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Abstract The citrus bark cracking viroid (CBCVd) was
identified as causal agent for a severe stunting disease in
hops. Viroids are highly stable parasitic RNAs, which
can be easily transmitted by agricultural practices. Since
CBCVd has recently been detected in two European
countries a growing concern is that this pathogen will
further spread and thereby threaten the European hop
production. Biogas fermentation is used to sanitize hop
harvest residues infected with pathogenic fungi. Conse-
quently, the aim of this study was to test if biogas
fermentation can contribute to viroid degradation at
mesophilic (40 °C) and thermophilic (50 °C) conditions.

Therefore, a duplex reverse transcription real-time PCR
analysis was developed for CBCVd and HLVd detec-
tion in biogas fermentation residues. The non-
pathogenic hop latent viroid (HLVd) was used as viroid
model for the pathogenic CBCVd. The fermentation
trials showed that HLVd was significantly degraded
after 30 days at mesophilic or after 5 days at thermo-
philic conditions, respectively. However, sequencing
revealed that HLVd was not fully degraded even after
90 days. The incubation of hop harvest residues at
different temperatures between 20 and 70 °C showed
that 70 °C led to a significant HLVd degradation after
1 day. In conclusion, we suggest combining 70 °C
pretreatment and thermophilic fermentation for efficient
viroid decontamination.

Keywords Humulus lupulus . Hygienisation .

Pospiviroidae . Harvest residue utilization . Plant
protection

Introduction

Viroids are small parasitic RNAs that replicate in their
host plants by interacting with the host transcriptional
machinery (Škorić, 2017). The viroid infections encom-
pass the entire spectrum of disease intensity from only
moderate as for example the infection of the hop latent
viroid in hops (Jakse et al., 2015) to severe symptom
expression caused by potato spindle tuber viroid
(PSTVd) in potatoes (Diener, 1972). In certain cases,
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moderate symptoms like dwarfing might even be con-
sidered as beneficial. For example, so called “dwarfing
viroids” are used for high-density plantings of citrus
(Vidalakis et al., 2011). The citrus bark cracking viroid
(CBCVd, synonym Citrus viroid IV) is one of those
dwarfing viroids (Bar-Joseph, 1993). However, the
CBCVd is also the causal agent for a severe hop stunting
disease, which was first discovered in Slovenia in 2007
(Jakse et al., 2015). Until today this severe hop stunting
disease has caused high economic losses and is still
spreading (Radisek, 2017). The eradication of viroids
from an agricultural production site is difficult because
any plant material harboring viroids left on the field
might act as source for further infection. Viroids easily
spread by any practices that cause mechanical damage
on plants, especially pruning and harvest (Škorić, 2017).
Further, viroids can persist a certain time in water, in
plant residues or even in compost (Kerins et al., 2018;
Mehle et al., 2014). However, for viroids generally soil-
born infection may not be a major risk (Seigner et al.,
2008; Verhoeven et al., 2010). Nevertheless viroid
transmission via roots is possible under experimental
conditions and may also be realistic under practical
conditions when plants are cultivated over long periods
(Matsushita, 2013; Mehle et al., 2014). Consequently,
hop growers have the concern that hop harvest residues
used as fertilizers might still contain infectious viroid
particles despite ensiling and fermentation, thus may
cause infections. The primary infection of hop plants
in Slovenia is thought to be the result of establishing a
hop garden on an illegal refuse dump containing citrus
plant residues (Radisek, 2017). Therefore, it seems pos-
sible that viroid-containing plant residues lead to (re-)-
infections. Distribution of hop harvest residues in hop
gardens is a common practice not just for increasing soil
fertility, but also as a solution for the disposal of the
huge amount of above-ground plant material resulting
from the annual hop harvest. Thus, sanitization by fer-
mentation of hop harvest residues has been established
in some hop production areas. In addition, farms with
biogas plants are always looking for by-products that are
suitable as substrate for their biogas plant to produce
renewable energy. At the same time, hygienisation can
take place via this utilization route (Oechsner, 2017).
The new threat of CBCVd could in turn compromise
this recycling strategy. A current study on the fate of the
HLVd during ensiling could not resolve those concerns,
because ensiling did not reduce HLVd quantities even
after a period of 4 month (Hagemann et al., 2021).

Therefore, the first aim of this study was to analyze if
the fermentation processes in a biogas plant can lead to
viroid degradation and subsequently can be used for
sanitization of infected material. Generally, viroids are
highly tolerant to thermal inactivation under experimen-
tal conditions as shown for the hop stunt viroid (HSVd),
which was still able to infect plants after heat treatment
for 10 min at 140 °C (Takahashi & Yaguchi, 1985). In
contrast, in more practical oriented experiments with
composting of PSTVd infected plant material at a tem-
perature of 50 °C it was shown that viroid levels drop
below detection limits within 2 weeks (Kerins et al.,
2018). Thus, the matrix-temperature interaction and
concomitant microbiological processes seem to be the
crucial factor for viroid degradation. As consequence
the aim was to study viroid decay in the biogas plant.
Therefore, two typical temperature regimes were com-
pared, mesophilic fermentation at 40 °C and thermo-
philic fermentation at 50 °C. Additionally, to study the
temperature dependency of viroid degradation HLVd
infected hop material was incubated in vitro at different
temperatures and the secondary structure was predicted
in silico accordingly.

The CBCVd has been evaluated by an express risk
assessment by the European Plant Protection Organiza-
tion (EPPO) (Radisek, 2017) and is likely to be listed as
regulated non-quarantine pests (RNQP). To avoid any
risk of dispersal of the dangerous CBCVd during the
experiments, the closely related hop latent viroid
(HLVd) has been used as model. CBCVd and HLVd
both can infect hop plants and belong to the family of
Cocadviroidae as shown by phylogenetic analysis (Di
Serio et al., 2014). HLVd has been detected in all hop
production areas worldwide and no serious HLVd-
related pathogenesis is known for crops produced in
the hop production areas. However, RNA sequencing
of cannabis plants (Cannabis sativa L.) with and with-
out stunting symptoms suggested that the HLVd is the
agent causing a severe stunting disease in cannabis
(Bektaş et al., 2019; Warren et al., 2019). Thus, this
research might have direct implications for a HLVd
inactivationmethods as part of cannabis harvest decon-
tamination strategy. Analysis of the HLVd and the
CBCVd are typically performed starting with a reverse
transcription of the viroid RNA followed by a duplex
Real-Time quantitative PCR (RTqPCR), which contains
primers and probes for the targeted viroid and for plant
mRNA as internal RTqPCR positive control (IPC)
(Guček et al., 2016; Seigner et al., 2020). However, this
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best-practice strategy for fresh plant material has limita-
tions when it comes to the analysis of fermentation
residues likely because of plant mRNA degradation.
Without plant mRNA the common IPC is not function-
ing; thus, false negative results cannot be ruled out.
Therefore, an alternative PCR strategy has been tested
by using the ribosomal RNA of methanogenic archaea
as IPC. In brief, the fate of the HLVd during fermenta-
tion in well-established biogas plant model setup was
studied and the RTqPCR strategy was specifically
adapted for this experiment as foundations for high-
throughput screenings. The results have direct implica-
tions for hop producers and biogas plant operators using
hop harvest residues as substrate.

Materials and methods

Plant material and fermentation experiment

Samples derived from hop harvest residues in the form
of chopped bines were gathered directly after harvesting
the cultivar “Adriana” from a commercial farm in the
hop growing region Hallertau, Germany, in 2019. The
plant material was transported to the University of
Hohenheim (Stuttgart, Germany) and some samples
have been stored at approximately −80 °C directly for
the use as pre-treatment reference (pre), while the re-
maining material was used as substrate for the
Hohenheim biogas yield test (HBT). The HBT is a
model setup that reliably reproduces the conditions of
a biogas plant (Holliger et al., 2016; Hülsemann et al.,
2020; Mittweg et al., 2012). The HBT was conducted at
two fermentation temperatures of 40 °C (mesophilic
conditions) and 50 °C (thermophilic conditions) accord-
ing to VDI 4630 (VDI protocol, 2016). The fermenta-
tion inoculum was a mixture (1:1) taken from two
commercial biogas plants, one with a thermophilic bio-
cenosis (biogas plant near Stuttgart run at ~50 °C) and
one with a mesophilic biocenosis adapted to digesting
hop plant material (Hallertau BIOGAS plant run at
42.5 °C). The purpose of mixing the inocula was to
produce a mixed biocenosis, which can quickly adapt
to either mesophilic or thermophilic conditions. Each
digester syringe (maximum volume 100 ml) was pre-
pared with 1.1 g of hop chaff (31.7% dry matter) to-
gether with 30 g biogas inoculum (4.1% dry matter) to
achieve an inoculum to substrate dry matter ratio of
greater than 2 according the VDI 4630 protocol.

Samples were taken after an incubation of 1 and 12 h
and after 1, 5, 30 and 90 days, respectively. Three
digestion syringes were analyzed for each sampling
event. Each sample was immediately frozen and then
stored at approximately −80 °C until further processing.
Six syringes were operation at 37 °C for 35 days to
determine the specific methane potential according to
VDI4630. Dry matter (DM) and organic dry matter
(ODM) was determined according to DIN EN 15935.

Temperature experiment For testing the effect of tem-
perature on viroid particle degradation non-fermented
chopped hop bines have been used. Analog to the fer-
mentation experiment 1.1 g of chopped bines have been
put into a 50ml vial containing 30ml of preheated water
(instead of slurry). Two vials have been prepared for
each temperature and transferred to a preheated incuba-
tor at either 20 °C, 40 °C, 50 °C, 60 °C, or 70 °C (WTB
Binder, Tuttlingen, Germany). The samples have been
incubated for 1 day, 3 days, or 5 days. Thereafter, the
water has been removed and the remaining plant mate-
rial was shock-frozen and stored at −80 °C until RNA
extraction and RTqPCR analysis.

RNA extraction and PCR analysis For the RNA extrac-
tion approximately 100 mg of material was used per
analysis. The Monarch Total RNA Miniprep Kit (New
England Biolabs, Ipswich, USA), was used as previous-
ly described (Hagemann et al., 2021). The RTqPCR
reaction was calculated for a template volume of
2.5 μl in a total volume of 25 μl per reaction. Based
on previous experience it was decided to work with
RNA extract dilution of 1:5 and 1:10, respectively, in
order to account for possible inhibitory effects. The
RTqPCR reaction was performed with the Bioline
SensiFAST™ Probe No-ROX One-Step Kit (Bioline,
London, UK) on a Rotor Gene Cycler (Rotor Gene
6000, Qiagen, Hilden, Germany) under conditions as
previously described (Seigner et al., 2020). Two differ-
ent duplex RTqPCR have been performed (Table 1);
first all samples have been analyzed with a HLVd-nad5-
RTqPCR, which was developed for the detection of
HLVd and the nad5-mRNA based IPC in fresh plant
material (Botermans et al., 2013; Guček et al., 2016;
Seigner et al., 2020). Because the nad5-IPC is not well-
suited for the given sample matrix (fermentation resi-
dues) the HLVd-Arc-RTqPCR duplex strategy was
established. The IPC of the latter strategy targets ribo-
somal RNA of archaea (Lebuhn et al., 2016).
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Additionally, the HLVd-nad5-RTqPCR was repeated in
an independent laboratory at the Bavarian State Re-
search Center for Agriculture (LfL; Freisung, Germany)
strictly following the procedures described in Seigner
et al. (2020), i.e. in the LfL laboratory the CBCVd-
qPCR-R primer was used instead of the CBCV_R1
primer used in the laboratory of the University of
Hohenheim (Stuttgart, Germany) (Table 1).

Testing the effect of the sample matrix on the RTqPCR
reaction

To test how the qPCR part of the RTqPCR reaction
is inhibited by the sample matrix (slurry) the follow-
ing analysis has been conducted analog to the work
of Seigner et al. (2020). A dilution series was con-
ducted in water over six times the power of 10 (107

to 102 copies per μl) with a synthetic HLVd and
CBCVd plasmid. 1 μl of each dilution was tested in
three technical repetitions to determine the RTqPCR
sensitivity in the absence and presence of RNA
extract from slurry. 0.5 μl of a HLVd- and
CBCVd-free RNA extract from the slurry have been
added to half of the RTqPCR reactions. The CBCVd
and HLVd plasmids have been produced by inte-
grating the viroid sequence NC_003539 and
KT600318, respectively, into the multiple cloning
site of the plasmid pEX-A128 (Gene Synthesis Ser-
vice at Eurofins Genomics, Ebersberg, Germany).
The HLVd accession KT600318 used here as well
as for the RNA synthesis contains two sequence
variations, which prevents a HLVd-typical second-
ary structure and is therefore presumably not able to
form infectious particles. To test how the reverse
transcription part of the RTqPCR reaction is
inhibited by slurry RNA extract and to estimate the
threshold for detection viroid RNA, a HLVd RNA
has been synthesized. The template for the RNA
synthesis was a T7 promotor followed by the DNA

sequence analog to the HLVd accession KT600318,
which resulted in a 275 bp long DNA fragment
(Gene Synthesis Service at Eurofins Genomics,
Ebersberg, Germany). The DNA fragment was de-
livered lyophilized thus it was resuspended in 50 μl
of deionized sterile water, which resulted in a con-
centration of 6 ng DNA per μl (too little for RNA
synthesis). The DNA fragment was used as template
for a PCR necessary to increase the amount of DNA
to >1 μg as required for a successful RNA synthesis.
The PCR was performed with the Q5 High-Fidelity
DNA Polymerase set (New England Biolabs, Ips-
wich, USA) in 50 μl reactions with a standard T7-
p r im e r a n d t h e n ew l y d e s i g n e d p r im e r
HLVd_KT600318_R (Table 1). The resulting
amplicon has been purified with the Monarch PCR
and DNA Cleanup Kit (New England Biolabs, Ips-
wich, USA). 1 μg of DNA was used as template for
the HiScribe T7 from the according HiScribe T7
Quick High Yield RNA Synthesis Kit (New England
Biolabs, Ipswich, USA). The RNA synthesis reac-
tion was incubated at 37 °C overnight. Subsequent-
ly, after degrading all DNA by a DNaseI treatment,
the RNA was purified following the protocol of the
Monarch RNA Cleanup Kit (New England Biolabs,
Ipswich, USA). The resulting RNA extract was
quantif ied in four repet i t ive measurements
(Nanodrop 2000 spectrophotometer; Thermo Fisher,
Waltham, USA). This resulted into a final concen-
tration of 3.414 μg μl−1, which is equal to 2.325 ×
1013 copies per μl considering the following formula
with ssRNA mass of 1 μl (3.414 × 10−6 g), ssRNA
length (275 nt), average RNA nucleotide mass
(321.47 g mol−1 nt−1), hydroxyl- and protonated
ends mass accounting for the molecules’ linearity
(18.02 g mol−1), and the Avagadro’s number
(6.022 × 1023 molecules mol−1):

RNA copies ¼ ssRNA mass
ssRNA lenght � nucleotide massþ hydroxyl−ends mass

Þ � Avagadro
0
s number

�

The extract was diluted to achieve a final concentra-
tion of 1 × 1011 copies per μl, which was used for a
dilution series (107–102 copies per μl). To test how the
reverse transcription is inhibited by slurry RNA extract,

the RTqPCR of the RNA dilution series was repeated
twice using 1 μl of diluted synthesized HLVd RNA as
template, either with or without a 0.5 μl of a HLVd-free
slurry RNA extract.
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RT-PCR and sequencing

To verify the results of the HLVd-nad5-RTqPCR a
HLVd-RT-PCR has been performed at the labora-
tory of the LfL with the RNAs extracted at the
University of Hohenheim (Table 1). The RT-PCR
was conducted with the SuperScript™ III One-Step
RT-PCR System (Thermo Fischer Scientific, Wal-
tham, USA) with HLVd full length primers
(Eastwell & Nelson, 2007). The result ing
amplicons were sequenced each with a forward
and reverse primer by Sanger sequencing
(Sequiserve GmbH, Vaterstetten, Germany) for
one representative sample per sample date and
for 40 °C and 50 °C samples from day 90. To
verify the specificity of the RTqPCR representative
amplicons of the HLVd-nad-RTqPCR and HLVd-
Arc-RTqPCR have been purified and sequenced
each with a forward and reverse primer by Sanger
sequencing (Eurofins Genomics, Ebersberg, Ger-
many). The resulting sequences have been assem-
bled and blasted against the NCBI nucleotide da-
tabase (Geneious 11.1.5 software package, Auck-
land, New Zealand).

Computational analysis and statistics

Based on the preceding results of the blast analysis
the HLVd accessions KT600318 and NC_003611
has been used as input for the secondary structure
analysis. This analysis showed that the KT600318
contain sequence variations that prevent HLVd-
typic folding patterns and only NC_003611 has
been used for predicting secondary structures at
different temperatures (20–70 °C). The thermody-
namically optimized model prediction was done
following the energy model of Andronescu et al.
(2007) (Geneious 11.1.5 software package, Auck-
land, New Zealand). The Cq-values of the
RTqPCR (Rotor Gene 6000 Series Software 1.7,
Qiagen, Hilden, Germany) were statistically ana-
lyzed by pairwise comparison of the means at a
probability level of p ≤ 0.01 and Tukey’s honest
significant difference (HSD) (R version 3.6.1).
The Model assumptions analysis of variance was
checked by examining the residual plots and the
presented results are the estimates averaged of the
levels of the factor dilution (1:5 and 1:10), since it
was non-significant.

Results and discussion

RTqPCR adoption to viroid analysis in biogas
fermentation residues

The CBCVd is a highly aggressive pathogen for hop
that requires working in a quarantine station approved
by the local plant protection service (at least in Germa-
ny). Therefore, instead of working with CBCVd the
ubiquitous HLVd has been used as viroid model. How-
ever, to support CBCVd monitoring activities, the po-
tential PCR inhibiting effect of biogas slurry has been
evaluated for both viroids comparing RTqPCR perfor-
mance with or without additional RNA extract from
viroid-free slurry. In the first experiment aiming at
studying the effect of slurry RNA extract on the qPCR
part of the RTqPCR, CBCVd or HLVd containing
plasmids (DNA) have been used as template. The results
show that there is no inhibitory effect on the qPCR
reaction (Fig. 1). In most cases there was no detectable
amplicon in the none-template-control (ntc), however,
in some samples the ntc resulted in a curve at high Cq-
vales. The lowest ntc-based Cq-value is presented as
ntc-level in the RTqPCR figures (Figs. 1 and 2). It is
important to note that sequencing of the ntc-amplicons
did not result in viroid sequences and are artifacts from
the qPCR reaction. The qPCR sensitivity of both viroids
reactions is highly similar and shows on average Cq-
value differences of 3.3 cycles by one power of ten up to
a concentration of 102 plasmid copies per RTqPCR
reaction, which indicates an optimal qPCR reaction.
The qPCR also produced amplicons with lower copy
numbers, but results were not stable. In detail, RTqPCR
reactions starting from 102 copies per qPCR reaction
showed high standard deviation and the Cq-values were
close to the ntc-level. Consequently, the limit of reliable
viroid detection of either HLVd or CBCVd viroid frag-
ment is above 102 copies per qPCR reaction.

The HLVd and CBCVd qPCR tests using DNA as
template show that performance of detection of both
viroids is highly comparable, supporting that HLVd
detection can be used as model qPCR for the CBCVd
qPCR analysis. For this reason and to reduce the risk of
producing infectious CBCVd-RNA, the next experi-
ment, which was conducted to study the possible
inhibiting effect of slurry RNA on the overall RTqPCR
process was conducted only with synthetic HLVd-RNA
of a presumably non-functional HLVd accession, which
has critical mutations at the central conserved region
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(CCR). The result of the RTqPCR evaluation based on
synthetic RNA are in good agreement with the results of
the qPCR evaluation based on DNA (plasmid); there are
no statistical differences between the samples with ad-
ditional slurry RNA extract and those with only water,
the Cq-values increase approximately 3.3 per one power
of 10 (Fig. 2). However, the comparison of the Cq-
values from the RTqPCR starting from DNA
(plasmid) and RNA (synthetic HLVd) show a discrep-
ancy of a Cq-value of only 1.8 (Fig. 2). 1.8 is equal to a

51% lower efficiency of the RNA-based RTqPCR reac-
tion compared to the DNA-based reaction (base-3.3
logarithm), when comparing the same initial copy num-
ber of viroid sequences. Generally, the RT is a process
which is sensitive to inhibitory effects and can be con-
sidered as the bottleneck of RTqPCR reactions; there-
fore, especially at low concentrations of templates RNA
levels are underestimated (Chandler et al., 1998). At a
level of 103 copies per reaction the Cq-values are close
to the ntc-level, thus 104 copies per reaction are consid-
ered as threshold for reliably measurements.

Hop slurry seems to be a difficult sample matrix be-
cause the plant material is already partly degraded by the
temperature, low pH-value, organic acids, and microbial
activities. In a first attempt the well-established nad5-tran-
script has been tested as IPC (Guček et al., 2019; Seigner
et al., 2020). The nad5-IPC worked reliably for the
chopped bines, which acted as pre-treatment reference
(Fig. 3a). However, as soon as the fermentation started
the level of nad5 declined close to the ntc-level already
after 12 h of fermentation and thereafter. Therefore, in
search for an alternative IPC the methanogen archaea have
been targeted, because they are the predominant microor-
ganisms of typical biogas plant biocenosis (Lebuhn et al.,
2016). The results show that the targeted 16S-RNA of
archaea is only present in limited concentration in the

Fig. 2 Result of a RTqPCR dilution analysis of synthetic HLVd
RNA with addition of either water (black square) or viroid-free
slurry (grey rhombus). The abscissa shows the calculated number
of RNA fragments per μl and the ordinate shows the RTqPCR
results as Cq-values with the ntc-level indicated. The same letters
indicate no statistical difference (p > 0.01, Tukey HSD test)

Fig. 1 Result of a RTqPCR dilution analysis of HLVd (a) and
CBCVd (b) containing plasmids with addition of either water
(black square) or viroid-free slurry (grey rhombus). The abscissa
show the calculated number of plasmids per PCR reaction μl and
the ordinates show the RTqPCR results as Cq-values with the ntc-
level indicated. The same letters indicate no statistical difference
(p > 0.01, Tukey HSD test)
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chopped hop bines but they are highly present in all
fermentations samples (Fig. 3b). Because the archaea
RNA works well as IPC the HLVd levels can be mean-
ingfully interpreted (Fig. 3c).

Effect of the biogas fermentation process on HLVd
degradation

The HLVd levels seem to decline during the fermenta-
tion process. Here it is important to note that the first
increase of the Cq-values between the pre-treatment
(bines) and 1 h (slurry) is a result from mixing the bines
with the biogas-inoculum and is not due to viroid deg-
radation. The further increase of Cq-values could be
attributed to degradation reactions as observed at 30 days
for the mesophilic conditions (40 °C) and already at
5 days for the thermophilic conditions (50 °C); finally,
at 90 days Cq-values reach a level similar to the ntc-
level. However, Sanger sequencing of representative
full-length RT-PCR amplicons per sample day showed
that, albeit at low levels, there are still full-length viroid
fragments detectable in the slurry up to 90 days and at
50 °C. Further, the HLVd analysis with the HLVd-nad-
RTqPCR of both laboratories support the analysis with
the HLVd-arc-RTqPCR that the HLVd concentration
significantly decreased after 30 days (40 °C) and 5 days
(50 °C). Experiments with composting of viroid-
infected tomato residues showed that another member
of the Pospiviroidae - the PSTVd drops below detection
limit within a week at temperatures of 50 °C, while it
took 4 weeks under ambient temperature conditions
(Kerins et al., 2018). Certainly, not only temperature
and duration time are crucial factors for sanitization. In
an earlier study on HLVd infected hop bines it could be
shown that even after 16 weeks of ensiling the level of
HLVd remained high (Hagemann et al., 2021). Howev-
er, the study also described that hop ensiling is difficult
due to the woody material and the low water content of
the bines, which does not allow proper anaerobic ensil-
ing. In addition to the physical parameters also

�Fig. 3 RTqPCR results of the internal PCR control (IPC) for (a)
nad5-transcript, (b) the archea-specific 16S transcript and (C) of
the hop latent viroid (HLVd). The fermentation conditions were
mesophilic (40 °C; black square) or thermophilic (50 °C; grey
rhombus). The abscissa show the incubation time and the ordinates
show the RTqPCR results as Cq-values with the ntc-level
indicated. The same letters indicate no statistical difference (p >
0.01, Tukey HSD test)
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microbial activity can be an important factor for the
degradation of plant material and viruses as it is as-
sumed for the thermostable tobamoviruses (Noble &
Roberts, 2004). Considering the structural similarities
of the HLVd and PSTVd like the rod-like shape and a
similar length it is likely that both viroids have a similar
level of resistance against physical influences which
occur during composting, i.e. microbial activity, higher
than ambient temperature and time. To identify the key
parameters of the fermentation which might enhance
viroid degradation, key process parameters have been
measured (Fig. 4). The specific methane potential of hop
was measured to 182 l/kgODM, the DM to 29.4% and
ODM to 92.6 %DM. Other key parameters of the batch-
fermentation process are presented in Fig. 4, showing
that there is a temperature independent increase of
propionic acid and acetic acid until day 1 and day 5,
respectively (Fig. 4 A and B). Both acids appear as

intermediate products during the biogas process. This
corresponds to a decrease of the pH-value until day 1
(Fig. 4c), thereafter, the level of organic acids decreases
to a low level where it remains. The pH is mostly around
a value of pH 8 throughout the measure dates, except a
pH-value of 8.7 only at the thermophilic conditions after
90 days of fermentation. Generally a pH range between
7.0 and 8.5 indicates an optimal biogas plant fermenta-
tion (Holliger et al., 2016). Furthermore, the rapid de-
crease of plant material (rapid decrease of nad5-RNA
and volatile fatty acids) along with constantly high
abundance of archaea support the assumption that the
biogas process was operating well. No inhibition was
reported at both temperatures.

Effect of temperature on HLVd degradation
under non-fermenting conditions

To further examine the temperature effect on viroid
degradation an additional experiment was conducted
under non-fermenting conditions (Fig. 5). Here incuba-
tion at room temperature at 20 °C, was compared to
fermentation temperatures 40 °C and 50 °C as well as
higher temperatures of 60 °C and 70 °C. Temperatures
higher than 70 °C have not been considered since the
according energy requirement might be too high
(expensive) to have practical implications for potential
pretreatments. The results show that at 20 °C there is no

Fig. 4 Parameters of the fermentation process in a batch mode; (a)
propionic acid, (B) acetic acid, and (C) pH-value over a 90 day
period. The fermentation conditions weremesophilic (40 °C; black
square) or thermophilic (50 °C; grey rhombus). Each point repre-
sents a measurement of three pooled samples

Fig. 5 Barplot of the RTqPCR results from the experiment of
measuring the effect of temperature on the HLVd. The abscissa
shows the incubation time and the ordinate shows the RTqPCR
results as Cq-values with the ntc-level indicated. The same letters
indicate no statistical difference (p > 0.01, Tukey HSD test)
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difference in viroid levels between any sample day (1, 3,
and 5) (Fig. 5) indicating that there is no viroid degra-
dation at 20 °C at least up to the final day of the
experiment. Generally, as the temperature increases also
the Cq-values increase, which reflects less detectable
viroid in the sample. In detail, after 1 day of incubation
only the samples kept at 70 °C showed Cq-values sig-
nificantly different from the others (Fig. 5). After 3 days
Cq-values for 50 °C and 60 °C increased significantly
when compared to 20 °C. After 5 days of incubation Cq-
values of the samples incubated at 70 °C reached the
ntc-level, while Cq-values for 50 °C and 60 °C remained
significantly different from 20 °C. Such high tempera-
tures might not have practical implications for the bio-
gas fermentation but a short heat treatment at 70 °C
significantly reduces the viroid load and thus could be
implemented as pretreatment. The pasteurization at
70 °C for 1 h is a necessary minimum requirement for
treating food waste prior to the biogas process, if the

residues should be used as agricultural fertilizer in the
EU (EC regulation 1774/2002, 3 October 2002). Fur-
thermore, the finding that the temperature of 70 °C
reduced the HLVd concentration by four decimal pow-
ers already within 1 day agrees with the PSTVd
composting experiments of Kerins et al. (2018); the
authors shown that in moist compost at 65 °C complete
viroid degradation could be observed 2 days after incu-
bation, while it took a week at 50 °C. This raises the
question about the principal differences between an
incubation temperature of about 70 °C (or 65 °C for
the PSTVd) and lower temperatures of about 50 °C.

Secondary structural prediction HLVd and CBCVd
at high temperatures

Steger and Riesner (2018) summarize that the rod-like
structure of pospiviroids starts dissociating with increas-
ing temperatures. Indeed, based on the calculations of

Table 2 Comparison of thermodynamically optimized models of
CBCVd (NC_003539) and HLVd NC003611) following the en-
ergy model of Andronescu et al. (2007) at different temperatures

with the accordingminimum free energy (MFE). The figure shows
that instabilities in form of unpaired “free” bases already start to
occur from 40 °C onwards

T [°C] MFE 

[kcal 

mol
-1

]

Structure

H

L

V

d

20

40

50

60

70

135.72

76.26

49.71

23.70

0.03

C

B

C

V

d

20

40

50

60

70

163.02

98.75

68.02

37.71

11.20
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this study the viroids destabilize as the temperature
increases (Table 2), which is reflected by lower values
for the minimal free energy as calculated based on the
model of Andronescu et al. (2007). CBCVd and HLVd
both show differences in their left terminal loop region
already at 40 °C compared to 20 °C. The structural
differences at 40 °C, 50 °C and 60 °C are rather small,
however, profound differences occur when increasing
the temperature from 60 to 70 °C for both viroids.
Further increasing the temperature until the minimal free
energy equals zero, which is equal to a complete disso-
ciation of the rod-like structure, occurs at critical tem-
peratures of 71 °C for the HLVd (NC003611), 75 °C for
the CBCVd (NC_003539), and 78 °C for PSTVd
(AJ583449). For PSTVd melting analysis have shown
that the PSTVd is reshaping at 68 °C to form an almost
fully dissociated metastructure in vitro (Henco et al.,
1979). These type of (almost) complete dissociation
close to 70 °C might increases viroid decay by making
the RNA accessible to RNA silencing or to RNase-
mediated endonucleolytic cleavage. Especially, RNases
of extremophilic bacteria and archaea are resistant to
harsh environmental conditions; for example, the RNase
from Thermus aquaticus still shows 20% of their max-
imal activity at 75 °C (Brown et al., 1993). Furthermore,
RNases of methanogenic archaea have a temperature
optimum at 60 °C and are still active at 70 °C (Levy
et al., 2011). However, the details about the main pro-
cesses driving viroid turnover are not yet fully under-
stood (Minoia et al., 2015).

Conclusion

Based on the presented results it can be concluded that
the HLVd and presumably other pospiviroids are diffi-
cult to eliminate even with the biogas fermentation
process. HLVd was still detectable after 90 days of
thermophilic fermentation in a well-functioning biogas
plant model system. However, the biogas process can
contribute to viroid reduction, as for example the HLVd
was significantly reduced after 30 days at 40 °C or after
5 days at 50 °C, respectively. Further, our experiments
show that a pretreatment of HLVd-infected hop harvest
residues with temperatures of 70 °C can reduce the
viroid level within only 1 day. Therefore, we suggest a
combinatory process with a heat pre-treatment followed
by thermophilic biogas fermentation. This two-step pro-
cess will produce not just renewable energy but might

also deliver a safe bio-fertilizer for plant production.
However, the methane potential of hop is only 53% of
the methane potential of maize (340 l/kgODM) but hop
harvest residues are low-cost by-product. Therefore,
biogas plant operators properly need to get paid for
taking potentially contaminated substrate to get a sus-
tainable business model that can be part of a viroid
decontamination strategy.
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