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SYNTHESIS AND CHARACTERIZATION  
OF NON-INFECTIOUS HOP LATENT VIROID CIRCULAR RNA 
USING GROUP I SELF-SPLICING RIBOZYME SYSTEM

Aim. Hop latent viroid (HLVd) poses a major threat to Cannabis sativa cultivation, with up to 90% infection rates and 
70% THC loss. Reliable non-infectious positive controls are needed for diagnostics. Methods. We synthesized non-
infectious HLVd circular RNA using a group I self-splicing ribozyme system. The product was characterized by RNase 
R digestion, RT-PCR, and sequencing to confirm circularization and the ribozyme-derived joining sequence. Results. 
Structural analysis showed the synthetic RNA retained high stability (ΔG = –90.4 kcal/mol) compared to native HLVd 
(ΔG = –93.8 kcal/mol), with introduced mutations preventing replication. The molecule remained stable from –20 to 
37 °C for 10 days and performed consistently as a PCR positive control. The infection assays in cannabis confirmed its 
non-infectious nature. Conclusion. The synthetic HLVd circRNA provides a safe, stable positive control for diagnos-
tics and viroid research, addressing a key gap in current detection methods.
Keywords: Hop latent viroid, cannabis, Group I Permutated Intron, in vitro transcription, circRNA.

Introduction

Hop latent viroid (HLVd) was for the first time 
found in 1987 in two commercially grown hop 

cultivars (Humulus lupulus L.) in the northern re-
gion of Leon in Spain [1]. HLVd can affect a wide 
range of plants such as cucumber, grapevine, cit-
rus, plum, peach, pear, apricot, almond [2] and 
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since 2019 HLVd has been detected in Cannabis 
(Cannabis sativa L.) cultivation in California 
[3, 4].

HLVd is a single-stranded RNA molecule, 256 nt 
long that belongs to the Cocadviroid family of Pop-
siviridae [5, 6]. The molecule is covalently closed 
in a circular RNA secondary structure. HLVd is 
missing of the protein coat, thus for the replication 
it relies on the host RNA polymerase II [7, 8]. 
Based on the recent study by Adkar-Purushotha-
ma analyzing the sequences available on the NCBI 
database, only two HLVd sequence variants can be 
distinguished into two variants affecting cannabis. 
There is only one base pair mismatch between the 
two isolated sequences, that does not influence its 
RNA secondary structure [9].

HLVd remains symptomless in hop plants, but 
α-bitter acid and essential oil content in cones are 
significantly reduced, affecting hop market value 
[10]. In Cannabis, only in the susceptible culti-
vars HLVd shows symptoms of so called “dud-
ding” di sease. The described symptoms are: 
shorter internodal spacing, smaller leaves, stun-
ting, malformation, chlorosis, brittle stems, re-
duced vigor, lower water intake, reduced flower 
mass and trichomes [3, 4]. At the flo wering stage 
the susceptible plants typically show smaller and 
loosed buds, weaker flower smell and less tri-
chome production. These symptoms reflect a loss 
of fiber production in industrial hemp varieties, 
and the reduction of cannabinoid contents in 
medical varieties, up to 70% in THC content. 
HLVd cannot be transmitted by seeds, but can be 
easily transmitted across plants by a horizontal-
mechanical process such as wounds or infected 
cutting tools. This results in the spread of HLVd 
through agamic propagation from affected mo-
ther plants [11, 12].

Based on a survey carried out in California on 
200.000 samples, approximately 90% of cannabis-
growing facilities were positive for HLVd, of which 
30% showed symptoms of the viroid’s infection. 
A recent study analyzed the incidence of HLVd in 
cannabis plants from 9 different provinces of Can-
ada between 2020 and 2022. In this research both 

symptomatic and asymptomatic plants were ana-
lyzed and the pathogen has been detected in 8 of 
the 9 provinces with an overall country wide fre-
quency of 25.6%. The highest number of positive 
samples were in two regions with the greatest can-
nabis production (British Columbia and Ontario), 
followed by Alberta and Quebec, which showed 
infection frequencies ranging from 11.4% to 34.7% 
[13, 14]. These data indicate that the viroid is wide-
spread in Canada, where the world’s largest can-
nabis production for cannabinoids is located , re-
sulting in a serious disease that impacts cannabis 
economic value.

Because HLVd is asymptomatic, it is a challenge 
to sustain it from the cultivation facilities. Rou-
tine scouting for the presence of disease symp-
toms and testing stock plants for the presence of 
HLVd is highly recommended. Early detection of 
the disease symptoms in the stock plants is impor-
tant to prevent pathogens from spreading within 
the growing environment. There are several diag-
nostic approaches that have been described to de-
tect cannabis pathogens [13, 14]. As shown by 
Buirs and Punjia in recent research, if plants are 
regularly tested (weekly) and stock plants are re-
placed every 3—4 months of production, and 
pathogen-free plants and infected plants are re-
moved, a gradual decline in the occurrence of the 
diseased stock plants can be achieved [15]. Mo-
lecular diagnostic methods should be used to en-
sure that vegetative plants are not infected by the 
viroid [13, 14, 16].

The aim of this research is to synthesize in vitro 
HLVd circRNA molecule. Construction of small 
synthetic circRNA could be done chemically by 
using condensing agents such as cyanogen bro-
mide, or through enzymatic methods using RNA 
or DNA ligases, or alternatively through ribozy-
matic methods using self-splicing introns such as 
Group I introns [17—19].

Circularly permutated group I introns are self-
splicing elements that have been found first in 
Anabena, a filamentous nitrogen-fixing cyano-
bacterium [20]. In particular, group I introns are 
small RNAs (250—500 nt) characterized by a 
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linea r array of conserved structural features, that 
through two successive transesterifications in a 
well defined splicing pathway can self-excise from 
the precursor RNA [21—23]. Group I introns are 
capable of self-splicing from the precursor RNA 
without the assistance of any proteins, thus are 
not influencing the expression of the host gene, 
but in some cases these genetic elements could be 
mobile, capable of transpose in homologous co-
pies through the host genome [24]. Synthetic vi-
roid-like ribozymes have been designed that act 
in trans to cleave RNA sequences of interest. These 
synthetic ribozymes consist of a target-binding 
domain, a catalytic domain, and a structural do-
main [25].

This research illustrates for the first-time how 
the group I introns approach has been successfully 
used to produce HLVd circRNA molecule. The sta-
bility of the molecule has been confirmed in a 
range of temperatures between –20 and 37 °C for a 
period of 10 days. Finally, its possible infectivity 
has been tested on Cannabis cultivar.

Materials and Methods

Materials. All consumables, DNA/RNA purifica-
tion kits from Shanghai Gene Era Bio-Science Co., 
Shanghai, China. Primers synthesis service pro-
vided by Bioligo Biotechnology Co., Shanghai, 
China. Gene synthesis service provided by Sangon 
Biotech Co., Shanghai, China.

Methods. DNA template linearized and in vitro 
transcription. Sequence coding for HLVd genome 
RNA (GeneBank accession number NC_003611), 
was custom synthesized, and cloned into pUC-57 
vector between T4 5’ and 3’ thymidylate synthase 
(td) group I intron [23] under control of T7 pro-
motor sequence. The primers T7P and T7T (Tab-
le 1) were used for PCR amplification with TaKaRa 
Taq HS Perfect Mix, amplification program: 95 °C 
for 2 min (95 °C for 5 s, 55 °C for 5 s and 72 °C for 
30 s) × 30 cycles. After polymerase chain reaction 
the PCR product was run in 2% agarose gel at 150 V 
for 20 minutes. The target band of the linearized 

DNA template was cut (613 bp) and cleaned up 
usin g DNA Gel extraction kit (Shanghai Gene Era 
Bio-Science Co.). Purified DNA (100ng) was ad-
ded to 100 µl in vitro transcription (IVT) reaction 
mi xes together with T7 RNA Polymerase (Jiangsu 
Shenji Biotechnology Co.). The reaction mixture 
was incubated for 1 hour at 37 °C, the template was 
digested adding 1µl of DNAse I (2.5 mg/ml) (San-
gon Biotech Co.) for 10 minutes at 37 °C.

In vitro cyclization and RNAse R digestion. IVT 
RNA was column purified by the RNA Clean up 
Kit. The cyclization reagent was prepared as fol-
lows: 50mM Tris-HCl (pH 8.0), 10  mM MgCl, 
2  mM GTP, 1mM DTT. Cyclization reagent was 
mixed with circRNA precursors and incubated at 
55 °C for 20 minutes. Then, the RNAse R (Shang-
hai Gene Era Bio-Science Co.) was added to digest 
linear RNA, the sample was incubated for 30 mi-
nu tes at 37 °C. At each step, the products were ana-
lyzed on agarose as described above. Then, the cir-
cRNA was precipitated from the aqueous phase 
using 1/10 volumes of 3 M NaOAc (pH 5.2) and 
2 volumes of isopropyl alcohol, thus the pellet was 
dissolved in water and RNA concentration was de-
termined by measuring the absorbance at 260 nm 
(Nano-300 Allsheng Instrument Co.).

Reverse transcription and cDNA synthesis. One 
step reverse transcription-polymerase chain reac-
tion (RT-PCR) was carried out with One step RT-
PCR Kit (Shanghai Gene Era Bio-Science Co.) 
usin g a pair of primers specific for the whole region 
of putative circRNA (Table 1) and according to the 
following program: 50  °C 10min, 95  °C 5  min, 
(95 °C 5 s 55 °C 5 s 72 °C 30 s) × 30 cycles. A part of 
the amplification products was checked on agarose 
as described above and another part was sent for 
Sanger sequencing (Sangon Biotech Co.).

CircRNA stability. The circRNA of HLVd was 
placed on the different temperature conditions 
(–20 °C, 4 °C, 25 °C, 37 °C) for 10 days. One step 
RT-qPCR was carried out every day using a pair of 
primers and probe specific for circRNA (Table 1). 
One step RT-qPCR Kit, was used to perform 
PCR program as above (Shanghai Gene Era Bio-
Scienc e Co.).
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Table 1. List of primers and sequences

Primer name Sequence 5’ > 3’ Dye Reference 

T-7P TAATACGACTCACTATAGG — This study 
T-7T GCTAGTTATTGCTCAGCG —
RT-HLVd-F TTCGGCTTCTTCTTGTTC —
RT-HLVd-R GCTCAAGAGTTGTATCCA —
RT-HLVd-P ACGGCTCCTTCTTCACACCA CY5
TC-Universal CS For TGTCCTACATATCTCAAGTCCCATTT — [7]
TC-Universal CS Rev AAGGGTAGCTCCGGCTTCAA —
TC-Universal CS P TA+GTAGA+CTTGA+GAAA+CATGC * ROX

* — + denoted LNA bases (O2’–C4’ bridge in ribose backbone)

Serial dilutions and sensibility test of  RT-PCR 
kit.The obtained circRNA of HLVd has been seri-
ally diluted from 105 to 10 genome copies num-
ber per  µl to evaluate the sensitivity of the 
RT-PCR and spiked into the cannabis leaves 
lysate, to mi mic infected plant material. RT-PCR 
was performe d with RT-HLVd primers and 
probes, and TC Universal primers and probe 
were used as internal control [7] (Table 1). Each 
dilution was amplified in three technical repli-
cates, then, Ct va lues were extrapolated for draw-
ing the calibration curve.

Cannabis HLVd inoclum and RT-PCR confirma-
tion. Ten healthy, well-developed and susceptible 
cannabis plants (variety Yunma) were used to test 
virulence of the in vitro prepared HLVd. One plant 
was used as Mock and inoculated with distilled 
sterilized water, the other plants were used for 
HLVd inoculum. The inoculum was performed by 
slightly cutting a leaf on its lower side with a sterile 
scalpel and then spread with 100 µl of HLVd RNA 
of a final concentration of 106 copies/µl).

After 10 days from inoculum, the leaves were 
sampled from both plants. One sample was taken di-
rectly from the inoculum site, the second from the 
inoculated leaf, but in a different position from the 
inoculum site, and the last sample was taken from 
another leaf located opposite the inoculum site.

Total nucleic acids were extracted from 100 mg 
leaves samples using 500 µl of the SDS buffer 

[26] with our modifications. Briefly, the samples 
were individually grinded with a mechanical 
tool and ceramic beads; then the sample was 
heated at 95 °C to lysate it, next centrifuged, the 
supernatant was transferred to a new tube and 
an equal volume (~400 µl) of isopropanol was 
added to precipitate total nucleic acids. The solu-
tion was transferred into a silica spin membrane 
column tube and centrifuged, removing flow 
through, then, membrane was washed with 75% 
ethanol. After centrifugation the extracted total 
nucleic acids was eluted with 100 µl of TE buffer 
and collected into a new tube through centrifu-
gation. RT-PCR was performed with RT-HLVd 
and TC Universal primers and probes (Table 1) 
with the same protocol as described above. Each 
sample was amplified in three technical repli-
cates, finally, Ct va lues were extra po lated as a 
function of Log concentration of circRN A HLVd 
(copies numbers).

Results And Discussion
Genetic construct design for synthesis 
Hop Latent Viroid Circular RNA
Figure 1 illustrates the design and structural analy-
sis of the engineered RNA construct. Panel A pre-
sents a schematic representation of the genetic 
construct, showing the arrangement of key func-
tional elements. It includes labeled regions 
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b

a

T7P IntronIntron HLVd

Fig. 1. Design and predicted secondary struc-
ture of the engineered HLVd RNA construct: 
a — schematic representation of the genetic 
construct used for RNA expression. Key func-
tional elements are indicated, including exon 
1 (E1), exon 2 (E2), the 5' splice site (5'SS), the 
3' splice site (3'SS), and an inserted hairpin 
loop (HLVd); b — Predicted se con dary struc-
ture of the corresponding RNA transcript, 
gene ra ted using the RNAfold web server 
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWeb-
Suite/RNAfold.cgi). Base-pairing pro ba bi li-
ties are color-coded: red indicates highly sta-
ble pairs, green denotes mo de ra te stability, 
and yellow/orange reflects lower stability. 
Critical sequence features (E1, E2, 5'SS, 3'SS, 
HLVd) are annotated within the structure. 
The arran gement highlights pre ser vation of 
the designed motifs in the fol ded RNA
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amplified product, which revealed the complete 
and accurate HLVd genome sequence, including 
the expected circular junction site and the pre-
sen ce of an intron-derived scar (Fig. 3a). The 
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Fig. 2. Experimental validation of the engineered HLVd 
circRNA: a — agarose gel electrophoresis of different sta-
ges of HLVd circle RNA synthesis, the products: 1 — of 
in vitro transcription; 2 — after DNAse I digestion; 3 — 
after clean up and self-circling; 4 — after RNAse R diges-
tions; b — agarose gel electrophoresis of synthetic HLVd 
circRNAs amplification by RT-PCR: 1 — RT-PCR pro-
ducts with MMLV RT; 2 — RT-PCR products without 
MMLV RT (minus RT control); 3 — Non template con-
trol (NTC); c  — schematic representation of circRNA 
HLVd, highlighting the intron scar and the primers' an-
nealing points

correspondin g to T7 promotor, exons (E1 and E2), 
the 5' splice site (5'SS), the 3' splice site (3'SS), and 
the inserted structural module (HLVd). Arrows 
and connecting lines indicate the orientation and 
relative positions of the elements within the ge-
netic design, providing an overview of the synthe-
tic organization intended for transcription and 
splicing analysis. Panel B displays the predicted 
secondary structure of the transcribed RNA, ge ne-
rated from the genetic construct shown in panel A. 
The structure is color-coded according to base-
pairing probability: red regions correspond to 
highly stab le base pairs, green to moderately stable 
pairs, and yellow/orange to less stable regions. A 
magnified view highlights the positioning of key 
features (E1, E2, 5'SS, 3'SS, HLVd) within the fol-
ded RNA, indicating that the construct maintains 
its designed secondary structure architecture es-
sential for its intended functional studies.

Synthesis and Confirmation 
of Hop Latent Viroid Circular RNA
We successfully synthesized in vitro the circular 
RNAs of HLVd using a group I intron scaffold. The 
synthesized circRNA was confirmed through aga-
rose gel electrophoresis after RNAse R digestion 
(Fig. 2a, line 4). Since RNase R specifically digests 
linear RNA molecules and does not cleave circular 
RNAs, we can prove that the products, resulting 
from RNase R digestion, belong to the circular 
type of synthesized RNA. The circRNA size is near 
250  nt, which corresponds to the size of native 
HLVd.

To further confirm the circular nature of in vitro 
synthesized HLVd RNAs, we conducted RT-PCR 
with bidirectional primers that elongate the strands 
in opposite directions (see Fig. 2). In Fig. 2b, three 
distinct bands are visible, corresponding to triple, 
double, and single circle amplifications with sizes 
of 750 bp, 500 bp, and 250 bp, respectively. This 
electropherogram resembles the same amplicon 
bands pattern as shown in [13, 14].

Final confirmation of circular RNA HLVd was 
obtained through Sanger sequencing of the PCR-
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resultin g sequences were aligned against the refe-
ren ce HLVd sequence (NCBI GenBank accession 
no. NC_003611) to verify their identity and con-
firm successful circularization.

The nucleotide sequence alignment shows that 
synthetic HLVd differs from native HLVd only by 

the presence of an additional sequence tag, called 
the ‘intron scar’ which originates from the E1 and 
E2 sequences of group I intron (Fig. 3b) and is in-
volved in the cleavage and splicing of nascent cir-
cRNA [27].

We also analyzed the secondary structures of 
circRNA using minimal free energy prediction al-
gorithm (RNAfold) [28, 29] between synthetic and 
natural viroid RNAs to compare their stability 
(Fig. 4). In Fig. 4 the predicted secondary struc-
tures of the native and synthetic forms of HLVd 
RNA are compared. Panel A displays the secon da-
ry structure model of the native HLVd RNA, high-
lighting the characteristic rod-like conformation 
with extensive internal base-pairing and a highly 
ordered arrangement of stems and loops. The cir-
cular nature of the molecule is reflected in the con-
tinuous folding without free termini, a hallmark 
of  mature viroid genome. Panel B shows the 
secondar y structure of the synthetic HLVd RNA 
construct generated in this study. While preser-
ving the overall rod-shaped architecture of the na-

a

b
Fig. 3. HLVd circRNA sequence analysis confirmation. a — Sequencing results of RT-PCR product for HLVd circRNA 
confirmation, arrow is indicated the joining point, intron related sequence (scar) is shown in red square. GenBank: 
PP829257.1. b — Nucleic acids sequences alignments of the HLVd-N, natural viroid RNA (NC_003611) and HLVd_IVT, 
synthetic viroid RNA (PP829257.1)

a

b
Fig. 4. Secondary structure comparison of synthetic (a) 
and natural HLVd (b) RNAs. a — Minimal free energy 
(MFE) predicted secondary RNA structure of synthetic 
HLV viroid (PP829257.1), ΔG –90.40 kcal/mol. b — Mini-
mal free energy (MFE) predicted secondary RNA structure 
of natural HLV viroid (NC_003611), ΔG –93.80 kcal/mol

0 1

0 1
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tive form, the synthetic RNA exhibits minor struc-
tural variations at the engineered junction site and 
in the vicinity of the intron scar. These modifica-
tions are consistent with the expected design and 
do not disrupt the global structural organization 
essential for the viroid functionality.

The synthetic RNA exhibited a ΔG of 
–90.4 kcal/mol, while the native RNA showed a 

ΔG of –93.8 kcal/mol. These values indicate that 
both RNA structures are thermodynamically 
stab le, with the native RNA being slightly more 
stable than the synthetic counterpart. The dif fe-
ren ce in ΔG values suggests minor variations in 
the base-pairing interactions and overall secon-
da ry structure confi gu ration between the syn-
thetic and native RNA, potentially affecting 

Fig. 5. Real-time qPCR for HLVd RNA: a — Dynamic range amplification curves from 
Log5 to Log2 RNAs copies; b — Calibration curve

a

b
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their biological function and interaction dy-
namics.

The secondary HLVd RNA structure clearly shows 
that viroid circRNA adopt rod-shaped structures 
containing conserved sequences and structural mo-
tifs: the central conserved region (CCR) and the ter-
minal conserved regions (TCR) or the terminal con-
served hairpins directly involved in self-replication 
by asymmetric rolling circle mechanism [30].

Application as a Positive Control 
in PCR Kits
Our initial application of synthetic circRNA HVLd 
involved its use as a positive control for routine 
HLVd testing. Last years, several US plant farms 
experienced economic impacts due to the viroid 
infections, which were rapidly spreading through 
cannabis and hop cultivations. By routinely uti li-
zing this circRNA as a positive control, users can 
effectively manage diagnostic procedures for 
HLVd detection and prevention, while also stan-
dardizing laboratory techniques through valida-
tion. Our experiments demonstrated that this 
circHLVd can be successfully extracted from leaf 
samples, even when spiked at low copy numbers, 
mimi cking natural infections (Fig. 5). Further-
more, we evaluated the synthesized HLVd circRN A 
as a potential positive control for PCR kits de-
signed to detect HLVd. Its suitability was con-

firmed, as it consistently produced reliable ampli-
fication signals during PCR testing, highlighting 
its potential utility in diagnostic applications.

Stability Assessment 
of the Synthesized HLVd circRNA
In order to evaluate the stability of the synthesized 
HLVd circRNAs, we conducted storage tests at va ri-
ous temperatures ranging between –20 °C and 37 °C, 
including 4 °C, and room temperature (25 °C).

Our results demonstrated that the circRNAs re-
mained highly stable over extended periods under 
all tested conditions, maintaining both its integrity 
and amplification efficiency. This robustness un-
derscores its suitability as a positive control in di-
agnostic assays. To further assess its utility as a 
spiking reagent, we investigated the circRNAs sta-
bility during storage (Fig. 6).

Our experiments revealed that the circRNA re-
mained intact for up to 10 days, even when stored 
at elevated temperatures such as 37  °C. Notably, 
there was no significant variation in Ct values even 
after storge at 60 °C (data not shown).

Biological Activity Testing 
in Cannabis Plants
We evaluated the biological activity of the synthe-
sized HLVd circRNA by inoculating healthy can-
nabis plants (n = 10). Other researches demonstra-
ted that HLVd can be infectious in several forms 
such as crude sap, total RNA extract or cDNA 
transcript [11]. Surprisingly, in our test the inocu-
lated plants exhibited no signs of infection or rep-
lication, suggesting that the synthesized circRNA 
lacked replication capability. This conclusion was 
further supported by the absence of symptomatic 
or molecular evidence of HLVd replication in the 
tested plants.

Conclusion
The successful synthesis and confirmation of HLVd 
circular RNA using the group I intron scaffold 

Fig. 6. Biological stability and activity testing of the syn-
thetic HLVd circRNA in Cannabis Plants: circRNA stab i li-
ty test (PCR Ct as a function of time, days testing points at 
different temperatures)

 D1 D2 D3 D4 D7 D8 D9 D10
 –20C     4C     25C     37C

25

20

15

10

5

0

circRNA-HLVd stability



97ISSN 1993-6842 (on-line); ISSN 0233-7657 (print). Biopolymers and Cell. 2025. Vol. 41, No. 2

Engineered circular HLVd RNA using self–splicing ribozyme

REFERENCES

 1. Pallas V, Navarro A, Flores, R. Isolation of a viroid-like RNA from hop different from hop stunt viroid. J Gen Virol. 
1987; 68(12):3201—5.

 2. Matousek J, Patzak J. A low transmissibility of Hop latent viroid through a generative phase of Humulus lupulus L. 
Biol Plant. 2000; 43(1):145—8.

 3. Bektaş A, Hardwick KM, Waterman K, Kristof J. Occurrence of Hop latent viroid in Cannabis sativa with symptoms 
of cannabis stunting disease in California. Plant Dis. 2019; 103(10):2699.

 4. Warren JG, Mercado J, Grace D. Occurrence of Hop latent viroid causing disease in Cannabis sativa in California. 
Plant Dis. 2019; 103(10):2699—2699.

 5. Sano T. Progress in 50 years of viroid research-Molecular structure, pathogenicity, and host adaptation. Proc Jpn 
Acad Ser B Phys Biol Sci. 2021; 97(7):371—401.

 6. Takeda R, Ding B. Viroid intercellular trafficking: RNA motifs, cellular factors and broad impacts. Viruses. 2009; 
1(2):210—21.

 7. Torres A, Pauli C, Givens R, et al., and Gaudino RJ. High-throughput methods to identify male Cannabis sativa using 
various genotyping methods. J Cannabis Res. 2022; 4(1):57.

 8. Flores R, Hernández C, Martínez de Alba AE, et al., and Di Serio F. Viroids and viroid-host interactions. Annu Rev 
Phytopathol. 2005; 43:117—39.

 9. Adkar-Purushothama CR, Sano T, Perreault JP. Hop Latent Viroid: A Hidden Threat to the Cannabis Industry. Vi-
ruses. 2023; 15(3):681.

10. Barbara DJ, Morton A, Adams AN, Green CP. Some Effects of Hop Latent Viroid on Two Cultivars of Hop (Humulus 
Lupulus) in the UK. Ann Appl Biol. 1990; 117(2):359—66.

11. Atallah OO, Yassin SM, Verchot J. New Insights into Hop Latent Viroid Detection, Infectivity, Host Range, and 
Transmission. Viruses. 2023; 16(1):30.

12. Miotti N, Passera A, Ratti C, et al., and Casati P. A Guide to Cannabis Virology: From the Virome Investigation to 
the Development of Viral Biotechnological Tools. Viruses. 2023; 15(7):1532.

13. Punja ZK, Wang K, Lung S, Buirs L. Symptomology, prevalence, and impact of Hop latent viroid on greenhouse-

represen t a significant advancement in the devel-
opment of molecular tools for the viroid research 
and diagnostics. The accurate sequencing and RT-
PCR validation confirmed the fidelity of the syn-
thesized circRNA, making it a reliable candidate 
for further applications.

One of the primary applications explored in this 
study was the use of the synthesized HLVd circRN A 
as a positive control in PCR kits for the HLVd de-
tection. The high stability observed across various 
temperatures emphasizes its potential utility in di-
agnostic settings, where consistent performance is 
crucial. The robustness of this positive control can 
improve the reliability and accuracy of the HLVd 
detection assays, providing a valuable tool for both 
research and agricultural applications.

The inoculation experiments conducted on 
healthy cannabis plants revealed that the synthe-
sized HLVd circRNA lacked functional replica-
tion activity. This finding makes us hypothesize 

that the intron scar superposition within the 
circRN A structure impairs its replication capa bi-
li ty. The replication-deficient nature of the syn-
thesized RNA underscores its safety for use in 
laboratory settings, minimizing the risk of unin-
tended viroid spread or infection. We hypothe-
size that the pre sen ce of the intron scar in the 
terminal conserved hairpins of the synthesized 
HLVd circRNA negatively affects its self-replica-
tion by rolling circle mechanism that provides 
insights into the structural elements necessary 
for the viroid replication. Understanding the role 
of intron scars in impai ring replication can in-
form future studies aimed at dissecting viroid 
replication mechanisms and potentially guide the 
design of replication-competent synthetic viroid 
RNAs for research purposes.

Conflict of Interest. The authors declare that 
they have no conflict of interest.



98 ISSN 1993-6842 (on-line); ISSN 0233-7657 (print). Biopolymers and Cell. 2025. Vol. 41, No. 2

J. Yan, V.G. Spyrydonov, M. Dall’Agata et al.

grown cannabis (Cannabis sativa L.) plants in Canada. Can J Plant Pathol. 2023; 46(2):174—97.
14. Punja ZK, Kahl D, Reade R, et al., and Nachappa P. Challenges to Cannabis sativa Production from Pathogens and 

Microbes-The Role of Molecular Diagnostics and Bioinformatics. Int J Mol Sci. 2023; 25(1):14.
15. Buirs L, Punja ZK. Integrated Management of Pathogens and Microbes in Cannabis sativa L. (Cannabis) under 

Greenhouse Conditions. Plants (Basel). 2024; 13(6):786.
16. Wang S. Diagnosing Hemp and Cannabis Crop Diseases. 2021. CABI, Boston.
17. Beaudry D, Perreault JP. An efficient strategy for the synthesis of circular RNA molecules. Nucleic Acids Res. 1995; 

23(15):3064—6.
18. Micura R. Cyclic oligoribonucleotides (RNA) by solid-phase synthesis. Chem A Eur J. 1999; 5(7):2077—82.
19. Petkovic S, Müller S. RNA circularization strategies in vivo and in vitro. Nucleic Acids Res. 2015; 43(4):2454—65.
20. Xu MQ, Kathe SD, Goodrich-Blair H, et al., and Shub DA. Bacterial origin of a chloroplast intron: conserved self-

splicing group I introns in cyanobacteria. Science. 1990; 250(4987):1566—70.
21. Cech TR. Self-splicing of group I introns. Annu Rev Biochem. 1990; 59:543—68.
22. Cech TR, Bass BL. Biological catalysis by RNA. Annu Rev Biochem. 1986; 55:599—629.
23. Zaug AJ, McEvoy MM, Cech TR. Self-splicing of the group I intron from Anabaena pre-tRNA: requirement for base-

pairing of the exons in the anticodon stem. Biochemistry. 1993; 32(31):7946—53.
24. Gomes RMODS, Silva KJGD, Theodoro RC. Group I introns: Structure, splicing and their applications in medical 

mycology. Genet Mol Biol. 2024; 47Suppl 1(Suppl 1):e20230228.
25. Citti L, Rainaldi G. Synthetic hammerhead ribozymes as therapeutic tools to control disease genes. Curr Gene Ther. 

2005; 5(1):11—24.
26. Edwards K, Johnstone C, Thompson C. A simple and rapid method for the preparation of plant genomic DNA for 

PCR analysis. Nucleic Acids Res. 1991; 19(6):1349.
27. Rausch JW, Heinz WF, Payea MJ, et al., and Le Grice SFJ. Characterizing and circumventing sequence restrictions for 

synthesis of circular RNA in vitro. Nucleic Acids Res. 2021; 49(6):e35.
28. Gruber AR, Lorenz R, Bernhart SH, et al., and Hofacker IL. The Vienna RNA websuite. Nucleic Acids Res. 2008; 

36(Web Server issue):W70—4.
29. Lorenz R, Bernhart SH, Höner Zu Siederdissen C, et al., and Hofacker IL. ViennaRNA Package 2.0. Algorithms Mol 

Biol. 2011; 6:26.
30. Ortolá B, Daròs JA. Viroids: Non-Coding Circular RNAs Able to Autonomously Replicate and Infect Higher Plants. 

Biology (Basel). 2023; 12(2):172.
Received 21.04.2025



99ISSN 1993-6842 (on-line); ISSN 0233-7657 (print). Biopolymers and Cell. 2025. Vol. 41, No. 2

Engineered circular HLVd RNA using self–splicing ribozyme

Ц. Янь 1, 2, В.Г. Спиридонов 3, М. Далл’Агата 1, М.Д. Мельничук 4, В. Ю 1
1  Shanghai Gene Era Bio–Science, Co, Ltd.  

Хуаньчен Іст-роуд, 211, район Фенсянь, Шанхай, Китай, 201400
2  Школа природничіх наук, Фуданський університет  

Ханьдань Роуд, 220, район Янпу, Шанхай, Китай, 200437
3  Elbis UAB, Ltd.  

Мокслінінку, 6А, Вільнюс, Литва, LT–08412
4  Вінницький Національний аграрний університет  

вул. Сонячна, 3, Вінниця, Україна, 21008 
yugebio@ge-bio.com

СИНТЕЗ І ХАРАКТЕРИСТИКА НЕІНФЕКЦІЙНОЇ КІЛЬЦЕВОЇ РНК  
ЛАТЕНТНОГО ВІРОЇДУ ХМЕЛЮ З ВИКОРИСТАННЯМ  
САМОСПЛАЙСИНГОВОЇ СИСТЕМИ РИБОЗИМУ ГРУПИ I

Мета. Латентний віроїд хмелю (HLVd) становить серйозну загрозу для культивування Cannabis sativa, з рівнем 
зараження до 90% і втратою 70% ТГК. Для діагностики необхідні надійні неінфекційні позитивні контролі. Ме-
тоди. Ми синтезували неінфекційну кільцеву РНК HLVd за допомогою самосплайсингової рибозимної систе-
ми групи I. Продукт був охарактеризований за допомогою розщеплення РНКази R, RT-PCR та секвенування 
для підтвердження циклюляризації та послідовності з’єднання, отриманої з рибозиму. Результати. Структур-
ний аналіз показав, що синтетична РНК зберігає високу стабільність (ΔG = –90,4 ккал/моль) порівняно з на-
тивним HLVd (ΔG = –93,8 ккал/моль), із введеними мутаціями, що запобігають реплікації. Молекула залишала-
ся стабільною при температурі від –20 до 37 °C протягом 10 днів і працювала як позитивний контроль ПЛР. 
Висновок. Синтетична circRNA HLVd забезпечує безпечний, стабільний позитивний контроль для діагностики 
та дослідження вірусів, усуваючи ключову прогалину в сучасних методах виявлення.
Ключові слова: латентний віроїд хмелю, канабіс, пермутований інтрон групи I, транскрипція in vitro, circRNA.


