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Highlights

Apple hammerhead viroid (AHVd) RNA replicates autonomously: it is a bona
fide viroid

The conformation of the AHVd (+) strand is stabilized by a kissing-loop
interaction

This tertiary interaction also exists in the two known pelamoviroids

AHVd fulfills the criteria to be assigned to genus Pelamoviroid, family
Avsunviroidae

Pelamoviroids display low global sequence identity but high structural

conservation

ABSTRACT
Apple hammerhead viroid-like RNA (AHVd RNA) has been reported in different

apple cultivars and geographic regions and, considering the presence of

hammerhead ribozymes in both polarity strands, suspected to be either a viroid of

the family Avsunviroidae or a viroid-like satellite RNA. Here we report that dimeric

head-to-tail in vitro transcripts of a 433-nt reference variant of AHVd RNA from



cultivar “Pacific Gala” are infectious when mechanically inoculated to apple, thus
showing that this RNA is a bona fide viroid for which we have kept the name apple
hammerhead viroid (AHVd) until its pathogenicity, if any, is better assessed. By
combining thermodynamics-based predictions with co-variation analyses of the
natural genetic diversity found in AHVd we have inferred the most likely
conformations for both AHVd polarity strands in vivo, with that of the (+) polarity
strand being stabilized by a kissing loop-interaction similar to those reported in
peach latent mosaic viroid and chrysathemum chlorotic mottle viroid, the two
known members of the genus Pelamoviroid (family Avsunviroidae). Therefore, AHVd
RNA fulfills the biological and molecular criteria to be allocated to this genus, the
members of which, intriguingly, display low global sequence identity but high

structural conservation.

Keywords:

Apple hammerhead viroid
Pelamoviroids
Kissing-loop interaction

Co-variation analysis

1. Introduction

Among the fundamental characteristics of viroids, small (~250-400 nt) non-
protein-coding circular RNAs, is the ability to replicate autonomously and invade
systemically their host plants, wherein they often incite disease (Diener et al., 2003;
Flores et al., 2005; Tsagris et al., 2008; Ding 2010; Kovalskaya and Hammond, 2014;
Palukaitis, 2014; Flores et al., 2015; Hadidi et al., 2017). Such an ability, which is
indispensable to establish the viroid nature of a candidate RNA and eventually to
fulfill Koch’s postulates, is laborious to prove for those viroids whose natural hosts
are woody species and lack experimental herbaceous hosts. This was the case for two
of the four components of the family Avsunviroidae, including the type member

avocado sunblotch viroid (ASBVd) (Symons, 1981) and peach latent mosaic viroid



(PLMVd) (Herndndez and Flores, 1992), and remains still a challenge for two other
circular RNAs identified by a combination of deep sequencing and bioinformatics
tools: grapevine hammerhead viroid-like RNA (GHVd RNA) (Wu et al., 2012) and
apple hammerhead viroid-like RNA (AHVd RNA) (Zhang et al., 2014). Mention of
hammerhead in their provisional names refers to one typical feature of members of
the family Avsunviroidae: the oligomeric strands of both polarities, resulting from
replication in plastids through a symmetric rolling-circle mechanism (Branch and
Robertson, 1984; Hutchins et al., 1985; Daros et al., 1994; Flores et al., 2014), self-
cleave via cis-acting hammerhead ribozymes (Hutchins et al., 1986) operating co-
transcriptionally (Carbonell et al., 2006), into unit-length strands that are
subsequently circularized. These ribozymes, formed by a central conserved core
flanked by short helices capped by small loops (Prody et al., 1986; Forster and
Symons, 1987a; Forster and Symons, 1987b; Ruffner et al. 1990; Flores et al., 2001;
Martick and Scott, 2006), can be easily identified even by visual inspection of the
corresponding sequences. However, the presence of hammerheads does not prove
that an RNA is a viroid because such ribozymes have been found additionally in: i)
viroid-like satellite RN As that share some properties with viroids, including small
size, lack of protein-coding ability and rolling-circle replication, but depend
functionally on specific RNA viruses to complete their infectious cycle (Schneider,
1969; Randles et al., 1981; Symons and Randles, 1999), ii) two small circular RNAs
from cherry, possibly also viroid-like satellite RN As since they are found in strict
association with a series of mycoviral double-stranded RNAs (Di Serio et al., 2006),
and iii) a small circular RNA from carnation with a DNA counterpart, a so-called
retroviroid-like element (Herndndez et al., 1992; Daros and Flores, 1995; Hegedus et
al., 2001). More recently, hammerheads have been found encoded in a large number
of genomes distributed ubiquitously along the tree of life (De la Pefia and Garcia-
Robles, 2010; Hamman et al., 2012).

Since their discovery, GHVd RNA and AHVd RNA have retained the status of
viroid-like RN As because, despite some attempts, no proof of autonomous
replication has been provided so far (Wu et al., 2012; Zhang et al., 2014; Messmer et

al., 2017). Nevertheless, there is a good reason to consider that they could be true



viroids. The branched conformation of the PLMVd is stabilized by a kissing-loop
interaction (Bussiere et al., 2000) that was also predicted (Bussiére et al., 2000) and
then confirmed (Gago et al., 2005) in chrysanthemum chlorotic mottle viroid
(CChMVd) (Navarro and Flores, 1997), in which it is essential for in vitro folding and
in vivo viability (Gago et al., 2005). Such interaction exits only in the (+) strands of
these two viroids (Gago et al., 2005; Dubé et al., 2010; Dubé et al., 2011; Giguére et al.,
2014), which together form the genus Pelamoviroid (Navarro and Flores, 1997), thus
establishing a structural and possibly functional difference with their corresponding
(-) strands. Notably, a similar kissing-loop interaction has been predicted in the (+)
strand of GHVd RNA (Wu et al., 2012), while two tentative interactions of this class
have been proposed in the (+) strand of AHVd RNA (Zhang et al., 2014).

Here, using dimeric head-to-tail in vitro transcripts, we report that AHVd RNA is
infectious in apple and, hence, a true viroid (the biggest in size reported excluding
those with sequence repeats). Moreover, based on in silico predictions and on a co-
variation study of the existing sequence variants of AHVd RNA, we have figured out
the most likely conformations of both strands in vivo and mapped a kissing-loop
interaction stabilizing that of (+) polarity. Therefore, AHVd RNA satisfies the criteria

to be considered a new member of the genus Pelamoviroid.

2. Materials and methods

2.1. Source of infected material and bioassay

An RNA preparation from leaves of an AHVd-infected apple tree of cultivar
“Pacific Gala” (Messmer et al., 2017), obtained with the RNeasy Plant Mini Kit
(Qiagen), was reverse transcribed and PCR-amplified (see below) using the abutted
primers RF-1385 and RF-1386 (Table 1). The full-length product was eluted from non-
denaturing PAGE in 5% gels and ligated with T4 DNA ligase (Thermofisher), with
the resulting dimer being identified by its size, gel-eluted, cloned in pBlueScript II
KS+ (Stratagene) and checked for proper head-to-tail orientation and sequence.

Young stems of small apple plants (Malus pumila M.) from four commercial cultivars



(“Esperiega”, “Granny”, “Verde doncella” and “Brookfield”) were slashed-
inoculated with in vitro transcripts of a linearized recombinant plasmid containing an
AHVd-cDNA dimeric insert of the 433-nt reference variant from “Pacific Gala”
(GenBank MF402932) and kept in the greenhouse. Control plants of the same

varieties were mock-inoculated with buffer (50 mM KoHPOy).

2.2. RNA extraction, partial purification, and analysis by non-denaturing and denaturing

PAGE and gel-blot hybridization

Preparations enriched in RNAs with a high content in secondary structure from
young expanding leaves of AHVd-infected apple trees, and from mock-inoculated
controls, were obtained by extraction with buffer-saturated phenol and fractionation
with non-ionic cellulose (CF11, Whatman), and resuspended in sterile deionized
water. Aliquots were examined with double PAGE: after non-denaturing PAGE in a
5% gel in 1X TAE and staining with ethidium bromide, the segment delimited by the
DNA markers of 300 and 500 bp (including the 371-nt citrus exocortis viroid, CEVd,
serving as control) was cut and put on top of a single-well second denaturing 5% gel
in 0.25X TBE and 8 M urea, in which the viroid circular forms display a slower
electrophoretic mobility than their linear counterparts (Pallas et al., 1987). For
preparative purposes, the AHVd circular forms were identified by ethidium bromide
staining and eluted from the gel. For analytical purposes, the RNAs separated in the
second denaturing gel were electrotransferred to positively-charged nylon
membranes (Roche Diagnostics). After UV irradiation for fixing the RNAs, the
membranes were hybridized with a digoxigenin-labeled full-length riboprobe for
detecting the AHVd (+) strands prepared by transcription with T7 RNA polymerase
(Thermofisher) (Sambrook et al., 1989) of the corresponding linearized recombinant

plasmid.

2.3. RT-PCR amplification, cloning, and sequencing

Nucleic acid preparations enriched in AHVd RNAs, were subjected to reverse-



transcription (RT) at 42 °C for 45 min with Superscript Il reverse transcriptase in the
buffer recommended by the supplier (Invitrogen). The resulting cDNAs were PCR-
amplified with Pfu DNA polymerase in the buffer recommended by the supplier
(Agilent), by applying an initial denaturation at 95°C for 2 min, followed by 30
amplification cycles (95 °C for 30 s, 60 °C for 30 s and 72°C for 40 s). Primers for RT-
PCR are indicated in Results and Table 1. The nucleotide sequence of the resulting
RT-PCR products from AHVd, cloned in the EcoRV site of pBlueScript II KS+
(Stratagene), was determined with an ABI 3100 Genetic Analyzer (Applied
Biosystems). Subsequently, unit-length AHVd-DNA products from certain variants
were obtained by PCR-amplification with the same phosphorylated primer pairs,
eluted following non-denaturing PAGE in 5% gels, and ligated with T4 DNA ligase.
The dimeric AHVd-DNA products were again cloned in the EcoRV site of
pBlueScript II KS+, with the inserts being sequenced to verify proper orientation,
sequence and integrity. The corresponding dimeric plamids were linearized with
Xhol or EcoRI and transcribed under standard conditions with T7 or T3 RNA
polymerases (Thermofisher), respectively (Sambrook et al., 1989). To increase the
self-cleavage yield during transcription, recombinant plasmids containing dimeric
AHVd-DNA inserts were prepared following the same approach but with the
phosphorylated primers RF-1422 and RF-1423 (Table 1).

2.4. Site-directed mutagenesis

The dimeric plasmid containing the head-to-tail cDNA of the 433-nt AHVd
reference variant from cultivar “Pacific Gala” (GenBank MF402932) served for PCR
amplification using pairs of adjacent and phosphorylated primers, complementary
and homologous to the AHVd cDNA sequence except in 5’-proximal positions where
changes were introduced to obtain the desired single mutants disrupting the kissing-
loop interaction (see Results and Table 1). The double mutant restoring this tertiary
interaction was constructed from one of the single mutants following essentially the
same procedure. The PCR cycling profile was as detailed above. Cloning and

sequencing confirmed that the new plasmid inserts contained only the expected



mutations. The corresponding dimeric transcripts were generated as indicated above.
The resulting products were separated by denaturing PAGE in 1X TBE and 8 M urea,
and the unit-length segments generated by self-cleavage during in vitro transcription

were eluted and their mobilities examined by non-denaturing PAGE.

2.5. Sequence comparisons and prediction of RNA secondary structure

Pairwise alignments were performed with the software program MUSCLE (Edgar,
2004a; Edgar, 2004b). The secondary structures of minimal free energy at 37 °C of
AHVd (+) and (-) strands were predicted with the RNAfold software program
included in the ViennaRNA package version 2.4.1 (Lorenz et al., 2011), using the
circular version and default parameters. These structures were manually refined

according to results of co-variation analyses of the natural AHVd genetic diversity.

3. Results

3.1. Dimeric head-to-tail in vitro transcripts of AHVd RNA are infectious in apple

We first subjected to RT-PCR amplification a nucleic acid preparation from a
Canadian apple tree of cultivar “Pacific Gala” that tested positive for AHVd RNA
(Messmer et al., 2017). The 433-nt reference sequence of this isolate (GenBank
MF402932) differed from the 434-nt reference sequence (GenBank KR506605) of
cultivar “Fuji” reported in China (Zhang et al., 2014) in 62 positions (14%), including
three indels. Although some of the changes observed in the “Pacific Gala” reference
variant mapped at the hammerheads, they did not affect the critical elements of these
ribozymes (see below) and, consequently, their self-cleavage activity in vitro (Fig. 1),
in line with previous observations made with the “Fuji” reference variant (Zhang et
al., 2014). To reassess the sequence diversity of the “Pacific Gala” isolate we designed
the abutted primers RF-1379 and RF-1380, degenerated in three positions (Table 1),
so that they could amplify variants observed in both cultivars. However, RT-PCR,

cloning and sequencing of 15 full-length clones revealed that all variants were



essentially identical to the reference sequence of “Pacific Gala” (Supplementary Fig.
S1). From this sequence we then designed a second pair of abutted primers, RF-1385
and RF-1386 (Table 1), to confirm the sequence of the region covered by the first
primer pair. RT-PCR, cloning and sequencing of another set of 15 full-length clones
failed to detect any variability in that region (Supplementary Fig. S2), thus
corroborating the low genetic diversity of the “Pacific Gala” isolate examined
(Messmer et al., 2017).

To test the potential infectivity of the reference variant of the “Pacific Gala” AHVd
RNA, dimeric head-to-tail in vitro transcripts were mechanically inoculated by
slashing young stems of two apple plants of four different apple varieties (n=8), with
additional mock-inoculated plants of each variety serving as controls. After four
months in the greenhouse, upper leaves emerged in the inoculated stems were
collected and processed, and nucleic acid preparations enriched in viroid-like RNAs
(Pallas et al., 1987) were separated by double polyacrylamide gel electrophoresis
(PAGE), first under non-denaturing and then under denaturing conditions, and
examined by RNA gel-blot hybridization with a full-length digoxigenin-labeled
riboprobe for detecting AHVd RNA (+) strands. Bands with the mobility expected
for the circular and linear AHVd RNA forms (the first migrating more slowly than
the 371-nt circular form of CEVd, used as control), were observed in the two
inoculated plants of variety V1 and in one of the two inoculated plants of variety V2,
but not in the mock-inoculated plants (Fig. 2). To further validate that these bands
were indeed generated by AHVd RNA replicating de novo, the corresponding RNA
preparations were subjected to RT-PCR with primers RF-1385 and RF-1386, and the
DNA products of the expected size were cloned and sequenced. The 15 clones (five
from each plant) showed the same sequence as the parental variant. Altogether these
results showed that the AHVd RNA is indeed a viroid endowed with autonomous
replication and movement, to which hereafter we will refer as apple hammerhead

viroid (AHVd).

3.2. Co-variation analysis leads to well-supported in vivo conformations for the (+) and (-)

strands of AHVd RNA



Determining a reliable secondary structure for the (+) strand of AHVd RNA in
planta was critical for the further search of stabilizing elements of tertiary structure,
particularly kissing-loop interactions, as those reported in other viroids (Bussiére et
al., 2000; Gago et al., 2005). For this objective, we first obtained the most stable
secondary structure predicted with the RNAfold software program (Lorenz et al.,
2011), applying this tool to the full-length AHVd (+) RNA of the reference variants of
cultivars “Pacific Gala” and “Fuji” (GenBank MF402932 and KR506605, respectively)
and to portions thereof. In line with previous predictions in silico (Zhang et al., 2014;
Messmer et al., 2017), the resulting conformations were composed by a rod-like
domain (containing the nucleotides forming the hammerhead structures) essentially
common to both variants, and by a multi-branched domain showing some
differences between variants. To solve this issue and produce a conformation that
could potentially accommodate the sequence diversity existing in the two reference
variants and in others reported previously (Zhang et al., 2014; Messmer et al., 2017)
as well as in the present work, we validated the individual hairpins when the
sequence variability resulted in co-variations (and conversions of canonical into
wobble base-pairs, or vice versa) that did not disrupt the corresponding stems or
mapped at the loops.

Because the natural sequence diversity between the AHVd isolates of different
cultivars and geographic origin is relatively high, this in vivo approach indeed
resulted in reliable conformations. Focusing first on that of the AHVd (+) strand (Fig.
3), and more specifically in the rod-like domain containing the nucleotides forming
the hammerheads: i) the stem delimited by positions 66-73 and 84-91 is well-
supported by six co-variations, ii) the stem delimited by positions 53-60 and 108-115
is also supported by four conversions of canonical into wobble base-pairs, and iii) the
stem delimited by positions 46-122 and 48-120 is likewise supported by one co-
variation and two conversions of canonical into wobble base-pairs. All these
substitutions do not disrupt the corresponding stems, with most of the remaining
changes mapping at loops. Regarding the substitutions located in both

hammerheads, they result either in the conversion of canonical into wobble base-



pairs or vice versa, or they map at loops (Fig. 3, inset 1), hence not affecting the
thermodynamic stability of the ribozymes and, consequently, their catalytic activity
(Fig. 1). Finding a consistent conformation for the multi-branched domain was more
difficult, but essentially all the stems of the proposed folding (Fig. 3) are supported
by co-variations or conversions of canonical into wobble base-pairs, or vice versa; see
for instance: i) the stem delimited by positions 272-280 and 285-293, which is
supported by four co-variations maintaining three consecutive base-pairs, and one
substitution converting a canonical into a wobble base-pair, and ii) the stem
delimited by positions 317-328 and 395-407, which is supported by two co-variations
and one substitution converting a canonical into a wobble base-pair. The
preservation and relevance of the stem delimited by positions 329-338 and 353-361 is
discussed below.

Regarding the conformation of the AHVd (-) strand, the central part of the rod-like
domain is very similar to that of the (+) strand because, in both cases, most of the
nucleotides forming the central conserved core and adjacent helices of the two
hammerheads are base-paired. The left part of the rod-like domain is also very
similar to that of the (+) strand: the stem delimited by positions 66-73 and 84-91 is
supported by several co-variations and flanked by a loop and a bulge of 10- and 11-
nt, respectively (Supplementary Fig. S3). As indicated above, the substitutions
located in the (-) hammerhead do not disrupt the helices flaking the central
conserved core or map at one loop (Fig. 3, inset 1), thus not affecting the catalytic
activity of the ribozyme (Fig. 1). The natural variability also supports some of the
stems of the multi-branched domain proposed for the AHVd (-) strand, the most
prominent of which are those delimited by positions 270-279 and 286-294 (supported
by four co-variations in three consecutive base-pairs and one substitution converting
a wobble into a canonical base-pair) (Supplementary Fig. S3), and by positions 328-
333 and 341-346 (with four consecutive substitutions leading to a slight

rearrangement) (Supplementary Fig. S3, inset 2).

3.3. Evidence underpinning the existence of a kissing-loop interaction stabilizing the

branched conformation of the AHVd (+) strand

10



Given the structural similarities between the (+) strands of PLMVd, CChMVd and
AHV({, reflected in a rod-like/cruciform domain —comprising the nucleotides
forming the hammerhead structures— merged to a multi-branched domain, we next
examined whether this latter domain was stabilized in AHVd by a kissing-loop
interaction similar to those reported previously in PLMVd (Bussiere et al., 2000) and
CChMVd (Gago et al., 2005). Visual inspection of the proposed secondary structure
revealed the possibility of such tertiary interaction between nucleotides at positions
304-307 (GUCG) and 345-348 (UGAC) (Fig. 3). Evidence supporting this possibility
includes: i) an A—G substitution (position 347) found in one natural variant that
results in the conversion of a canonical into a wobble pair, and ii) three co-variations
and one substitution converting a canonical into a wobble base-pair in the stem
(delimited by positions 329-338 and 353-361) capped by one of the interacting loops
(Fig. 3); interestingly, in the reference variant of cultivar “Fuji” three of the
substitutions (positions U333, C334 and A357) induce a slight rearrangement of the
stem that leaves C334 unpaired (Fig. 3, inset 2). Preservation of this stem —with an
unpaired nucleotide at position 333 or 334 that possibly causes a bend—is indicative
of its relevance in keeping the close proximity and proper orientation between the
two kissing loops. Analysis of the genetic heterogeneity of additional AHVd isolates
should hopefully provide further in vivo support for the proposed kissing-loop
interaction or a variation thereof. Notably, examination of the AHVd (-) strand failed
to disclose any similar element of tertiary structure (Supplementary Fig. 3), thus
bolstering the view that the kissing-loop interaction is restricted to the AHVd (+)
strand, as in PLMVd (Bussiere et al., 2000; Dubé et al., 2010) and CChMVd (Gago et
al., 2005).

To make a stronger case for the physical existence of such a kissing-loop
interaction, we applied the same strategy developed previously for CChMVd (Gago
et al., 2005): using primers RF-1388 and RF-1389, and RF-1390 and RF-1391 (Table 1),
the four contiguous nucleotides of each loop involved in the interaction were
interchanged, generating an AHVd variant with eight mutations (GUCG304-
307->UGAC and UGAC345-348—GUCG), in which an alternative, but energetically

11



similar, kissing-loop interaction could be adopted. The two quadruple mutants
(GUCG304-307-UGAC) and (UGAC345-348—GUCG), wherein the kissing-loop
interaction was disrupted, and the wild-type variant served as controls. The
corresponding dimeric head-to-tail cDNAs were inserted into a transcription vector,
and the monomeric self-cleavage products generated during in vitro transcriptions of
the primary dimeric AHVd (+) RNAs were eluted from denaturing PAGE in a 5%
gel. In subsequent examination by non-denaturing PAGE in a 5% gel, the four
monomeric RNAs displayed indistinguishable mobility (data not shown), while we
anticipated a slower mobility for the two quadruple mutants in which disruption of
the kissing-loop interaction should result in a less compact conformation. Further
analyses by non-denaturing PAGE in gels of lower porosity (8%) and co-
electrophoresis of mixed samples, failed to disclose any reproducible difference, as
also failed addition of magnesium to the samples (data not shown). Possible reasons
for these observations include: i) the larger size of AHVd with respect to PLMVd and
CChMVd, which could mask the minor differences in mobility induced by the
presence or absence of the kissing-loop interaction, and ii) the lack of predominant
conformations for the wild-type and mutated AHVd (+) RNAs when folded in vitro,
as suggested by the rather diffuse appearance of the corresponding gel bands; as
highlighted before (Uhlenbeck, 1995; Lépez-Carrasco et al., 2016), conformations
adopted in vitro do not necessarily reflect those existing in vivo. On the other hand,
when the AHVd (+) and (-) monomeric RNAs were compared by non-denaturing
PAGE in 5% gels, a distinction was detected, with the former moving faster than the
latter, and both migrating as blurred bands (Fig. 4).

In addition to the kissing-loop interaction described above, we have observed
another potential long-distance interaction in the AHVd (+) strand between
nucleotides at positions 96-100 and 213-217 (forming part of a bulge and a hairpin
loop, respectively) (Fig. 3). Similar interactions, although between two hairpin loops,
have been proposed previously from co-variation analysis (Ambrods et al., 1998) and
selective 2'-hydroxyl acylation analyzed by primer extension in vitro (Dubé et al.,
2011) in the PLMVd (+) strand, but not in the CChMVd (+) strand (Gago et al., 2005;
Giguere et al. 2014).

12



3.4. Genetic distance and biological properties support creation of a new species for AHVd

At present, an arbitrary level of less than 90% sequence identity throughout the
whole genome and different biological properties, principally host range and
symptoms, serve to create new viroid species (Owens et al., 2012; Di Serio et al.,
2014). The sequence identity of AHVd (GenBank MF402932) in pairwise alignments
with other hammerhead viroids, namely the members of the family Avsunviroidae
excluding ASBVd because its small size (246-250 nt) makes unreliable this analysis, is
considerably lower: 61% with PLMVd, 63.5% with CChMVd, and 57.8% with ELVd.
Although the AHVd variants from cultivars “Fuji” (Zhang et al., 2014) and “Pacific
Gala” cluster in distinct phylogenetically groups (Messmer et al., 2017), with the
reference variants of both groups having just 86% sequence identity, we consider
them as variants of the same viroid (and we anticipate the infectivity of that from
cultivar “Fuji”) because most of the sequence diversity detected does not affect a
common global conformation, which is the trait specifically “seen” by the replication
and trafficking machinery of the host leading ultimately to the systemic spread of the
viroid. Moreover, these AHVd variants have been so far recovered only from a
common host (apple). Because members of the family Avsunviroidae have a host
range limited to their natural hosts and, occasionally, to a few related species, it
seems unlikely that AHVd may infect additional hosts other than apple and close
relatives. Therefore, the available evidence favors the creation of a new species, Apple
hammerhead viroid, to be included in the genus Pelamoviroid of the family

Avsunviroidae (see below).
4. Discussion

Establishing the viroid nature of a candidate small circular RNA is an important
step for the ultimate goal of delineating the features that endow an RNA with

independent replication, local and long-distance trafficking and, frequently,

induction of symptoms in a susceptible host. Because the search for herbaceous

13



experimental hosts is an empirical and in many instances unsuccessful approach, and
because no such hosts have been identified for those members of the family
Avsunviroidae that infect woody plants naturally, we performed our infectivity
bioassays directly in apple plants by inoculating mechanically dimeric transcripts of
the AHVd dominant 433-nt variant of a “Pacific Gala” isolate. Our results show that
AHVd is indeed a viroid endowed with autonomous replication and systemic
spread. Even if this RNA has been found in some naturally-infected “Pacific Gala”
apple trees displaying swelling and radial limb cracking (Messmer et al., 2017), a
causal relationship is not yet evident. In support of this view, no specific symptoms
have been observed in “Fuji” apple trees infected naturally (Zhang et al., 2014), or in
greenhouse apple plants infected experimentally with AHVd (this work). Thus, we
prefer to keep the name apple hammerhead viroid (AHVd) until its biological
properties become better defined.

Considering the presence of hammerhead ribozymes in both polarity strands, the
key taxonomic criterion for members of the family Avsunviroidae (Di Serio et al.,
2014), AHVd should be allocated to this family. In agreement with this notion,
AHVd lacks the central conserved region characteristic of members of the family
Pospiviroidae (McInnes and Symons, 1991; Flores et al., 2012; Di Serio et al., 2014;
Steger and Perreault, 2016). The morphology and thermodynamic stability of the
AHVd hammerheads resemble those of PLMVd and CChMVd (genus Pelamoviroid)
and eggplant latent viroid (ELVd) (genus Elaviroid) (Fadda et al., 2003), while they
differ notably from those of ASBVd (genus Avsunviroid).

In addition to hammerhead architecture, determining a reliable conformation is
very important when it comes to genus assignment. For this purpose, predictions in
silico of the most stable secondary structures were combined with analyses of co-
variations, because their occurrence in natural variants, as opposed to the
corresponding single substitutions, highlights the role of selection in purging in vivo
non-viable variants due to disruption of specific stems (Gutell et al., 1994; Uhlenbeck,
1995; Cech, 2015; Lépez-Carrasco et al., 2016). Conversions of canonical into wobble
pairs or vice versa, are also very useful in this same context. The resulting global

conformation of the AHVd (+) strand is composed of a rod-like domain containing
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the nucleotides forming the hammerhead structures joined to a multi-branched
domain most likely stabilized by a kissing-loop interaction. Such a global
conformation and the element of tertiary structure, which have been previously
reported in PLMVd and CChMVd (Bussiére et al., 2000; Gago et al., 2005), strongly
support the classification of AHVd along with these two viroids in the genus
Pelamoviroid. This line of argument further upholds the view that GHVd RNA most
likely also is a pelamoviroid. Moreover, as noted before (Wu et al., 2012; Zhang et al.,
2014), while the most abundant viroid-derived small RNAs (vd-sRNAs) generated by
the host RNA silencing machinery are of 21 and 22 nt (accompanied by significant
levels of the 24-nt species) in plants infected by potato spindle tuber viroid and other
members of the family Pospiviroidae that replicate in the nucleus through an
asymmetric rolling-circle mechanism (Machida et al., 2007; Navarro et al., 2009; Di
Serio et al., 2010; Martinez et al., 2010; Wang et al., 2011; Zhang et al., 2014), the vd-
sRNAs of 21 nt clearly predominate (being those of 24 nt very minor) in plants
infected by PLMVd (Di Serio et al. 2009; Bolduc et al., 2010; Navarro et al., 2012) and
CChMVd (our unpublished data). Notably, the vd-sRNAs of 21 nt also prevail in
apple infected by AHVd (Zhang et al., 2014) and in grapevine infected by GHVd (Wu
et al., 2012), thus adding further credence that this is a general feature of
pelamoviroids and that GHVd RNA belongs presumably to this group.

Since apple cultivars are vegetatively propagated, the genetic diversity observed
for AHVd most likely comes from the independent evolution under the distinct
pressures imposed by the different cultivars, geographic areas and agronomic
practices. Last but not least, the present study reveals a striking feature that appears
common to pelamoviroids: they display low sequence identity but high structural
conservation including a kissing-loop interaction in their (+) strands. How operates
this element of tertiary structure, which has been examined in detail in vitro and in
vivo in CChMVd and found to be critical for infectivity (Gago et al., 2005), remains an

intriguing conundrum.
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LEGENDS TO FIGURES

Fig. 1. (A) Schematic representation of the dimeric AHVd (+) and (-) transcripts and
their expected self-cleavage products of the “Pacific Gala”reference variant (GenBank
MF402932). Vector and viroid sequences are denoted by black and white bars,
respectively, and the ribozyme (RZ) self-cleavage sites are marked by arrowheads.
Numbers on the right indicate sizes (in nt). The (+) and (-) transcripts start at
positions 90 and 89, respectively (the same numbering is used in both strands). (B)
PAGE analysis in a 5% denaturing gel of the (+) and (-) in vitro transcription products
of linearized plasmids containing head-to-tail dimeric AHVd-DNA inserts. M refers
to RNA markers with their sizes on the left. The gel was stained with ethidium

bromide.

Fig. 2. Analysis by double PAGE of apple plants inoculated with AHVd dimeric
head-to-tail in vitro transcripts of the “Pacific Gala” reference variant (GenBank
MF402932). (A) Ethidium bromide staining of the first non-denaturing gel showing
the RNA levels of the different preparations enriched in viroid-like RNAs.
Multimeric (100-bp DNA) size markers were applied to the two external lanes; the
most intense band corresponds to 500 bp. (a), (b) and (c) indicate positions of CEVd,
55 rRNA and 4S tRNAs RNAs in the second lane. (B) RNA gel-blot hybridization,
with a digoxigenin-labeled full-length riboprobe for detecting AHVd (+) strands, of
the second denaturing gel. Positions of the circular and linear forms of AHVd and
CEVd (used as control) are indicated at both sides. Bands between the circular and
linear forms could result from UV-induced cross-links, as observed previously in
other viroids, while those bands migrating below the linear forms should correspond
to degradation products. The circular forms are less abundant than their linear
counterparts, a feature also reported for PLMVd and CChMVd. V1 to V4 refer to
pairs of small trees from four commercial cultivars (“Esperiega”, “Granny”, “Verde
doncella” and “Brookfield”), respectively, which were AHVd-inoculated and kept in

the greenhouse for four months. Notice that in spite of the relatively poor yield of the
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nucleic acid preparation from one of the two V2 plants, the AHVd forms were clearly

visible by hybridization.

Fig. 3. Primary and proposed secondary structure for the AHVd (+) strand of the
“Pacific Gala” reference variant (GenBank MF402932). Changes found in the
reference variant (KR506605) of cultivar “Fuji” (Zhang et al., 2014) and in the variant
of an apple cultivar co-infected by apple scar skin viroid (Messmer et al., 2017), are
denoted with red and blue upper-case characters, respectively. Lower-case characters
in black and red denote those changes found in more than one “Pacific Gala”
(Messmer et al., 2017; this work) and “Fuji” variants (Zhang et al., 2014), respectively,
and changes observed in single variants resulting in co-variations (and conversions
of canonical into wobble base-pairs, or vice versa) that did not disrupt the
corresponding stems. Symbols (+) and ( A) refer to insertions and deletions,
respectively, and broken lines to the proposed kissing-loop interaction. Inset 1,
hammerhead structures of the AHVd plus and minus strands with the nucleotides
involved delimited by flags and the self-cleavage sites marked with arrows; black
and white symbols refer to plus and minus strands, respectively. Notice that
substitutions do not disrupt the stems flanking the central core of 13 nucleotides
(boxed) conserved in most natural hammerhead structures of viroid and viroid-like
satellite RNAs. Inset 2, slight stem rearrangement in the reference variant of cultivar
“Fuji” that leaves unpaired C334 instead of the U333 in the reference variant of

cultivar “Pacific Gala”. The same numbering is used for both polarities.

Fig. 4. PAGE in a non-denaturing 5% gel of the (+) and (-) monomeric AHVd RNAs
(lanes 1 and 3, respectively) resulting from in vitro transcription products of
linearized plasmids containing head-to-tail dimeric AHVd-DNA inserts. Co-
electrophoresis of both RNAs shows a slight difference in mobility indicating that the
two RNAs adopt different conformations in vitro, with the diffuse appearance of the
bands suggesting the existence of more than one conformation in either polarity
strand. Lane M, DNA markers with their size in base pairs (bp) indicated. The gel

was stained with silver.
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Table 1 AHVd primers for RT-PCR amplification, site directed mutagenesis and
subcloning

Primer Nucleotide sequence Positions!
RF-1379 5" CTTRTCCAACCTCTKTTTCGGMAGAGGATAC 372 | 236-266
RF-1380 5" ACCGGAGGGGTTCCCTAGTTCC 3° 235-214
RF-1385 5" AGAGGATGTATAGGGCGAGAGAG 3’ 332-310
RF-1386 5" CAGGCATAGAGATGACCATTTGC & 333-355
RF-1388 5 CAGTCTCTCTCTCGCCCTATACATCCTC 3’ 304-331
RF-1389 5 TTCTCTCGGGCCCCAAGCC 3’ 303-285
RF-1390 5'GCTGCATTTGCCTAGGGTGAGTCTTTAAG 3’ 345-373
RF-1391 5" TCTCTATGCCTGAGAGGATGTATAGG 3’ 344-319
RF-1422 5" AGTTGGTATAACTAACCCAACCAGAACC 3’ 89-62
RF-1423 5" AGTTACTTCCGGTAACTTGGAGTTTG 3’ 90-115
1See Figure 3

2R denotes A or G, K denotes T or G, and M denotes A or C
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