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Abstract 1 

Carrot virome analysis using high-throughput sequencing revealed the presence of two RNA 2 

molecules with properties of satellite RNAs and homologous to the satellite RNA of cereal yellow 3 

dwarf virus-RPV (CYDV-RPV). Satellite 1 is 298 nt long, while Satellite 2 is 368 nt long. Their 4 

positive and negative genome strands contain hammerhead ribozymes similar to those found in 5 

other self-cleaving satellite RNAs. While both satellites were detected in Spanish carrot 6 

populations, only satellite 2 was found in French carrot populations. The most likely helper virus 7 

for these two satellites is carrot red leaf virus (CtRLV), which similar to CYDV-RPV is a 8 

Polerovirus.  9 



Satellites RNAs (satRNAs) are subviral agents that are dependent on their helper virus (HV) for 10 

critical functions such as replication, encapsidation or transmission [1-3]. Contrary to defective 11 

RNAs, satRNAs have no sequence homology with their HV. Some of them are capable of 12 

modifying, positively or negatively, the disease symptoms induced in host plants by the HV while 13 

others do not seem to substantially affect their HV or the symptoms it causes [1-3]. For example, 14 

the satRNA of tobacco ringspot virus (TRSV satRNA) reduces the symptoms of TRSV, while that 15 

of arabis mosaic virus (ArMV satRNA) intensifies ArMV symptoms [1]. 16 

Several groups of satRNAs have been distinguished based on genome size and properties [1-2]. 17 

While some satRNAs have large genomes (in the 1 kb and above range) that harbour open reading 18 

frames (ORFs), smaller non-coding linear satellite RNAs (sl-SatRNA) with genomes less than 700 19 

nt have been reported with HVs in the families Tombusviridae and Bromoviridae. Another class 20 

is represented by small circular non-coding satellite RNAs (sc-SatRNA) with genomes of about 21 

300-350 nt and which are mostly associated with helper viruses in the families Secoviridae (e.g 22 

arabis mosaic virus small satellite RNA, ArMV satRNA) and Solemoviridae such as the satellites 23 

associated with several members of the Sobemovirus genus (e.g rice yellow mottle virus satellite, 24 

RYMV-SatRNA) [4]. The sc-SatRNAs are known to replicate by a rolling circle mechanism and 25 

to generate unit-length genomes through self-cleavage [5, 6]. They show a high degree of 26 

secondary structure [1] and have in their positive strand genome conserved sequences that 27 

correspond to self-cleaving “hammerhead” ribozymes [6, 7]. Depending on the satellite, their 28 

minus strand genome either does not encode a ribozyme, or encodes a hairpin or a hammerhead 29 

ribozyme [8]. So far, the only small satellite with hammerhead ribozymes on both genome strands 30 

and with a HV in the Polerovirus genus is cereal yellow dwarf virus-RPV satellite RNA (CYDV-31 

RPV satRNA) [8, 9]. While initially described as a satellite of the Luteovirus barley yellow dwarf 32 



virus-RPV (BYDV-RPV), a later reclassification and splitting of the Luteovirus genus led to a 33 

renaming of the HV as cereal yellow dwarf virus-RPV (CYDV-RPV) in the genus Polerovirus 34 

[10]. The replication of CYDV-RPV satRNA and the processing of the multimeric forms to 35 

monomeric copies by the hammerhead ribozymes encoded on its plus and minus genome strands 36 

have been extensively studied [9, 11-14]. These studies have in particular demonstrated that the 37 

replication of the satellite is dependent on the HV [11], identified key residues in the plus and 38 

minus strand ribozymes [13] as well as tentative replicase recognition sites on both satellite strands 39 

and a putative encapsidation signal [14]. Thus, a replication model was proposed in which 40 

alternative conformations of the molecule favor ribozyme activity or, on the contrary efficient 41 

CYDV-RPV satRNA RNA replication through ribozyme activity inhibition [12-14]. CYDV-RPV 42 

satRNA has also been shown to reduce accumulation of its HV and attenuate its symptoms [15] 43 

and to be able to be assisted by beet western yellows virus (another Polerovirus) in tobacco 44 

protoplasts as well as in Capsella bursa-pastoris plants [16].  45 

The present work is focused on the characterization of two new putative hammerhead-containing 46 

sc-SatRNAs (Hhsats) discovered in the virome of carrot red leaf virus-infected Spanish and French 47 

carrots (Daucus carota L.). 48 

In June 2021, five cultivated carrot (Daucus carota spp sativa) fields and one wild carrot (Daucus 49 

carota spp carota) population were sampled near Segovia (Central Spain). From each population, 50 

fifty plants were sampled (irrespective of whether they showed symptoms of viral infection such 51 

as leaf reddening or yellowing) and assembled in a pool. Double stranded RNAs were extracted 52 

from each pool [17], converted to complementary DNA, and finally sequenced (2x125 nt paired 53 

reads, Illumina Hiseq2500). Following reads cleanup, contigs were assembled de novo using CLC 54 

Genomics Workbench v22.0 and annotated by BlastN and BlastX analysis against the Virus 55 



section of the GenBank RefSeq database. Two groups of contigs of 293 to 368 nt with distant 56 

homology to CYDV-RPV satRNA (M63666) were identified in the virome of several pools. 57 

Extension of these contigs by rounds of mapping of residual reads allowed us to assemble partial 58 

multimers of two different putative small satellite RNA molecules from which unit-length 59 

monomeric sequences were derived. To confirm the presence of the two satellites in sampled 60 

carrots, a two-step RT-PCR assay with specific detection primers designed using the genome 61 

sequence of each of the satellites (Sat1_F: 5’ ACAGAAAACCACCCGAGTAA 3’ & Sat1_R: 5’ 62 

TAACCACATGGGAGTCATCCT 3’, and Sat2_F: 5’ CCACCACACTCGTTTTGTG 3’ & 63 

Sat2_R: 5’ TCCACTTCTTCCTCGATTGAG 3’) were used. Both primer pairs generate a 258 nt 64 

amplicon. Sat1 was present in all six sampled carrot populations whereas Sat2 was found only in 65 

four cultivated carrot populations. Sanger sequencing of the amplicons for the two satellites 66 

showed them to be identical to the respective sequences obtained by assembly of Illumina reads. 67 

In addition, the presence of circular versions of these two molecules was verified by RT-PCR using 68 

pairs of specific, divergent primers: Sat1-R1 5'-GTCTCCTCACTTCAAAGAGTG-3' and Sat1-F1  69 

5'-GCTTTACGTGTCTGTCATCAA-3' and Sat2-R1 5'-TACCTCGACTGATGAGTTCAA-3' 70 

and Sat2-F1 5'-GCACCTCGAGACACCTTTCCT-3'. 71 

The smallest of the two molecules, which is referred to as Sat1 is 298 nt long, while the longest 72 

one, referred to as Sat2, is 368 nt long. These sequences have been deposited in GenBank under 73 

accession numbers OM962993 and OM962994, respectively. The two molecules are 70.7% 74 

identical while they respectively share 84.6% (Sat1) and 69.4% (Sat2) identity with CYDV-RPV 75 

satRNA. In particular, they share two regions of high homology corresponding with the conserved 76 

hammerhead ribozymes on the plus and minus polarity of their genome (corresponding to positions 77 

1-77 and 206-260 of the Sat2 molecule). In these regions, Sat1 and Sat2 are respectively 96% and 78 



92.3% identical and share respectively 93.3-96% and 87.3-90.9% identity with the corresponding 79 

regions of CYDV-RPV satRNA (Figures 1A and 1B). Given this high homology level, the 80 

proposed folding for the plus and minus strand ribozymes are similar to those determined by Miller 81 

et al. [9, 12]. In both hammerheads, nucleotide differences in hairpin regions with respect to the 82 

hammerhead ribozymes of CYDV-RPV satRNA are systematically accompanied by 83 

compensatory changes on the other hairpin strand [bases 196 & 203, 194 &229 & and 195 & 228 84 

for the minus strand ribozyme (Figure 1A) and bases 1 &16, 2 &15, 78 & 296) for the plus strand 85 

one (Figure 1B)], providing a strong evolutionary support for the secondary structure proposed for 86 

CYDV-RPV satRNA. All other nucleotide changes as compared to CYDV-RPV satRNA 87 

hammerheads occur in loop regions (position 222 for the minus strand ribozyme, position 21 for 88 

the plus strand one), with the exception of several mutations (positions 287-289 and 291-290 plus 89 

84-85) that shorten the lateral stem 3 (naming according to [12]). In the same fashion, the double 90 

hammerhead structure that has been proposed [13] to be the active form for the processing of the 91 

plus strand multimers shows compensatory mutations so that the possibility to form stem I is fully 92 

conserved (not shown).  93 

Remarkably the region of CYDV-RPV satRNA that is essential for replication and has been 94 

proposed to be a replicase binding site or an origin of replication (positions 245-310, [14], Figure 95 

2A) is the most divergent region between the different satellites, showing both large length 96 

variation (respectively 66, 50 and 107 nt for CYDV-RPV satRNA, Sat1 and Sat2) and low 97 

homology (only 34% identity between Sat1 and Sat2 and respectively 68.1% and 43.9% identity 98 

between CYDV-RPV satRNA and Sat1 or Sat2) (Figure 2). Similarly, the CYDV-RPV satRNA 99 

152-194 region, which has been suggested to be involved in encapsidation [14] (Figure 2A) is 100 

poorly conserved in the two carrot satellites, showing again both length variation (respectively 43, 101 



35 and 31 nt for CYDV-RPV satRNA, Sat1 and Sat2) and sequence divergence (only 54.8% 102 

between Sat1 and Sat2 and respectively 68.6% and 58.1% between CYDV-RPV satRNA and Sat1 103 

or Sat2) (Figure 2). Taken together, the secondary structure of CtRLV Sat1 and Sat2 reveal three 104 

kinds of functional elements present in CYDV-RPV satRNA, that is (i) self-functioning 105 

ribozymes; (ii) elements that control conformational change (RNA switches, e.g. L1 and L2a that 106 

facilitate replication); and (iii) cis-acting elements that interact with helper virus and/or host 107 

components, e.g., origins of replication and assembly [14]. 108 

As judged by the number of HTS reads corresponding to each molecule, the smaller Sat1 109 

consistently showed much higher accumulation levels than the larger Sat2. For example, in the 110 

third cultivated carrot population, Sat1 represented 170,232 reads (70,155x coverage, 0.8% of total 111 

reads for the sample), while Sat2 represented only 2,218 reads (739x coverage, 0.01% of total 112 

reads), which converts to a 95-fold higher representation for Sat1. Given that the HTS data was 113 

generated from pools of plants, it is however not known whether the two Hhsats are jointly present 114 

in the same plants and therefore if this observed variation in representation reflects a true difference 115 

in accumulation in infected plants, a difference in prevalence of the two molecules in the sampled 116 

carrot populations or a combination of both factors.  117 

Full genomes could be assembled from HTS sequencing reads for five carrot populations for Sat1 118 

but could only be reconstructed for two populations for Sat2 due to its lower representation. The 119 

Sat1 genomic sequences obtained for the five Spanish populations are strictly identical. For Sat2, 120 

a single indel polymorphism is observed between the two populations, 123UUUU126 > UUU. 121 

Analysis of HTS datasets for carrot populations collected in France in 2020 and processed in a 122 

similar fashion as the Spanish samples indicated the presence of Sat2, but not that of Sat1 in two 123 

populations collected in Aquitaine about 20 km apart. One of these French populations 124 



corresponds to cultivated carrots, while the second corresponds to wild carrots. Given the 81x-125 

193x average coverage of Sat2 in the HTS reads for these two populations, full-length genomic 126 

sequences could be reconstructed (GenBank OM962996). The two sequences are identical and 127 

show a single polymorphism as compared to the Spanish sequences, which affects the region that 128 

is also polymorphic between the two Spanish isolates (123UAUU126). The variability between the 129 

carrot satellites found in France and Spain is therefore low, while there is no evidence so far for 130 

the presence of Sat1 in France despite having sampled to date 45 carrot populations representing 131 

a total of 2250 plants. Given the differential representation of Sat1 in Spanish samples, it seems 132 

unlikely that if present in French samples it could have been missed during these virome studies. 133 

HhSats have been found associated with nepoviruses in the Secoviridae and sobemoviruses and 134 

poleroviruses in the Solemoviridae. Although HhSats have no sequence homology with their 135 

helpers, BlastN analysis of Sat1 and Sat2 showed significant homologies to CYDV-RPV satRNA 136 

which has a polerovirus HV and can be assisted by at least another polerovirus [16] but detected 137 

no homologies to other HhSats. A detailed analysis of the virome of the carrot samples in which 138 

Sat1 and Sat2 were identified shows that the most likely HV candidate is carrot red leaf virus 139 

(CtRLV), which similar to CYDV-RPV is a Polerovirus. In fact, CtRLV was the only 140 

Solemoviridae identified in these plants pools. The other viruses identified in the virome belong to 141 

genera not known to be associated with HhSats and a potential role of carrot torradovirus 1 142 

(CaTV1), a Torradovirus in the Secoviridae family can be excluded as it was not identified in the 143 

virome of the French carrot samples in which Sat2 was identified. Consequently, CtRLV appears 144 

as the most likely HV for these two novel putative satellites and the names CtRLV satellites 1 and 145 

2 are therefore proposed for the two molecules identified here. To our knowledge, these results 146 

represent the first identification of satellites RNAs associated with a polerovirus under field 147 



conditions, since CYDV-RPV satRNA was first described in a laboratory isolate of its HV and 148 

does not appear to have been observed again under field conditions. Since there were no specific 149 

efforts to select for symptomatic or asymptomatic plants to assemble the pools, it is not possible 150 

to know whether Sat1 or Sat2 could affect the accumulation of CtRLV or its symptomatology, in 151 

particular when considering that it was systematically found associated with several umbraviruses 152 

known to be synergistic with CtRLV and with other satellites or associated RNAs. 153 

  154 
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 218 

Figure 1. Proposed secondary structures for the minus and plus strands hammerhead ribozymes 219 

of carrot red leaf virus satellite 1 (CtRLV Sat1) based on the structure proposed for the ribozymes 220 

of CYDV-RPV satellite RNA. Nucleotide numbering is based on the full-length Sat1 RNA (298 221 

nts). Boxed bases are conserved among satRNA hammerhead ribozymes. Big bold arrows indicate 222 

the cleavage site. Nucleotides in bold are conserved with CYDV-RPV satRNA, while small arrows 223 

and circled letters indicate mutations as compared to CYDV-RPV satRNA. (A) Minus strand 224 

ribozyme. Bases are numbered according to the complementary plus strand. (B) Plus strand 225 

ribozyme structure. Square brackets joined by a long double arrow indicate a pseudo-knot structure 226 

also found in CYDV-RPV satRNA. 227 
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 229 

Figure 2. Known and putative functional domains in the most stable secondary structure of the plus strand 230 

of CYDV-RPV satRNA (A, adapted from Song & Miller, 2004), CtRLV Sat1 (B) and CtRLV Sat2 231 

(C). Structural domains are color-coded for each known or proposed function as indicated, with the L1-232 

L2a bases shown in black. Arrows indicate in Sat1 and Sat2 the nucleotide differences with respect 233 

to CYDV-RPV satRNA. 234 


