide BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify
putative (partial) genomes of viruses present in the
sample.

CanCV re-sequencing and sequence analysis

The entire genome of the CanCV isolate from the hemp
cv. ‘Chamaeleon’ was re-sequenced as follows: the
dsRNA was isolated from symptomatic leaves as de-
scribed by Tzanetakis and Martin (2008), run on 1%
agarose gel, and used as template for a random RT-PCR
approach (Froussard 1992) and RACE reactions for the
determination of 5′ and 3′-ends; remaining gaps were
amplified using sequence specific primers. With the
exception of RACE PCR products, which were se-
quenced directly, obtained fragments were cloned
(pGEM-T vector, Promega) before sequencing (Helm-
holtz Centre for Infection Research, Braunschweig).
Sequence analysis and alignments were carried out
using BLAST, SMART (http://smart.embl-heidelberg.
de) and EMBL-EBI Clustal Omega (http://www.ebi.ac.
uk/Tools/msa/clustalo/) tools. The sequences obtained
from the two genomic dsRNAs were submitted to
GenBank (accession no. KX709964 and KX709965).
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The CP complete coding sequence (cds) was aligned to
that of the CanCV isolate from the French variety Fe-
dora 17 (GenBank ID: JN196537). The portion of CP
gene between primers CP_F and CP_R (Table 2) was
amplified by PCR from the cDNA of 5 accessions from
different countries and sequenced in order to verify the
level of conservation. Sequencing was performed by
BioFab Research s.r.l (http://www.biofabresearch.it/).
Sequence alignments were performed with EMBL-EBI
Clustal Omega. CanCV CP and RdRp cds were blasted
against the ‘Purple Kush’ and ‘Finola’ genome and
transcriptome (van Bakel et al. 2011) and all the Can-
nabis ESTs available on NCBI (http://www.ncbi.nlm.
nih.gov), in order to verify whether CanCV sequences
were already present in these databases. Attempts of
amplifications from genomic DNA of ‘Chamaeleon’
and ‘Codimono’ were also performed to exclude
integration events into the plant genome.

All primer and probe sequences used in this work are
listed in Table 2.

CanCV relative quantification

CanCV relative quantification was performed through
two-step RT-qPCR using the Rotor-Gene 6000 Instru-
ment (Corbett Life Science). TaqMan primers and probe
(Table 2) were designed on a conserved region of
CanCV CP by using PRIMER EXPRESS Software
version 2.0 (Life Technologies) and blasted against the
non-redundant nucleotide and EST collections (NCBI),

and the Cannabis genome (http://genome.ccbr.utoronto.
ca) to further confirm their specificity.

Each reaction was performed in a total volume of
15 μL, containing 7.5 μL of Rotor-Gene probe PCR kit
2X (Qiagen), 0.75 μL of TaqMan probe 20X (1X con-
tains 900 nM of each unlabeled primer and 250 nM of
the 6-FAM dye-labeled MGB probe) and 1.5 μL of
cDNA as the template, obtained as described above.
Amplifications were carried out with an initial activation
step of 3 min at 95 °C, then 40 two-step cycles of 3 s at
95 °C and 10 s at 60 °C for annealing/extension.

Relative quantification was performed using beta tu-
bulin TUB (Marks et al. 2009) as the reference gene in an
independent 6-FAM labelled TaqMan reaction performed
in the same run (Table 2). The absence of DNA in cDNA
samples, obtained through DNase treatment of the
starting RNAs before reverse transcription to cDNA,
was further confirmed by PCR with intron-spanning
primers targeting the TUB gene (Table 2) and agarose
gel electrophoresis. Two standard curves were also gen-
erated to determine the amplification efficiency of both
assays (CP and TUB). As templates, we used the PCR
products of 525 bp (for CP) and of 293 bp (for TUB)
obtained using primers as in Table 2, and purified on
column byQIAquick PCR Purification Kit (Qiagen). The
Ct values of 4 serial 1:100 dilutions of the templates were
plotted versus the log of the dilution factors and the slopes
of the linear regression curves were used to calculate
efficiencies according to the eq. E = 10^(−1/slope)-1. Both
efficiencies of amplification were close to 1 (1.01 for CP
assay and 1.09 for TUB assay), data are thus presented as

Fig. 1 Scale of symptoms of interveinal chlorosis (IC) and leaf wrinkling (LW) ranging from 1 (no symptoms) to 4 (symptoms spread on the
whole leaf surface). a healthy leaf (IC 1; LW 1); b (IC 2; LW 1); c (IC 3; LW 1); d (IC 1; LW 2); e (IC 1; LW 3); f (IC 4; LW 4)
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mean of ddCt ± standard error, calculated according to the
rules of error propagation. For the CP assay, the standard
curve loses linearity at Ct > 32, we therefore considered
this Ct value as a threshold for a reliable relative quanti-
fication. Samples with Ct < 32 were CanCV positive
(CanCV+) while CanCVwas considered not quantifiable
(CanCV_nq) if Ct ≥ 32 or when no amplification could
be detected. These latter samples were double checked
with an additional primer pair, targeting the RdRp cds of

CanCV, designed by software Primer 3 (http://biotools.
umassmed.edu/bioapps/primer3_www.cgi), and used
with SYBR Green chemistry. Reactions were performed
in 15 μL, containing 1X SYBR Select Master Mix (Life
Technologies), 100 nM of specific primer pairs and 1.5
μL of cDNA template. Amplification conditions
consisted of an initial denaturation at 95 °C for 2 min,
followed by 45 cycles as follows: 95 °C for 15 s, 60 °C
for 60 s. The absence of dimer formation was checked in

Table 1 Target, primers, references and positive controls of the viruses tested for this study

Target Name Sequence (5′-3′) Amplicon
length (bp)

Reference Positive control

Species Alfalfa mosaic virus AMVCP_F2 GCTGGTGGGAAAGCTGGTAAAC 483 (Koziel 2010) Alfalfa mosaic
virusAMVCP_R2 GGCTACGGCATAGGAATGCTTG

Species Cucumber mosaic
virus

CMV_F2 AGAGTCTTGTCGCAGCAGCTTTCG 367 (Koziel 2010) Cucumber
mosaic virusCMV_R2 ACTGATAAACCAGTACCGGTGAGG

Genus Tobamovirus Tob-Uni 1 ATTTAAGTGGASGGAAAAVCACT 804 (Letschert et al.
2002)

Tobacco mosaic
virusTob-Uni 2 GTYGTTGATGAGTTCRTGGA

Genera Trichovirus/
Capillovirus/ Foveavirus

PDO-Fli TITTYATKAARWSICARYWITGIAC 362 (Foissac et al.
2005)

Cherry virus A
PDO-R3i GCRCACATRTCRTCICCIGCRAAIIA

PDO-R4i ARIYICCATCCRCARAAMITIGG

PDO-F2i GCYAARGCIGGICARACIYTKGCITG

PDO-Rli TCHCCWGTRAAICKSATIAIIGC

Genus Carlavirus M4T GTTTTCCCAGTCACGAC(T)15 150 (Badge et al.
1996)

Potato virus M
Carla-Uni GGAGTAACYGAGGTGATACC

M4 GTTTTCCCAGTCACGAC

Genus Potyvirus M4T GTTTTCCCAGTCACGAC(T)15 1500–1800 (Chen et al.
2001)

Plum pox virus
Sprimer GGNAAYAAYAGYGGNCARCC

M4 GTTTTCCCAGTCACGAC

Genus Nepovirus species
Arabis mosaic virus

ArMV_F2 ACACTGTCTGTCCCTCATTGG 843 (Koziel 2010) Arabis mosaic
virusArMV_R2 CCTCGACCCTATCACATACTC

GenusNepovirus subgroups
A and B

NepoA-F ACDTCWGARGGITAYCC 340 (Wei and
Clover 2008)

Arabis mosaic
virus

Tomato black
ring virus

NepoA-R RATDCCYACYTGRCWIGGCA

NepoB-F TCTGGITTTGCYTTRACRGT 250
NepoB-R CTTRTCACTVCCATCRGTAA

Genus Nepovirus subgroup
C

Nepo-C-s TTRKDYTGGYKAAMYYCCA 640 (Digiaro et al.
2007)

Tomato
ringspot
virus

Nepo-C-a TMATCSWASCRHGTGSKKGCCA

Genus Luteovirus Luteo-C1F1 GGGGTMMTCAAATTCGGKCC 129/156 (Chomič et al.
2010)

Barley yellow
dwarf virusLuteo-C1F2 TCGCAATGYCCAGCRCTTTCAG

Luteo-C1R1 GAGTTCAATAAAKATWGCGCC

Luteo-C1R2 GTCGAGTTCAATAA
AGAKWGCGCC

Genus Caulimovirus Caulimo3’cpF GAARRHCATTATGC
MAAYGARTGTCCW

840 (Pappu and
Druffel
2009)

Cauliflower
mosaic virus

C4281 WWGGRTTTTCWRAACWWACT

Genus Badnavirus HafF ATGCCITTYGGIITIAARAAYGCICC 530 (Lyttle et al.
2011)

Canna yellow
mottle virusHafR CCAYTTRCAIACISCICCCCAICC
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no-template samples by product dissociation analysis and
electrophoretic separation in agarose gel. Each analysis
was repeated twice. In the event of a difference between
the two replicates of 0.5 Ct or more the reactions were
repeated.

For fast detection of CanCV, a spot one-step RT-
qPCR method was also developed and used in the
experiments on symptom and CanCV transmissibility.
Templates prepared as in Minguzzi et al. (2016) were
used in TaqMan reactions as described above, with the
addition of 4 U of M-MLV Reverse Transcriptase
(Promega) and 0.25 μL of RNasin Ribonuclease Inhib-
itor (Promega). The program was 30 min at 48 °C,
10 min at 95 °C, 40 cycles of 10 s at 95 °C and 1 min
at 60 °C.

Inter and intra-accession analysis of CanCV

Seeds of 125 different hemp accessions were sown
in the field in April 2013 and grown until maturity.
Foliar symptoms were evaluated at pre-flowering
(June 2013) and 35 single plants, derived from 12

different countries across Europe and Asia, with
symptom severity ranging from SI = 1 to 16 were
chosen to investigate the presence and the abun-
dance of CanCV. A sample of the youngest fully
expanded leaf (about 1 g, fresh weight) was collect-
ed at pre-flowering (June 2013), full flowering (Ju-
ly 2013) and end of flowering (August 2013), frozen
immediately in liquid nitrogen and stored at −80 °C
until RNA extraction. Two independent homogeni-
zation, RNA extractions and reverse transcriptions
were performed on each leaf sample. Every cDNA
was used as a template for two reactions of two step
RT-qPCR as described above. Pairwise t-test and
correlation coefficient were calculated with R.

In order to verify the reliability of the assay, data were
analyzed with both the ddCt method, using TUB as the
reference gene, and by absolute quantification, with the
CP standard curve described above. In this case, the log
of the viral copy number was estimated as in Olmos
et al. (2005), which was modified to take into account
that, in our case, the template is dsDNA, and normalized
to the total RNA used in the RT-qPCR reaction. The two

Table 2 Primers and probes used in this study

Target genea Application Name Sequence (5′-3′) Amplicon length
(bp)

CP
GenBank ID
JN196537

Sequencing
Standard curve analysis

CP_ F CAATGCCATGAAATCACTCG 525
CP_R TAGGGATGCTTGGC

TTGAAC

RT-qPCR
TaqMan

CP_TaqMan_F TCTCGAGCTACTCCCAATTC
CA

65

CP_TaqMan_R CGCAGTCGATTGTATAGGAA
CGA

CP_MGB_probe-
FAM

CTCCTCGCCTGCCTGC

TUB
GenBank ID
GR222117.1

cDNA evaluation/ Standard curve
analysis

TUB_F GGCGCTGAGTTGATCGATTC
G

gDNAb

~1916
cDNA 293TUB_R GCTTCATTATCAAGAACCAT

GCAC

RT-qPCR
TaqMan

TUB_TaqMan_F CTCTGACACAGTTG
TGGAACCAT

93

TUB_TaqMan_R GCGTTTTCAACCAGTTGATG
CA

TUB_MGB_probe-
FAM

ACAACGCCACCCTCT

RdRp
GenBank ID
JN196536.1

RT-qPCR
SYBR Green

RdRp_F ATCGCATCTCCCAATTCATC 202
RdRp_R GGCTTGAGTCCATTTTCAGG

aCP: Coat Protein; TUB: beta tubulin; RdRp: RNA-dependent RNA polymerase
b gDNA: genomic DNA, matching with Finola genomic sequence 14487376:503–2760, from the C. sativa genome browser
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sets of results were rescaled and compared with the Two
Sample Kolmogorov-Smirnov Test using R.

For intra-accession analyses, five different accessions
were selected from the 35 field-collected accessions,
covering a wide range of symptom severity and CanCV
abundance. Five seeds per accession were sown in peat
fertilized with 1X Hoagland’s solution 1 (Hoagland and
Arnon 1950) and grown in a growth chamber with 16 h
photoperiod, 430 μmol PAR, 23/19 °C day/night tem-
perature and 65 ± 5% day/night relative humidity for
3 weeks. For each plant, the youngest fully expanded
leaves were sampled and processed as described above.

Transmission tests

Symptoms were tentatively transmitted to plants of
N. benthamiana and C. quinoa grown in a greenhouse
for 3 weeks before mechanical inoculation. Leaf tissues
from ‘Codimono’ plants showing severe symptoms
were homogenized in a mortar with the addition of
0.1 M Na-phosphate buffer, pH 7.5 containing 0.12%
sodium sulfite and 5% polyvinylpyrrolidone (Clover
et al. 2003). The homogenate was mixed with carborun-
dum powder and mechanically inoculated on herba-
ceous indicators (at least 10 plants for each species).
The appearance of local or systemic symptoms was
evaluated until 4 weeks after inoculation. This experi-
ment was performed twice.

The same protocol was followed with the leaves of
plants that were positive to CanCV. Local and systemic
presence of CanCV in inoculated N. benthamiana and
C. quinoa plants was evaluated by one-step RT-qPCR
assay.

Cross grafting between rootstocks and scions from
twelve symptomatic and twelve symptomless C. sativa
(cv. Codimono) plants and from twelve plants that were
positive to CanCV (CanCV+) and twelve others in
which CanCV was not quantifiable (CanCV_nq) was
also performed. All plants were grown in a growth
chamber under the conditions described above and the
symptoms, as well as the presence of CanCV, were
monitored until 3 months after grafting.

The transmission of symptoms and CanCV was also
evaluated in ‘Codimono’ progenies deriving from
crosses of one symptomatic (SI =16) female CanCV_nq
plant partially subjected to sex reversion with silver
thiosulfate solution (STS) (Mohan Ram and Sett 1982)
that was self-pollinated and used for pollinating three
other female plants with the following characteristics: 1)

symptomatic and CanCV+; 2) symptomless and
CanCV+ and; 3) symptomless and CanCV_nq. Seeds
were collected separately from each plant. Seed produc-
tion, seed germinability, symptom rate in 40 plants, and
CanCV presence in 3 symptomatic and 3 symptomless
plants from the offspring were evaluated.

Finally, plants of the same ‘Codimono’ variety used
in the previous test were rated for symptoms and then, at
an early stage (17 days after sowing), divided into two
groups consisting of 24 symptomatic (SI > =9) and 24
symptomless plants. These groups of plants were kept
separate in grow boxes (1.2 m × 1.2 × 2.0 m) until seed
production and the rate of symptoms was evaluated in
160 plants of the two progenies.

Effect of nutrition and growth conditions on symptoms

In order to verify the effect of nutrients upon the appear-
ance of symptoms, seeds of ‘Chamaeleon’were sown in
February 2014 on coco coir or peat substrate. Plants
were supplemented daily with the complete fertilizer
Coco A & B (5% NO3−, 0.1% NH4+, 4% P2O5, 3%
K2O, 7% CaO, 3% MgO, 2% SO3, 0.007% B, 0.001%
Cu, 0.02% Fe DTPA, 0.0003% Fe EDTA, 0.01% Mn,
0.002% Mo, 0.007% Zn, 0.5% fulvic and humic acid,
CANNA International BV, Oosterhout, Netherlands).
Four different electrical conductivity (EC) levels of
nutrient solution (0.3; 1; 2 and 3 mS/cm) were com-
pared, approximately corresponding to a dilution of the
complete fertilizer at 0, 1:500, 1:250, and 1:170 (v/v),
respectively. Half of these were grown in a glasshouse
with a natural photoperiod of approximately 14 h, and
temperatures and humidity ranging as in Online Re-
source 1. The remaining plants were grown in the
growth chamber with a 16-h photoperiod, 26/
22 °C day/night temperature and 72/55% day/night
relative humidity, and moved to the glasshouse 3 weeks
after sowing. Five weeks after sowing, symptoms were
rated and plant heights were measured.

Analysis of variance and the Tukey’s test post-hoc
comparisons were performed with R.

Results

Screening for plant viruses

Different approaches were used to identify possible viral
agents. Firstly, an approach based on PCR and specific
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primer pairs was attempted, comparing symptomatic
and symptomless plants. The result was that no ampli-
fication was obtained with primers that are specific to
viruses known for infecting Cannabis (CMV, AMV,
ArMV). Negative results were also obtained using spe-
cific primers for both viruses with RNA (genera
Trichovirus, Capillovirus and Foveavirus within the
family Flexiviridae, Nepovirus group A, B and C,
Tobamovirus, Potyvirus, Carlavirus and Luteovirus)
and DNA (genera Caulimovirus and Badnavirus) ge-
nomes. Positive results were only obtained for CanCV
that was detectable in both symptomatic and symptom-
less plants.

Subsequently, as a universal method to identify plant
viruses, we performed an RNA-Seq analysis on a highly
symptomatic sample, and again only CanCV was iden-
tified. In detail, chloroplast and mitochondrion DNA
sequences were subtracted (accession nos. KR059940,
KR779995 , NC_026562 , NC_027223 and
NC_029855) from the 4,491,006 reads obtained from
the Illumina MiSeq run. De novo assembly of the re-
maining 2,131,126 reads resulted in a total of 1000
assembled contigs, ranging from 232 up to 5949 bases.
Only two contigs of 2380 and 2258 bases assembled
from 18,975 and 11,475 reads, respectively, were iden-
tified as the putative genome (lacking the extreme 5′-
and 3′-ends) of a Partitivirus, with the highest nucleotide
sequence identity of 99% versus Cannabis cryptic virus
RNA1 and RNA2 (isolate Fedora 17). No other contigs
with similarities to known viruses or viroids could be
identified.

Finally, TEM observation of the virus purification
product identified isometric virus-like particles of ap-
proximately 34–36 nm in diameter, corresponding to the
CanCV particles observed by Ziegler et al. (2012). No
other type of virus-like structure was observed in any of
the analyzed specimens.

CanCV database search and sequence analysis

A total of 20 CanCV CP sequences similar to CP cds
from ‘Fedora 17’ were retrieved in the NCBI EST
collection (EW700746, EW700777, EW700979,
EW700980, EW701078, EW701242, EW701378,
EW701434, EW701404, EW701449, EW701446,
EW701462, EW701504, EW701513, EW701558,
EW701651, EW701661, EW701691, EW701706), all
derived from different cDNA libraries obtained from

healthy, symptomless plants of the fiber hemp
‘Chamaeleon’ (van den Broeck et al. 2008).

No sequence similar to CanCV was retrieved from
the Cannabis genome or amplified starting from hemp
genomic DNA, suggesting the absence of integration
events.

As expected, a single band of about 2.4 kbp resulted
from agarose gel electrophoresis of the viral dsRNA
extracted from the cv. ‘Chamaeleon’, which provided
further evidence of the absence of other viruses with
ssRNA or dsRNA genomes. Sequence analysis of the
two genomic RNAs clearly identified the virus as an
isolate of CanCV. The complete nucleotide sequences
encoding the putative CP and RdRp genes were 99%
identical to both the ‘Fedora 17’ isolate described by
Ziegler et al. (2012), and the sequences obtained by
deep sequencing of the hemp variety ‘Codimono’. This
suggests a low sequence variability in all isolates for
which sequence information is available.

The partial re-sequencing of CanCV CP from 5
different accessions further confirmed the presence of
a highly-conserved portion which was therefore selected
for the design of primers and probes for the TaqMan
assay. The 65 bp region of the CanCV CP cds amplified
with the TaqMan assay primers showed no similarity
with other sequences. This supports the CanCV speci-
ficity of the assay.

CanCV relative quantification

Among the 125 phenotyped hemp accessions, approxi-
mately 74% were completely symptomless and 26%
showed hemp streak symptoms on at least one plant.
The CanCVrelative quantification was performed on 35
single plants from different accessions, chosen on the
basis of the SI. Nine were symptomless, 10 showedmild
symptoms (2 < SI < 4) and the remaining plants showed
more severe symptoms, with a SI ranging from 6 to 16.
The results in Fig. 2 clearly showed and confirmed that
CanCV is ubiquitous, with wide ranging quantities (the
highest ddCt is about 24). The standard error is more or
less constant across observations regardless of the mean,
therefore for low ddCt the measurement is notably less
precise. In our dataset, a difference in ddCt of 5 usually
corresponds to a statistically significant difference ac-
cording to pairwise t-test (p-value < 0.05), but the dis-
crimination could be improved by increasing the num-
ber of replicates. The 35 accessions are displayed from
left to right according to an increasing level of symptom
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severity (expressed as SI), making it clear that there is no
direct correlation between CanCV relative quantity and
symptoms (correlation coefficient = 0.14). Nor did the
time of sampling influence the viral RNA quantity in
hemp leaves (data not shown). Using the TaqMan assay,
CanCV was found not quantifiable in two symptomless
plants only, for which, however, the RdRp based SYBR
Green assay revealed positivity to CanCV.

These data were analyzed also by absolute quantifi-
cation using the standard curve method and the distri-
butions of the two sets of results were compared. The
Two Sample Kolmogorov-Smirnov Test p-value of
0.9995 indicated that there is no significant difference
between the two distributions, supporting the choice of
using TUB as reference gene to estimate the relative
quantification of the virus.

We also observed that the variability of CanCV
quantification among plants of the same accession was
generally very high (Table 3); a low variability of mea-
sures, associated to very high Ct values, was found only
in one accession out of five (No. 15). Three plants of
three different accessions were excluded from the anal-
ysis because their Ct was higher than the TaqMan assay
quantification limit; however, for all three SYBR Green
analysis unequivocally confirmed positivity to CanCV.

Transmission of symptoms and CanCV

No symptoms were observed on C. quinoa or
N. benthamiana plants 4 weeks after mechanical inocu-
lation, nor was CanCV detected in any plant inoculated
with CanCV positive sap. Between 1 and 2 weeks after
grafting, all scions were successfully grafted onto root-
stocks, allowing translocation of nutrients and, if pres-
ent, pathogens invading the vascular system. Despite
symptomatic and CanCV-positive scions and rootstocks
preserving their symptoms and viral infection, they
transmitted neither of these to the symptomless or
CanCV_nq scions and rootstocks up to 3 months after
grafting.

Phenotyping and molecular analysis of progenies
derived from vertical transmission experiments are
shown in Table 4. Pollen was obtained from a symp-
tomatic and CanCV_nq plant subjected to partial
chemical-induced sex reversion. The highest rate of
symptoms (52.5%) was registered in the self-pollinated
progeny, whereas in the progenies derived from the
other crosses symptoms did not seem to be clearly
influenced by the presence or absence of symptoms on

the female plants. Interestingly, CanCV was not quanti-
fiable in the sexually reverted (symptomatic) plant, and
progenies were clearly positive to CanCV when the
female parental was positive, while Ct was higher than
32 (nq) when the female parental was nq too. Seed
production of the symptomatic female was slightly low-
er than that of the symptomless ones (12 g vs 16 g and
19 g), while seed germinability was not clearly influ-
enced by CanCVor by symptoms in the parents.

In the experiment where ‘Codimono’ plants were
separated according to the presence or absence of symp-
toms at day 17, the selection of symptomatic plants
provided highly symptomatic offspring (36.3%), while
the selection of symptomless parents provided offspring
with very low rate of symptoms (6.3%).

Effect of nutrition and growth condition on symptoms

The appearance and severity of symptoms were not
triggered by nutritional deficiencies. Plants without
fertirrigation (EC of 0.3 mS/cm) were strongly affected
in their development, with an average height below
7 cm and presenting severe symptoms of nutrient defi-
ciencies. At EC from 1 to 3 mS/cm, increasing levels of
fertilization positively affected plant growth, but did not
prevent the appearance of symptoms (Fig. 3) or decrease
their severity (data not shown). On the other hand, the
stress imposed by moving a batch of plants from a
controlled environment to the glasshouse with no tem-
perature, humidity or light control, where the difference
between the lowest and highest temperatures often
exceeded 20 °C and the photoperiod was reduced, trig-
gered symptoms on about 20% of the plants (Fig. 3).

Discussion

Despite the traditional description of hemp streak as a
viral disease, in our set of experiments it was not possi-
ble to identify any viral causal agent correlated to the
symptoms.

Different approaches, based on both conventional
and novel virology techniques, were consequently used,
based on, and as confirmation of, the results obtained
with previous methods. The initial approach was to test
the presence of known viruses on symptomatic hemp
plants, using PCRwith specific primer pairs for as many
viruses as possible, including, but not limited to those
transmitted by pollen or seeds. By PCR analysis, we
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excluded the presence of viruses known to be pathogen-
ic for C. sativa (AMV, CMV and ArMV) and of some
other common plant viruses with RNA genomes (genera
Trichovirus, Capillovirus, Foveavirus, Nepovirus,
Potyvirus, Tobamovirus, Carlavirus, Luteovirus). Our
analyses also failed to retrieve DNA viruses of the
Caulimovirus and Badnavirus genera, which, to the
contrary, can give consistent symptoms in other hosts.
As a further attempt to identify never-before-seen virus-
es or other pathogens putatively involved in triggering
symptoms, we therefore moved to an RNA next-
generation sequencing approach, which offers a power-
ful alternative solution to conventional targeted methods
(Adams et al. 2013). RNA virus genomes or pathogen

transcripts are sequenced on a background of host
nucleic acid, and identified by similarity to known path-
ogens using bioinformatic approaches. These innovative
technologies are also a powerful tool in understanding
the implications of one or more microorganisms in plant
disease occurrence. In this research, we sequenced the
transcriptome of highly symptomatic hemp leaves with
Illumina MiSeq and the only match was with the Can-
nabis cryptic virus, which was also revealed by TEM.
Indeed, CanCV was the only detectable virus in the
accessions of Cannabis sativa we analyzed and there-
fore we investigated its spread and possible role in the
syndrome under study. We started with a partial re-
sequencing of the CP gene of CanCV isolated from

Fig. 2 CanCV relative quantification in 35 plants of 35 different
accessions. Plants, identified with a number from 1 to 35, are
displayed from left to right according to increasing level of symp-
tom severity, highlighted with different shades of gray. Accession

15 was used as the calibrator for ddCt calculation. Results are
expressed as means of ddCt and error bars represent the standard
errors. nq: accessions with non-quantifiable CP (Ct > 32)

Table 3 Descriptive statistics of RT-qPCR results in 5 plants of 5 accessions

Accession No. min dCt max dCt mean dCt 95% confidence interval median dCt

9 −7.0 11.2 1.2 ±10.9 −2.3
15a −7.7 −5.0 −6.2 ±1.8 −6.1
20 −4.0 10.0 4.7 ±6.6 6.0

25 a −0.9 12.1 7.5 ±9.2 9.3

29a −5.0 −1.0 −3.5 ±2.7 −3.9

a One plant out of five had a non-quantifiable amount of CanCVand was omitted from this analysis
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different accessions to verify the conservation of its
genome and, based on this, designed specific real-time
PCR assays. We report two variants of the method of
detection: the first enables measurement of the CanCV
relative abundance in relation to that of the plant beta
tubulin gene using RT-qPCR and TaqMan probes; the
second is aimed at a non-quantitative fast diagnostic
screening and it is based on the same CP primers and
probes but in a single one-step Real Time RT-PCR using
leaf juice as a template. CanCV was detected in all
tested plants and our results demonstrated for the first
time that CanCV abundance is extremely variable in
both different accessions and different individuals of
the same accession, but in a completely independent
manner from hemp streak symptom appearance and
severity.

Ziegler et al. (2012) had already reported a wide
distribution of CanCV in hemp varieties, with only
one accession (Uso 31) being tested negative. How-
ever, they used semi-quantitative PCR for detection,
which is less sensitive than RT-qPCR with hydrolysis
probes. We could not find any unequivocally nega-
tive samples, even though for some individuals the
results were close to the limit of our detection tech-
niques. Since partitiviridae sequences encoding for
CPs have been found integrated into plant genomes

(Chiba et al. 2011), we tested whether this event also
occurred for CanCV in hemp, as a possible explana-
tion of its ubiquitous presence. CP-like sequences
were not found by searching in public genomic data-
bases or by direct molecular analyses on plant DNA.
Conversely, 20 ESTs similar to CanCV CP were
retrieved from the cDNA libraries constructed by
van den Broeck et al. (2008) from healthy plants,
suggesting that the virus was present in the host plant
at the time of sampling.

Since we did not find a cause-effect relationship
between this virus and streak symptoms, further exper-
iments would be necessary to unveil if and how CanCV
affects the fitness of hemp plants. In our experimental
conditions, the presence alone of CanCV did not trigger
any symptoms and, at least in the tested genotypes, we
can exclude the co-existence of more viral agents, that in

Table 4 Results of transmission tests in progenies derived from
crossing between symptomatic (S) and symptomless (SL) plants

Cross Not
germinated
seeds

Symptomatic
plants

CanCV
in S
plants

CanCV
in SL
plants

nq + nq +

♀S CanCV_nq
x ♂S
CanCV_nq
(self
pollination)

3/40 (7.5%) 21/40
(52.5%)

3/3 0/3 3/3 0/3

♀S CanCV+ x
♂S
CanCV_nq

4/40
(10.0%)

12/40
(30.0%)

0/3 3/3 0/3 3/3

♀SL
CanCV_nq
x ♂S
CanCV_nq

9/40
(22.5%)

9/40 (22.5%) 3/3 0/3 3/3 0/3

♀SL CanCV+
x ♂S
CanCV_nq

4/40
(10.0%)

15/40
(37.5%)

0/3 3/3 0/3 3/3

nq: plants with non-quantifiable CP (Ct > 32)

+: plants positive to CanCV
Fig. 3 Fertilization and environmental effects upon symptoms. a
percentage of symptomatic plants; b average height and standard
errors of the mean (19 degrees of freedom). In gray: plants that
were moved from the growth chamber to the glasshouse 3 weeks
after germination; in black: plants that were in the glasshouse for
the whole experiment. The electrical conductivity (EC) of the
tested nutrient solutions was 0.3, 1, 2 and 3 mS/cm; peat was used
as control. *: symptoms were not evaluated due to unsuitable plant
growth. Different letters correspond to statistical difference ac-
cording to Tukey’s post-hoc test (p < 0.05). No symptoms were
observed at EC 2, 3 and on peat under glasshouse conditions
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other biological systems can cause a severe symptom-
atology, as reported in strawberry (Tzanetakis et al.
2008) and in many other species (Lamichhane and
Venturi 2015). Ubiquitous presence and latent behavior
are expected for these types of viruses that have been
called cryptic precisely because they usually mediate
persistent infections of their hosts, usually plants or
fungi, with few or no effects on host cells. In some
cases, they can negatively affect growth and virulence
of some fungal hosts (Potgieter et al. 2013; Xiao et al.
2014), whereas, in other cases the same virus might be
harmful, cryptic or beneficial to its host depending on
the complexity of the ecological interaction (Hyder et al.
2013). The effect on plant pathogenic fungi can indi-
rectly affect their interaction with the host plant. Some
direct negative effects have been reported on host plants,
i.e. on raphanus and beet (Chen et al. 2006; Xie et al.
1994), while other observations suggest positive mutu-
alistic relationships, as in the interaction between White
clover cryptic virus 1 and Trifolium repens or between
Lolium perenne and a probable deltapartitivirus (Nibert
et al. 2014; Roossinck 2011). In fact, plant viruses might
positively impact response to both abiotic and biotic
stresses (Roossinck 2015), but these relationships bring
costs and benefits to the plant and the ability to under-
stand and modulate these could be a powerful resource
for breeders and growers. For all these reasons, moni-
toring the presence and abundance of CanCV in hemp
could be of great interest. The availability of the
TaqMan assays may be useful to underpin the biology
and epidemiology of CanCV, which remain largely un-
known, and in breeding programs in the attempt to
identify virus-free selections. Our results also gave
new evidence that CanCV is transmitted vertically at
least by seeds, while it does not pass between scion and
rootstock in the case of grafting.

Concerning the hemp streak symptoms, our results,
according to the new Koch postulates (Fredricks and
Relman 1996), suggested that leaf chlorosis and wrin-
kling are most likely not caused by a virus. Hemp streak
symptoms were observed in many genotypes both in
open field and in controlled conditions (growth cham-
ber, glasshouse) since the appearance of the first mature
leaves. We observed that in general leaf chlorosis and
wrinkling appeared more intensely in young plantlets
grown in stressful conditions (for example in rockwool
pads). Abiotic factors like imbalances of soil nutrients
and climatic stress can provoke symptoms that resemble
those of diseases caused by living organisms or can

predispose plants to infectious diseases caused by other
agents (McPartland et al. 2000). Deficiency of Mg, Zn,
Fe andMn can provoke yellowing between veins but the
association of this to the typical upward curling of leaf
edges is difficult to attribute to a specific imbalance
(lack or excess) of nutrients. Deficiency symptoms from
mobile nutrients (like N, P, K, Mg, Mo) generally begin
in larger leaves at the bottom of plants, while symptoms
from less mobile elements (Mn, Zn, Ca, S, B, Fe and
Cu) usually begin in younger leaves; however, we ob-
served the appearance of symptoms at the same time on
younger and older leaves. Moreover, the results obtain-
ed by our experiments excluded the possibility that
nutritional deficiency alone could enhance symptom
appearance and severity. Finally, we observed that sud-
den application of abiotic stresses, such as big changes
in light, humidity and temperature, caused an outbreak
of symptoms, while plants that germinated and grew in
the same stressful environment seemed to adapt and
barely showed symptoms; therefore the exact trigger
still remains unknown. Controlled application of abiotic
stresses could clarify their involvement, and this aspect
would certainly merit further studies. Our results also
confirmed that symptoms of leaf chlorosis and wrin-
kling are vertically transmitted as reported by
McPartland et al. (2000), while they did not pass to
herbaceous test plants or to symptomless C. sativa
plants by grafting.

To conclude, the Hemp Streak syndrome has been
observed for many years now, but the identification
of its cause is still problematic. The presence of
CanCV is not in itself synonymous with the disease,
but we cannot exclude its interaction with other
biotic or most likely abiotic stresses in triggering
the symptomatology. Also the possible effect of
other vertically transmitted characteristics, perhaps
also of a genetic nature, would need further investi-
gation. A better understanding of what initiates this
syndrome would be helpful to deploy more appro-
priate control and management measures. However,
since it is transmitted vertically, a selection of pa-
rental plants before crossing and, if possible, the
control of environmental conditions, are effective
in decreasing the rate of symptoms spreading to
offspring.
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