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Online Resource 1
Viroid screening of the Hallertau biogas plant
Monthly sampling was conducted to assess seasonal variations in HLVd titers and check for CBCVd presence at the Hallertau biogas plant located in Wolnzach, Germany. The biogas plant runs at mesophilic conditions at approximately 40 °C, processing maize and grass mixed with hop residues typically at a 65:35 ratio (EBA 2013). The monthly collection period for our study extended from July 2020 to January 2023, with only three exceptions. Operating continuously, the biogas plant processes material in the main digester, after which the fermented substance is divided into liquid and solid fractions. Our focus was on the solid fermentation residues, which constitute the bulk of the byproducts and are repurposed as green manure in hop cultivation. Samples extracted from these solid residues were immediately chilled and sent to the University of Hohenheim (UHOH). Upon arrival, they were promptly frozen to ensure their preservation for further analysis. In the RTqPCR analysis for viroid screening of fermented hop residues from the Hallertau biogas plant, a duplex assay was employed for CBCVd and 16S-RNA of archaea, as well as CBCVd and HLVd, using primers specified in Online Resource 6. The assay conditions followed those described earlier (Hagemann et al. 2021). For each PCR reaction volumes of 0.5 µl or 0.25 µl RNA extract were used, which are referred to as 'dilutions' in subsequent statistical analyses. 
Viroid screening 
Since the first detection of CBCVd in Germany, there has been growing concern among hop growers, as well as operators and investors of the Hallertau Biogas Plant, regarding the potential spread of viroids through the reapplication of crop and plant residues as green manure. Ensiling is not a common practice in hop production; however, it is utilized at hop biogas plants for storing hops until they are fermented alongside maize or grass silage. A study has shown that ensiling does not significantly reduce the viroid titer in hop silage, even over a three-month period (Hagemann et al. 2021). Despite the dilution effect from mixing different biogas feedstocks and the microbial activity during fermentation, trace amounts of HLVd could still be detected in some hop fermentation residues, also called digestate, through PCR (Hagemann et al. 2021). The study further showed that the presence of HLVd, even after the fermentation process, was confirmed by applying Sanger sequencing to the resulting PCR amplicons. In light of these concerns, it was reassuring that our investigation did not detect any traces of CBCVd in hop silage and biogas residues from the Hallertau Biogas Plant, despite using highly specific and sensitive RTqPCR analysis as developed by Seigner et al. (2020). In this analysis, HLVd served as a PCR control for silage and archaea 16S-RNA for biogas residues. While CBCVd was not found, the study did show the dynamics of these indicators, HLVd and archaean 16S-RNA, over the period from July 2020 to January 2023 (Fig.). Monthly screening, with a few exceptions, suggests a seasonal pattern in HLVd levels within hop silage, showing cyclical trends potentially linked to the operational activities of silage processing and the biogas production cycle. Notably, during autumn to winter periods, there was a significant decrease of the Cq, which indicates higher viroid titers, likely due to the introduction of fresh hop residues. In contrast, the archaeal populations within the biogas residues demonstrated distinct fluctuations, not mirroring the HLVd pattern. The observed variability in archaeal numbers, as inferred from RTqPCR data, suggests an influence from a variety of operational parameters within the biogas plant, such as substrate input changes, temperature shifts, and microbial community dynamics.
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Figure Monthly fluctuations of the internal PCR controls, hop latent viroid (HLVd, dark red) in silage and archaea 16S-RNA (Arc, grey) in digestate, from hop processing at the Hallertau Biogas Plant, spanning from July 2020 to January 2023. The reverse transcription quantitative PCR (RT-qPCR) targeted at citrus bark cracking viroid (CBCVd) did not detect its presence (no Cq-value due to the absence of curves, except for the control; data not shown). The data points in the graph represent the average Cq-values of the monthly measures, with error bars signifying the standard deviation.


Online Resource 2
Establishment of the PCR reaction of the composting experiment
Initially, establishing a reliable internal PCR control (IPC) posed a challenge for hop compost. Two IPCs were tested: NADH dehydrogenase subunit 5 (nad5) previously established for hop PCRs, and cytochrome oxidase subunit I (CyOXID) established for a broad range of plant mitochondria (Papayiannis et al. 2011; Seigner et al. 2020). Despite CyOXID's expected superiority due to its higher abundance – mitochondria DNA is more abundant than nucleus DNA - it proved less reliable with higher Cq-values compared to nad5. Nad5 was effective in 64 of 128 runs, while the actual target - HLVd - was detected in 96 runs, indicating that nad5 is not suitable for diagnostical purposes. Nevertheless, HLVd could be detected and the RTqPCR was confirmed via Sanger sequencing (Hagemann et al. 2021). Without the nad5-IPC we cannot rule out that the 32 samples without an HLVd result are indeed HLVd-free, the samples could also be not suitable for PCR. Consequently, our detection of HLVd-infected compost works well for quantification purposes of HLVd in the research context but is not recommendable as method for sensitive diagnostical work. To evaluate the remaining risk of HLVd-infected compost, infection experiments are vital as conducted in this study. 


Online Resource 3
Statistical analyses of the composting parameters temperature
The dataset comprised temperature readings collected during a composting experiment. Data were visualized using R statistical software (version 4.0.2; R Core Team, 2020) and 'ggplot2'. For temperature data, we aggregated the 24-hourly readings per day into a day mean value for each variant and week combination. 
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Figure. Temperature development in composting experiment over initial 30 days post-treatment. This graph shows the mean daily temperature (n=24) for the composting variant—loose and compacted—across four time points (weeks 1, 2, 4, and 7). Note that for the loose variant, measurements did not continue past 30 days, and for two compacted variants, data collection stopped early due to sensor malfunctions. 


Online Resource 4
Statistical analyses of the composting parameters oxygen
The dataset comprised oxygen concentration measurements collected during a composting experiment. Data were visualized using R statistical software (version 4.0.2; R Core Team, 2020) and 'ggplot2'. The mean of the oxygen concentration data are presented.
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Figure. Concentration of O2 resulting from hop composting over the first 30 days after initiating the treatment. Data points represent single values as averaged automatically by the gas analyzer (n=6) for each variant (loose, compacted) across different weeks (1, 2, 4, 7). The graph illustrates the progression of O2 levels for the duration of the experiment. Note that the measurement period did not extend to the full 30 days for all treatments due to earlier termination, specifically for weeks 1 and 2. 

Online Resource 5
[bookmark: _Hlk151125185]Table Hop latent viroid (HLVd) and random RNA sequences.
	>HLVd_NC003611_CM
TAATACGACTCACTATAGGGTTCGTGCGCGGCGACCTGAAGTTGCTTCGGCTTCTTCTTGTTCGCGTCCTGCGTGGAACGGCTCCTTCTTCACACCAGCCGGAGTTGGAAACTAAATTGGGATACAACTCTTGAGCGCCGAGCTTTACCTGCAGAAGTTCACATAAAAAGTGCCCCTCTGGGGAATACACTACGTGACTTACCTGTATGGTGGCAAGGGCTCGAAGAGGGATCCCCGGGGAAACCTACTCGAGCGAGGCGGAGATCGAGCGCCAG

	>RNA_VRDI_C_RNA_CM 
TAATACGACTCACTATAGGGAACATCAGCACTTGTGGTATAGAGATGACACCAATAATCGGCCCTCGTCGAGAATTCCGAGATTATCCTCAAGATGCGATCCATCAGTCTTGCTTTGCTCACCCCGTATCGACGTCGTAGAATCGCGGTTTCCCGTAGGCGCATCGCTGGCTCCACATCCGTTCCCGCGCCTCGCGCGCATCAGACCCGGTATTACGACTACGTGGATGTGGATATGTCGCGCTCACGCATTCCGTAACGTAAGACTGAGTCACGC





Online Resource 6
Table Primers and probes used in this study.
	Name
	Sequence 5´-3´
	Reference

	T7-primer
	TAATACGACTCACTATAGGG
	Standard primer

	HLVd_NC003611_R1
	AGGGGCACTTTTTATGTGAAC
	This study

	RND_VRDl_C_F1
	TCCTCAAGATGCGATCCATCAG
	This study

	RND_VRDl_C_R1
	CAGTCTTACGTTACGGAATGCG
	This study

	CVdIV_qPCR_F
	GGAACAGGAGCTCGTCTC
	Seigner et al., 2020

	CVdIV_qPCR_R
	GTCCCGCAGAGAAAT TCC
	Seigner et al., 2020

	CVdIV-qPCR_P
	FAM-CATCGCTGGCTCCACATCCG-BHQ1
	Seigner et al., 2020

	nad5_sense
	GATGCTTCTTGGGGCTTCTTGTT
	Menzel et al. 2002 

	nad5_antisense
	CTCCAGTCACCAACATTGGCATAA
	Menzel et al. 2002

	nad5_probe
	HEX-AGGATCCGCATAGCCCTCGATTTATGTG-BHQ-1
	Menzel et al. 2002

	Arc-fw
	ATTAGA TACCCS BGTAGT CC
	Lebuhn et al. 2016

	Arc-rev
	GCCATGCACCWCCTCT
	Lebuhn et al. 2016

	Arc-Probe
	HEX-AGGAATTGGCGGGGGAGCAC-BHQ1
	Lebuhn et al. 2016

	CyOXID F
	TGGTAATTGGTCTGTTCCGATT
	Papayiannisa et al. 2011

	CyOXID R
	TGGAGGCAACAACCAGAATG
	Papayiannisa et al. 2011

	CyOXID TAQ
	ATAGGTGCGCCTGACATGGCATTTCCACA
	Papayiannisa et al. 2011

	HLVd_Gucek_F1
	CGGCGACCTGAAGTTG
	Guček et al. 2006

	HLVd_Gucek_R1
	CGGCGCTCAAGAGTTG
	Guček et al. 2006

	HLVd_Gucek_probe
	HEX-CTTCTTCTTGTTCGCGTCCTGCGTGG-BHQ-1
	Guček et al. 2006

	HLVd-M
	TAGTTTCCAACTCCGGCTGG
	Hataya et al. 1992

	HLVd-P
	GGATACAACTCTTGAGCGCC
	Hataya et al. 1992
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