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ABSTRACT

Understanding how viruses and subviral agents initiate disease is central to plant pathology. Whether
RNA silencing mediates the primary lesion triggered by viroids (small non-protein-coding RNAs), or just
intermediate-late steps of a signaling cascade, remains unsolved. While most variants of the plastid-
replicating peach latent mosaic viroid (PLMVd) are asymptomatic, some incite peach mosaics or albinism
(peach calico, PC). We have previously shown that two 21-nt small RNAs (PLMVd-sRNAs) containing
a 12-13-nt PC-associated insertion guide cleavage, via RNA silencing, of the mRNA encoding a heat-
shock protein involved in chloroplast biogenesis. To gain evidence supporting that such event is the
initial lesion, and more specifically, that different chloroses have different primary causes, here we
focused on a PLMVd-induced peach yellow mosaic (PYM) expressed in leaf sectors interspersed with
others green. First, sequencing PLMVd-cDNAs from both sectors and bioassays mapped the PYM
determinant at one nucleotide, a notion further sustained by the phenotype incited by other natural
and artificial PLMVd variants. And second, sRNA deep-sequencing and RNA ligase-mediated RACE
identified one PLMVd-sRNA with the PYM-associated change that guides cleavage, as predicted by
RNA silencing, of the mRNA encoding a thylakoid translocase subunit required for chloroplast develop-
ment. RT-gPCR showed lower accumulation of this mRNA in PYM-expressing tissues. Remarkably,
PLMVd-sRNAs triggering PYM and PC have 5'-terminal Us, involving Argonaute 1 in what likely are the
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initial alterations eliciting distinct chloroses.

Introduction

One key question is how viruses, satellite RNAs and viroids
incite plant diseases and, specifically, what is the molecular
lesion initiating a signaling cascade ultimately resulting in symp-
toms. Due to their extreme simplicity, viroids appear very appro-
priate to tackle this question. They are circular, non-protein-
coding RNAs of 246-434 nucleotides (nt), which infect and
frequently cause disease in certain higher plants [1-6]. Those
within the family Pospiviroidae, like potato spindle tuber viroid
(PSTVd), have a central conserved region (CCR), lack hammer-
head ribozymes and replicate in the nucleus through an asym-
metric RNA-RNA rolling-circle mechanism [7,8]. In contrast,
those of the family Avsunviroidae, do not have a CCR but can
form hammerhead ribozymes that mediate co-transcriptional
self-cleavage of the oligomeric RNAs of both polarities generated
during replication in plastids (mostly chloroplasts) through
a symmetric rolling-circle mechanism [9-12].

Viroids are targeted by the RNA silencing defensive response of
their hosts [3]. RNA silencing, which additionally regulates gene
expression and genome stability [13,14], is triggered in plants by
double-stranded (ds)RNAs or structured single-stranded RNAs
that are processed by Dicer-like (DCL) enzymes into small RNAs

(sRNAs): micro RNAs (miRNAs, 21-22 nt) of endogenous origin,
and small interfering RNAs (siRNAs, 21, 22 and 24 nt) of endo-
genous and foreign origin. The guide strand of miRNAs and
siRNAs, incorporated into Argonaute (AGO) proteins [15,16] at
the core of the RNA inducing silencing complex (RISC), inactivate
their complementary RNA/DNA.

While most isolates of peach latent mosaic viroid (PLMVd,
tamily Avsunviroidae) [17] are latent, some cause different
peach mosaics (PM) or albinism (peach calico, PC). PC-
inducing variants have a specific hairpin insertion of 12-13
nt and accumulate preferentially in symptomatic rather than
in the surrounding green foliar sectors [18-20]. We have
shown that PLMVd infection results in the accumulation of
viroid-derived sRNAs (vd-sRNAs) [21], and that two 21-nt
vd-sRNAs containing the PC-associated insertion (PC-
sRNAs), acting like miRNAs, guide cleavage of the mRNA
encoding the chloroplastic heat-shock protein 90 (cHSP90) as
predicted by AGO1-mediated RNA silencing [3,22]. Such
event possibly represents the primary alteration eventually
resulting in symptoms. To provide further support for this
concept and for the molecular basis underlying different
PLMVd-induced chloroses, we have dealt in this work with
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one particular PM. This is a complex issue because it entails
previous identification of the molecular determinant, not
associated with any specific insertion.

Here we report that a characteristic peach yellow mosaic
(PYM) is strictly associated with PLMVd variants with one
single nucleotide change. Moreover, this symptomatology is
most probably triggered by a 21-nt vd-sRNA containing the
single nucleotide change, which directs cleavage via AGO1-
mediated RNA silencing of the mRNA coding for a thylakoid
translocase subunit required for chloroplast biogenesis.
A similar mechanism may not necessarily operate in initiating
pathogenesis in members of the family Pospiviroidae.

Results

Different PLMVd populations in green and
PYM-expressing adjacent leaf sectors

We focused on one intense PYM expressed in leaf and young
fruit sectors flanked by others asymptomatic (green) (Figure 1
(a)). Such feature, which facilitated their dissection and
further analysis of the corresponding PLMVd populations,
turned out critical for our first purpose: identifying the PYM
determinant.

To gather data underpinning that the PYM observed in field
trees was associated with and possibly incited by PLMVd, and
not by another infectious agent or physiological disorder, nucleic
acid preparations from yellow and green sectors (Figure S1) were
subjected to RT-PCR with PLMVd-specific primers [23,24].
Non-denaturing polyacrylamide gel electrophoresis (PAGE)
revealed products of the expected size (around 330 bp), which
were cloned and sequenced. All clones corresponded to full-
length PLMVd variants of 337-338 nt without the PC-
associated 12-13-nt insertion [18], excluding that PYM might
represent a sort of attenuated PC. A multiple alignment of seven
and eight variants from the yellow (y) and green (g) sectors,
respectively, revealed discriminating changes (Figure S2) map-
ping at different motifs in the PLMVd secondary structure
(Figure S3). Thus, as in PC [19,20,22], PLMVd variants distri-
bute unevenly in PYM-expressing leaves.
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Only some PLMVd variants from the yellow sectors incite
PYM

To establish a causal relationship between PYM and specific
PLMVd variants, we selected four according to bioassays in
GF-305 peach seedlings: y2, y4 and y7 (338 nt) from yellow
sectors, and g7 (337 nt) from green sectors. Variants y4 and
y7 differed in one nucleotide substitution, U283 (y4) and
A283 (y7) (numbering according to y4, GenBank
MK212036), while y2 (A283) and g7 (this position deleted),
differed in additional changes between them and with y4 and
y7 (Figure S2).

In vitro transcripts from recombinant plasmids containing
dimeric head-to-tail cDNA inserts of the four variants were
mechanically inoculated in blocks of eight peach seedlings.
RT-PCR with PLMVd-specific primers, or dot-blot hybridiza-
tion with a digoxigenin-labeled full-length riboprobe for
detecting PLMVd (+) strands, showed that most plants
became infected six-eight weeks post-inoculation. Variants
y2 and g7 did not cause any reproducible phenotype, whereas
y4 incited an extended yellow phenotype and y7 no symptoms
or just small yellow sectors (Figure 1(b)), thus implicating
PLMVd nucleotide at position 283 in eliciting PYM. RT-
PCR, cloning and sequencing of the progenies further favored
this view because: i) in the progeny of y4 the nucleotide
substitution (U283) was preserved in 5/6 variants from the
symptomatic sectors, but only in 1/6 and 0/6 of those from
the flanking green sectors and from a fully green leaf of the
same plant, respectively, ii) remarkably, in the progeny of y7
the PYM-associated nucleotide substitution reappeared in 5/5
of the variants from the small symptomatic sectors (Figure 1
(c)), but not in any of the two sets of five variants from the
surrounding green sectors and from a fully green leaf of the
same plant, respectively, and iii) 0/7 and 0/6 variants from the
progeny of y2 and g7, respectively, presented the PYM-
associated nucleotide substitution. Altogether, these results
supported a direct involvement of U283 in triggering PYM.

To provide additional data upholding this view, we intro-
duced changes at this position in some PLMVd variants that
were then bioassayed in blocks of eight peach seedlings for

Figure 1. Peach yellow mosaic (PYM). (a) Symptoms in leaves and young fruits of peach trees cv. ‘O'Henry’. (b) Leaf phenotypes induced in GF-305 peach seedlings
by the severe PLMVd variant y4. (c) Leaf phenotype induced in GF-305 peach seedlings by the mild/latent PLMVd variant y7. Notice that this variant, in contrast with
the extended yellow phenotype induced by y4, causes no symptoms or (in some leaves) just small yellow sectors, in which the nucleotide substitution (U283)

characteristic of y4 and strictly associated with PYM reappeared.
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infectivity, symptom expression and progeny analysis. Dot-
blot hybridization revealed that essentially all seedlings
became infected. First, variant y4 (U283), serving as control,
induced symptoms in all plants, with the progeny of sympto-
matic sectors showing a mixture of variants with U283, A283
and with this position deleted, while the progeny of green
sectors only had variants with A283. Second, a mutated ver-
sion of y4, in which U283 was deleted, incited no symptoms
and all progeny variants presented the same deletion. Third,
latent variant Is11 [23], with 10 changes with respect to y4
including U283 deletion, did not induce symptoms and its
progeny contained only variants with the same deletion. And
fourth, a mutated version of Is11, in which the U283 was
inserted (and the U271 was mutated to A to keep the stability
of the hybrid between the corresponding vd-sRNA and its
mRNA target, see below), induced symptoms in all plants,
with the progeny of symptomatic sectors displaying a mixture
of variants with U283 and A283, while the progeny of green
sectors was composed exclusively by variants with this posi-
tion deleted. Collectively these data highlighted the key role of
U283 in PYM. Further supporting this notion, an analysis of
PLMVd variants bioassayed previously shows that those
reported as latent, including Is1, 1s8, 1s14b, esc10 and esc 14
[23,24], and v1.1 [25], lack the U283.

Histological and cytological analyses provide clues on the
PYM-associated chlorosis

Next, yellow and green sectors of the same leaves from a peach
seedling infected with PYM variant y4, were examined by light

a Mock-inoculated leaf

and transmission electron microscopy and compared with
those from a mock-inoculated seedling. Characteristic epider-
mal, columnar palisade and spongy mesophyll cell layers were
observed in transversal sections in all instances, with those
from the yellow and green sectors of the symptomatic leaves
appearing slightly thinner than those from the mock-inoculated
control (Figure 2(a)). Transmission electron microscopy of
mesophyll cells from the yellow sectors of PYM-affected leaves
showed irregularly-shaped plastids with thylakoids lacking the
typical organization in grana and inter-grana, whereas such
organization was maintained in plastids from the green sectors
of the same leaf, although with slightly larger thylakoid inter-
spaces than in the mock-inoculated control (Figure 2(b)).
Interestingly, the ultra-structural alterations in PYM-affected
leaves were different from those previously observed in PC-
expressing leaves, where the columnar palisade was strongly
disorganized and thylakoids almost absent [20].

PLMVd-sRNAs containing the PYM determinant
accumulate preferentially in PYM-expressing sectors

Having mapped the pathogenic determinant of PYM, we
addressed our second aim: how one single nucleotide change
triggers this phenotypic alteration. If PYM is elicited via RNA
silencing, as presumed for PC [22], a corollary is the accumu-
lation in symptomatic tissue of (+) or (-) PLMVd-sRNAs
with the PYM-associated substitution. To test this alternative,
starting from an y4-infected peach seedling, we generated two
PYM sRNA libraries from yellow and green leaf sectors hop-
ing to enrich the libraries in vd-sRNAs with and without the
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Figure 2. Light and transmission electron microscopy (TEM) images of leaf sections and plastids of GF-305 peach seedlings. (a) Transversal sections of a leaf from
a mock-inoculated plant and from the yellow and green sectors of a leaf infected by variant PYM-y4. Layers corresponding to epidermal, columnar palisade and
spongy mesophyll cells are visible in the three instances. In the symptomatic leaves the sections from the yellow and green sectors appear slightly thinner than that
from the mock-inoculated control. (b) TEM of mesophyll cells of a PYM-expressing leaf shows in the yellow sectors irregularly shaped plastids with thylakoids without
the characteristic organization in grana and inter-grana, while such ultra-structural organization is preserved in plastids from the green sectors of the same leaf, in
which the thylakoid interspaces are moderately larger than in the mock-inoculated control (bars 500 nm). Insets show magnifications of the respective thylakoids

(bars 100 nm).



PYM-associated substitution, respectively. We also generated
another sRNAs library from a fully green leaf from the same
plant, which should essentially lack vd-sRNAs with the PYM-
associated substitution.

Reads for sRNAs between 18 and 26 nt (133,656,205 and
92,705,082 for the yellow and green leaf sectors, respectively,
and 100,063,287 for the fully green leaf), displayed similar
profiles with two 21- and 24-nt peaks (Figure S4). PLMVd-
sRNA reads with zero or one mismatch with respect to (+)
and (-) sequences of variant y4 (Figure S2) were 13,013,103
(9.7% of the total sSRNAs) and 7,870,169 (8.5% of the total
sRNAs) for the yellow and green leaf sectors, respectively, and
6,916,627 (6.9% of the total sSRNAs) for the fully green leaf.
Moreover, in agreement with our previous deep-sequencing
data from GF-305 seedlings infected with other PLMVd var-
iants [22]: i) vd-sRNAs of 21 nt, and to a lower extent of 22
nt, were dominant (Figure S5) and, ii) reads of vd-sRNAs of
(+) and (-) polarity were similar in number (Figure S5).
Mapping vd-sRNA reads of 21 nt along the PLMVd (+) and
(-) RNAs revealed remarkably similar hot spot profiles in the
three samples (Figure S6).

A screening for PLMVd-sRNAs containing the PYM-
associated nucleotide disclosed 825, 284 and 209 non-
redundant (+) and (=) 21-nt RNAs (2,825, 1,373 and 1,321
reads per million) in the yellow and green leaf sectors and in
the fully green leaf, respectively. In addition, 634, 217 and 177
non-redundant (+) and (=) vd-sRNAs of 22 nt (3,255, 1,618
and 1,729 reads per million) were retrieved from the yellow
and green leaf sectors and from the fully green leaf, respec-
tively. Thus, the PLMVd region around the PYM-associated
nucleotide is a source of vd-sRNAs (hereafter PYM-sRNAs),
although we did not know whether one or more, acting like
genuine miRNAs, might target and inactivate host mRNAs.

A search for PYM-sRNAs potentially targeting host
MRNASs reveals several candidates

Drawing on the availability of the complete peach genome
sequence, we applied the psRNATarget program to look for
peach transcripts potentially targeted for inactivation, via
RNA silencing, by (+) and (-) vd-sRNAs containing the
PYM-associated U283 (or the complementary A283), and
prevailing in yellow leaf sectors. We restricted our quest to
21-nt sRNAs, because this is the predominant size of
PLMVd-sRNAs [22] (Figure S5) and plant miRNAs [26].
For predicting vd-sRNA targets, a position-dependent scor-
ing matrix was applied to all potential duplexes adopting
a score cut-off of 2.5, lower than the limit of 3.5 set in
arabidopsis for credible specificity and sensitivity [27].
Furthermore, this cut-off appears reasonable considering
that the duplexes between representative miRNAs retrieved
from our libraries and conserved in other species, and their
prospective targets in the complete peach genome, showed
scores from 0 to 3 [22].

In total 20 PYM-sRNAs, 6 of (+) and 14 of (-) polarity,
potentially targeting seven predicted peach mRNAs were
found (Table 1). Two of the encoded proteins display
a predicted chloroplastic transit peptide (cTP) according to
ChloroP1.1 software. Therefore, PYM-sRNAs with plausible
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ability to target peach mRNAs are produced in PYM-
expressing leaf sectors, opening up the prospect that some
could function like miRNAs.

A PYM-associated sRNA targets for sequence-specific
cleavage the mRNA encoding a thylakoid translocase
subunit (cpSecA)

Of the potential candidates, we concentrated on peach tran-
script Prupe.3G002700.1 for the following reasons. First, the
duplex between this transcript and PYM-sRNA40 presents
one of the lowest scores (Table 1). Second, like the two PC-
sRNAs [22], PYM-sRNA40 derives from the viroid (-) strand
and has two 5'-terminal Us, implying its preferential loading
by AGO1 (see below). Third, the U283 (A283 in the minus
polarity) associated with PYM is located in position 3 of
PYM-sRNA40 (counting from its 5-end), a position that
does not tolerate mismatches, G:U pairs or bulges in the
hybrids formed by miRNAs and their target mRNAs [27].
Thus, the changes in U283 observed in certain PLMVd var-
iants are consistent with their latent phenotype (Table S1).
Moreover, while the U283 is necessary to incite PYM, addi-
tional nearby changes may weaken the hybrid between
PLMVd-sRNA40 and its target mRNA and, thus, attenuate
the intensity of this symptomatology. Those are the cases of
variants y6 (Figure S2) (latent or mild green mosaic, data not
shown), and gds3 and gds18 (green mosaics) [23], wherein
a substitution at position 15 generates a mismatch that is
disfavored in the hybrids formed by miRNAs and their target
mRNAs [27] (Table S1). Fourth, the reads per million of
PYM-sRNA40 were 14.6 in the yellow sector, 0.8 in the
green sector and 0.5 in the fully green leaf of the same plant
(Table 1). And fifth, peach transcript Prupe.3G002700.1 codes
for a protein of 1036 amino acids annotated as homologous
(86.9% amino acid identity) (Figure 3) with cpSecA, the
ATPase subunit of the chloroplast Sec translocation machin-
ery of arabidopsis (AT4G01800.1), a thylakoid protein essen-
tial for chloroplast biogenesis as revealed by the albino/glassy
yellow phenotype displayed by a T-DNA insertion mutant of
gene cpSecA [28]. Altogether, these data strongly suggested
that PYM-sRNA40 down-regulates the expression of this gene
by targeting for cleavage its mRNA.

To provide supporting quantitative data, we assessed by
reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) the levels of the cpSecA and other mRNAs in
yellow sectors of PYM-expressing leaves, in fully green leaves
from the same plant, and in leaves of mock-inoculated peach
seedlings. While no significant differences were detected
between the green leaves of the mock-inoculated controls
and of PYM-infected plants, significant changes were
observed in the corresponding yellow sectors (Figure 4).
Previously, the levels of the mRNAs coding for rbcL (the
large subunit of the ribulose-1,5-bisphosphate carboxylase/
oxygenase) transcribed by the plastid-encoded polymerase,
and for rpoB (a subunit of the plastid-encoded polymerase)
transcribed by a plastidic nuclear-encoded polymerase, were
respectively found lower and higher in albino than in green
tissues [20,22]. Resembling this situation, the levels of rbcL
and rpoB transcripts were also lower and higher in PYM-
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AtcpSecA VKKDEEKKSQNGKPS-KQVD-NASEKPKQVGVTDEPSSTASA-—-— 1042
PscpSech LKQDQDKMENQKSGK-RNARPPTDTNPDPVGTVEPSTSASS -~ 101
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Figure 3. Comparison of chloroplast-targeted cpSecA from distinct species. Multiple alignment of the amino acid sequences of cpSecA from Prunus persica
(ppcpSecA, Prupe.3G002700.1) and its homologues from Oryza sativa (OscpSecA, BAD44978), Pisum sativum (PscpSecA, CAA57798), Spinacia oleracea (SocpSecA,
CAAB88933) and the cyanobacterium Trichormus variabilis (TvSecA, ABA21744). High-affinity ATP-binding domains (a, b) and low-affinity ATP-binding domains (c, d),
conserved among the prokaryotic SecA homologues, are indicated. Arrow marks the cleavage site of the chloroplast transit peptide of PpcpSecA predicted by
ChloroP1.1. Sequences were aligned using Clustal Omega. Small and hydrophobic amino acids including the aromatic ones (AVFPMILW) are in red, acidic amino acids
(DE) in blue, basic amino acids (RK) in magenta, and polar (STNQ) and aromatic (YH) amino acids together with cystein (C) and glycine (G) in green. (*) indicates
positions with a conserved amino acid, (:) conservation between amino acid groups of strongly similar properties, and (.) conservation between amino acids groups
of weakly similar properties.
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Figure 4. Levels of rbcL, rpoB, cHSP90 and cpSecA mRNAs in PYM-expressing
and non-expressing tissues. RT-qPCR assessment of the transcript level, with
respect to that of EF1a, of the four genes in yellow sectors of a PYM-inoculated
plant relative to those of green leaves of the same plant. Results are presented
in log10 scale. Bars indicate standard errors, with columns in blue denoting that
transcript levels do not differ significantly at P < 0.05 according to the Duncan’s
multiple-range test, while those in green and red do.

expressing than in green tissues, respectively (Figure 4).
However, the pronounced reduction of the mRNA encoding
the cHSP90 (chloroplastic heat shock protein 90) in albino
with respect to green tissues [22], was quite mild in PYM-
expressing sectors. In contrast, a remarkable decrease of the
cpSecA transcript was observed in PYM-expressing with
respect to green tissues. These results are consistent with the
prominent decrease of the cpSecA mRNA level being the
primary alteration eliciting PYM.

To further validate that the lower level of the cpSecA
transcript in PYM-expressing leaf sectors resulted from its
targeting by PYM-sRNA40 for RISC(AGO1)-mediated clea-
vage, we examined by RNA ligase-mediated rapid amplifica-
tion of cDNA ends (RLM-RACE) two RNA preparations from
a peach seedling inoculated with PLMVd variant y4: one from
fully green leaves and the other from yellow sectors of PYM-
expressing leaves. While PAGE of the nested RT-PCR pro-
ducts failed to reveal any discernible band in the asympto-
matic material, a band of the expected size was detected in the
PYM-expressing material (Figure 5(a)). Moreover, cloning
and sequencing of the amplified product revealed that 12/12
clones derived from the cpSecA transcript and that they had 5'
termini identical to the cleavage site predicted by PYM-sRNA
40 (Figure 5(b)), between positions 10 and 11 from its 5'
terminus. These data support firmly that PYM-sRNA40
(and, importantly, no the other four PYM-sRNAs targeting
the cpSecA transcript reported in Table 1) directs RISC
(AGOIl)-mediated cleavage of this transcript (Figure 5(c)),
and that such a cleavage only occurs in PYM-expressing
tissue, where PYM-sRNA40 accumulates preferentially. In
summary, RNA silencing plays a major role in inciting the
primary PYM lesion.

Discussion

Given the lack of protein-coding ability, early conjectures on
how viroids initiate pathogenesis concentrated on a direct
interaction of the genomic RNA (or its complementary
strand) with host components, particularly proteins, which

might be diverted from their normal physiological roles thus
inciting disease. Later, with the discovery of RNA silencing,
symptoms were proposed to result from vd-sRNAs targeting
host DNA or mRNA sequences for their transcriptional or
post-transcriptional gene silencing (PTGS), a view that could
also explain the pathogenesis of non-protein-coding small
satellite RNAs [[29,30], see for reviews [3,31]]. In the last
context, the phenotype induced in tobacco by the yellow
satellite RNA (Y-sat) of cucumber mosaic virus (CMV) is
initially triggered by a 22-nt Y-sat sRNA comprising the
pathogenic determinant dissected previously [32]. This
SRNA hybridizes with a complementary sequence of the
mRNA of the chlorophyll biosynthetic gene encoding the
magnesium protoporphyrin chelatase subunit I (CHLI), and
guides it for cleavage as predicted by RNA silencing (in the
bond between positions 10 and 11 of the complementary
Y-sat SRNA) [33,34]. A similar situation has been documen-
ted for two 21-nt sRNAs containing the insertion PC-
associated [22]. Remarkably, these two 21-nt PC-sRNAs and
the 22-nt Y-sat SRNA, besides complying with the criteria for
functional sRNAs [3,35], have two or more Us at their 5’
termini and are most likely loaded into AGO1 that recruits
specifically sSRNAs with a 5'-terminal U [36], including vd-
sRNAs [37]. RISC(AGOL1), guided by the Y-sat SRNA or PC-
sRNAs, would catalyze cleavage of the CHLI and cHSP90
mRNAs, respectively [3,22,33], in line with its major role in
PTGS [38-41]. Pertinent to this context is the high (79%)
amino acid identity between AGOIl from arabidopsis and
peach (data not shown). Moreover, arabidopsis AGO10,
which also shares a high (86%) amino acid identity with its
peach homolog (data not shown) and like AGOl has
a preference for endogenous and viral sRNAs with a 5'-
terminal U [42,43], does not bind PSTVd-sRNAs [37].

In comparing with PC [22], our present results on the
PYM determinant appear different because: i) it is restricted
to one nucleotide, instead of the PC-associated 12-13 nt
insertion, and, ii) it maps far away from nucleotide change
proposed to cause yellowing or chlorotic edge [44], although
such data require further validation - PLMVd variants from
symptomatic and asymptomatic tissue were not analyzed
comparatively - as well as identification of the peach
mRNAs hypothetically targeted by the vd-sRNAs with this
polymorphism. On the other hand, because the most abun-
dant PLMVd-sRNAs do not derive from the most structured
regions predicted in the genomic (+) and (-) RNAs, it is
unlikely that the latter could represent main DCL substrates.
Instead, the viroid dsRNAs generated by an RNA-directed
RNA polymerase(s) appear better candidates [3], but not the
dsRNAs produced during replication because DCLs/AGOs
have not been identified in plastids, wherein PLMVd repli-
cates (Figure 5(c)) [20,45].

When attempting to identify the initial molecular lesion
leading to PYM, we were inspired by our previous results with
PC [22]. Given the differences between both chloroses, with
the former being less dramatic than the latter (albinism), and
with histological and ultra-structural observations showing
differences between PC- and PYM-affected tissues [[20], this
work], we presumed that the vd-sRNAs with the pathogenic
determinants should target distinct peach mRNAs, although



RNA BIOLOGY 913

cpSecA mRNA (Prupe.3G002700.1)

1061 1081

il !

PYM
determinant

3111

12/12 clones

CUGAAGAGAUUCUGGGUGUAA

=t ttol il

3’ -GUCUUCUCUAAGACCUACAUU-5"
265 285

PYM-sRNA40

Cytoplasm

O— 1

PLMVd replication

A

—

Chloroplast

Figure 5. Site-specific cleavage of peach cpSecA mRNA guided by PYM-sRNA40. (a) RLM-RACE of two RNA preparations from a GF-305 peach seedling inoculated with
PLMVd variant y4, one from fully green (g) leaves and the other from yellow (y) sectors of PYM-expressing leaves; (c) refers to a control without added template and
(m) to the size markers. PAGE of the nested RT-PCR products reveals, only in the yellow sectors, a band of the expected size (195 bp), essentially co-migrating with
the 200-bp DNA marker. (b) Duplex formed between the cpSecA mRNA and PYM-sRNA40; notice that the latter derives from the PLMVd (-) strand, with the
nucleotide strictly associated with PYM (position 283 in PLMVd variant y4) highlighted in red. Arrow points to the predicted cleavage site (within the sixth exon)
validated by RLM-RACE, with the fraction showing the number of independent clones producing identical results. (c) Model for the genesis of the PYM-sRNA40 (in
the cytoplasm) that also includes PLMVd replication (within chloroplasts, with arrowheads marking hammerhead self-cleavage sites). RDR and DCL refer to RNA-
directed RNA polymerase(s) and dicer-like ribonuclease(s), respectively. Green and yellow lines denote PLMVd (+) and (-) strands, respectively. PLMVd-sRNAs likely
target the genomic viroid RNAs for their RISC(AGO)-mediated cleavage (with some fragments being transformed by RDR into additional DCL substrates); PYM-sRNA40
guides RISC(AGO1) for cleaving the cpSecA mRNA. Red dot indicates the PYM-associated nucleotide.

both encoding proteins directly related with chlorophyll meta-
bolism. We also presumed that, like in PC, AGO1 should be
involved in eliciting PYM and, consequently, that the guiding
PYM-sRNA should contain one or more 5'-terminal U. That
is indeed the case, with the PYM-sRNA40 having two Us at its
5'-terminus and, intriguingly, being of (-) polarity like the
two PC-sRNAs [22]. And, as anticipated, the mRNA target of
PYM-sRNA40 codes for a thylakoid translocase subunit
(cpSecA) essential for photosynthetic development in
Arabidopsis [28], and most likely in peach given the high
amino acid identity between both proteins. Identification of
the PYM determinant and, then, of the PYM-sRNA and its
target mRNA, has been possible by focusing on the PLMVd
variants accumulating in yellow and green sectors of the same

leaf. Since the mRNAs targeted by PC- and PYM-sRNAs (and
by Y-Sat-sRNA) code for proteins involved in chloroplast
biogenesis, the initial molecular lesion and the expected phe-
notype (distinct chloroses) are connected by short signaling
cascades that permit tracing a direct cause-effect relationship.
We assume that other PLMVd-incited mosaics should result
from vd-sRNAs (containing the specific pathogenic determi-
nants) targeting for AGO1-mediated cleavage other mRNAs
encoding chloroplastic proteins, and we already know that
this is also the case for the chlorotic mottle induced by
CChMVd (Serra et al., unpublished data).

The situation is less clear in members of the family
Pospiviroidae, like PSTVd and a close relative, in which
three groups have proposed that vd-sRNAs from their
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virulence modulating region (VMR) trigger symptoms by
targeting three unrelated mRNAs [46-48]. In the most
detailed of these studies [47], vd-sRNAs from the VMR
are deemed to mediate cleavage of the tomato mRNAs
encoding two callose-like synthases (CalS11-like and
CalS12-like), thereby facilitating viroid movement through
more permeable plasmodesmata (PD). Although this is an
attractive hypothesis, there is no evidence that CalS11- and
CalS12-like isozymes function at PD. Moreover, their arabi-
dopsis homologs are not implicated in callose deposition at
these intercellular bridges, wherein the responsible genes are
CalS3, CalS7 and CalS10 [49]. On the other hand, most of
the emphasis in this and in other cases has been put on
systemic and non-specific symptoms, like stunting, which
possibly result from a complex and late imbalance in growth
hormones [47,50-53], making it difficult to establish
a direct link between these symptoms and the down-
regulation of the mRNA initially targeted by vd-sRNAs.
Finally, the issue of the 5'-terminal nucleotide of these vd-
sRNAs and, hence, of the specific AGO(s) involved, has not
been addressed. For similar reasons, even if global gene-
expression and transcriptome/degradome analyses [[47,50-
60], Navarro et al., unpublished data], or studies on changes
in DNA methylation [61-63], offer valuable insights of
genome-wide modifications caused by PSTVd and other
members of the family Pospiviroidae at intermediate/late
infection states, it is problematic that such investigations
may provide clues on the initial pathogenic lesion, if indeed
it is mediated by RNA silencing in members of this family.

Materials and methods
Plant material and inoculation

The initial leaf material was collected from field trees of peach
[Prunus persica (L.) Batsch] cv. ‘O’Henry’ (Aragén, Spain)
displaying intense PYM on leaves. Subsequently, blocks of
eight young GF-305 peach seedlings were inoculated in
Lanxade (France) and Valencia (Spain) by slashing their
stems with buffer (50 mM K,HPO,) or dimeric head-to-tail
transcripts generated in vitro from cDNA clones of natural
and artificial PLMVd variants (GenBank accession numbers
MK212033 to MK212093) resuspended in this buffer.
Seedlings were kept in the glasshouse for six-eight weeks for
symptom expression and sample collection.

Dot-blot hybridization, RT-PCR, cloning and sequencing

To examine infectivity of PLMVd variants by dot-blot hybridiza-
tion, leaves (1 g) of the inoculated peach seedlings were processed
for nucleic acid extraction and partial purification [64,65]. Nucleic
acid preparations were resuspended in 50 ul of bidistilled water
and aliquots of 5 pl and of a 1/5 dilution were applied onto
positively-charged nylon membranes (Roche Diagnostics
GmbH) that were hybridized with a full-length digoxigenin-
labeled riboprobe complementary to PLMVd (+) strands [19].
For cloning the PLMVd-cDNAs, nucleic acids preparations
(100 pl) were obtained from leaf portions (100 mg) of the

initial material or of the inoculated peach seedlings using
a silica-gel system [66]; when indicated, yellow and green
sectors from symptomatic leaves were previously excised
with a razor blade. RNA yield and integrity were assessed by
PAGE in 5% gels. Aliquots (2.5 ul) were employed for RT
(40 pl final volume) with 100 ng of the antisense primer RF43
(5'-CTGGATCACACCCCCCTCGGAACCAACCGCT-3")
and the reverse transcriptase Superscript II according to the
supplier (Invitrogen). PCR of full-length PLMVd-cDNAs was
performed using 1 pl of a 1/10 dilution of the RT reaction
mixture, the same primer RF43 together with the sense primer
RF44 (5-TGTGATCCAGGTACCGCCGTAGAAACT-3')
(400 ng each) [23,24], and the Expand High Fidelity PCR
system (Roche Diagnostics GmbH) in a final volume of
50 pl. The amplification profile consisted of 35 cycles of 30
s at 94°C, 30 s at 60°C, and 1 min at 72°C, with a final
extension of 10 min at 72°C. Amplicons of the expected size
were cloned into plasmid pTZ57R-T (Fisher Scientific) and
sequenced by capillary electrophoresis using an ABI 3130XL
apparatus (Life Technologies) and the Big Dye Terminator
v3.1 cycle sequencing kit (Applied Biosystems).

Site-directed mutagenesis of PLMVd-cDNAs and
transcript infectivity

Site-directed mutagenesis was performed as detailed pre-
viously [18,19] on recombinant plasmids bearing specific full-
length PLMVd-cDNAs. The mutated inserts were PCR-
amplified and those products of the expected monomeric
length were ligated into dimers, which were confirmed to
have proper head-to-tail orientation and only the desired
mutations. The resulting recombinant plasmids were opened
with pertinent restriction enzymes and transcribed in vitro
with T7 or T3 RNA polymerases. Following examination by
denaturing PAGE (in 1X TBE buffer and 8 M urea) and
staining with ethidium bromide, the products were extracted
with phenol, precipitated with ethanol, resuspended and
inoculated by slashing young stems of peach seedlings.

Light and transmission electron microscopy

Small leaf pieces were fixed at 4°C overnight with 4% p-for-
maldehyde in 0.1 M sodium phosphate, pH 7.2, containing
0.1% Tween 20, dehydrated in ethanol, embedded in paraffin,
and sectioned to 7 um. Transverse leaf sections were attached
to glass slides using poly-L-Lys, and stained with 1% (w/v)
toluidine blue. 50 sections from each three leaves (150 in
total) of mock-inoculated and PYM-expressing peach seed-
lings (the latter being dissected into green and yellow sectors)
were examined. For sample visualization and photography
a bright-field microscope (E600, Nikon) was used [20]. For
thin sectioning, excised leaf pieces were processed as reported
previously [20,67], and stained with lead citrate before obser-
vation with a Philip Morgagni 282D electron microscope.
30 sections from the same material indicated immediately
above (90 in total) were analyzed.



RT-gPCR

RNA preparations were obtained with TRIzol (Invitrogen) of
100 mg of yellow sectors from PYM-expressing leaves and from
fully green leaves of the same plant and of mock-inoculated
peach seedlings, resuspended in 100 pl, and treated with 2 U of
Turbo DNase (Ambion Life Technologies). Aliquots (2.5 ul)
were mixed with 200 ng of random hexanucleotides (Isogen
Life Sciences), heated at 95°C for 1.5 min, and reverse tran-
scribed at 42°C for 1 h after adding 10 mM dithiothreitol
(DTT), 0.5 mM dNTPs, 300 U of Superscript II and 20 U of
placental ribonuclease inhibitor (PRI) (Fisher Scientific).
Transcript levels were referred to those of translation elongation
factor alpha (EFla), usually taken as control in this kind of
experiments [68]. The qPCR (in 20 pl with an annealing tem-
perature of 60°C) was performed by mixing 0.6 uM of primers
EFla-F2 (5-GGTAACGGATATGCTCCAGTTC-3") and EFla-
R2 (5-TACCAGACCTCCTGTCAATCT-3'), or cSecA-F3 (5%
AACAGGGTTATGAAGACTCTGAAG-3") and cSecA-R3 (5°-
ACATAAGATGCCCACTGTTCTC-3'), or rbcLF (5-AGGGA
GATCACTTTAGGCTTTG-3") and rbcLR (5'-CTGGCAAAGA
GACCCAATCT-3'), or rpoBF2 (5-GGTGGTAGAGGTCGAG
TTATTG-3'), and rpoBR2 (5-TTTCCATGTCTTCCAG
CTACTT-3'), or hsp90F: (5-GCTTCACTTCCTTCCTCA
TCTC-3") and hsp90R: (5-TGCTCTCAAGCTTCCACTTC-3")
with 1 ul of the RT reactions and the SYBR green PCR master
mix following supplier instructions (Applied Biosystems). Each
qPCR was repeated at least by triplicate, on three biological
replicas. Controls without template were carried out with each
of the two primer pairs. Ct values were used to analyze relative
gene expression in yellow sectors of PYM-expressing leaves, and
in green leaves from the same plant and from mock-inoculated
peach seedlings, as reported previously [69]. Relative quantifica-
tion data were subjected to a logarithm transformation to resem-
ble a normal distribution, and statistical significance was
assessed by One-Way ANOVA with Duncan’s multiple-range
test for comparison between groups [70]. Statistical analyses
were performed using the Statgraphics Centurion software.

RLM-RACE

Aliquots (6.5 ) of nucleic preparations obtained by the silica-gel
system from yellow and green leaf sectors of PYM-expressing
peach seedlings, pretreated with 2 U of Turbo-DNAse, were
mixed with 025 pg of the RNA adaptor (5'-
CGACUGGAGCACGAGGACACUGACAUGGACUGAAGG-
AGUAGAAA-3'), heated at 65°C for 5 min and snap-cooled on
ice. The mixtures were then incubated at 20°C for 6 h with 1 mM
ATP, 10 U of PRI and 5 U of T4 RNA ligase in the buffer
recommended by the supplier (Epicentre). Following phenol
extraction, nucleic acids were precipitated with ethanol in the
presence of 2 ug of glycogen (Roche Diagnostics GmbH) and
resuspended in bidistilled water (30 pl). Aliquots (15 ul) were
mixed with 10 ng of primer P2-R (5-GGCAGACCTT
CTTTTGCTTC-3') (complementary to a segment of gen SecA),
heated at 95°C for 1.5 min and snap-cooled on ice. RT was at 42°C
for 1 h in a final volume (40 pl) containing 0.5 mM dNTPs,
10 mM DTT, 10 U of PRI and 300 U of Superscript II. After
phenol extraction and ethanol precipitation, the products were
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resuspended in bidistilled water (40 pl). The first PCR was per-
formed with an aliquot (20 pl), 400 ng each of primers P2-R-N (5'-
TGCTTGGTGAAGTCCATCAC-3") (complementary to
a segment of gen SecA and internal with respect to P2-R) and
RF-553 (5'-TGGAGCACGAGGACACTGACATG-3') (homolo-
gous to the RNA adaptor), 0.4 mM dNTPs and 1 U of the Expand
High Fidelity PCR system in a final volume of 50 pl with the
cycling profile indicated above. Half of the reaction mixture was
analyzed by PAGE and the expected product of ~230 bp was
eluted and subjected to a second (nested) PCR with primers RE-
1377 (5'-ATCGCCTCCCCTGCATAACT-3') (complementary to
a segment of gen SecA and internal with respect to P2-R-N)
and RF-554 (5-GACACTGACATGGACTGAAGGAGTAG-3")
(homologous to the RNA adaptor and internal with respect to
RF-553). The product of ~195 bp observed by PAGE in the
sample from the yellow leaf sector was eluted and cloned in the
vector pTZ57R-T and the inserts were sequenced.

Sequencing and bioinformatic treatment of data

Full-length PLMVd-cDNA inserts were sequenced by capil-
lary electrophoresis (see above), with the resulting sequences
being aligned using Clustal Omega [71]. Purification of the
sRNAs, ligation of bar-coded adaptors, RT-PCR, library pur-
ification and high-throughput DNA sequencing in the same
channel (on the Illumina HiSeq 4000, Fasteris SA, http://www.
fasteris.com) have been reported [22]. The three sRNA
libraries sequenced were from PYM-expressing and green
dissected leaf sectors of a peach seedling inoculated with
variant y4, and from a fully green leaf from the same plant.
To search for peach transcripts potentially targeted by (+) and
(=) 21-nt vd-sRNAs with the U283 (or the complementary
A283) associated with PYM, we applied the psRNATarget
program [72] on exon sequence fragments of the complete
peach genome (Peach v2.1, https://phytozome.jgi.doe.gov/pz/
portal.html#!info?alias=Org_Ppersica) [73]. The quality of the
hybrids between PYM-sRNAs and peach mRNAs was
assessed as previously [27], with the latter being further ana-
lyzed with the ChloroP1.1 software (http://www. cbs.dtu.dk/
services/ChloroP) [74] for the presence of a potential chlor-
oplastic transit peptide (cTP) in the encoded proteins.

Abbreviations
AGO argonaute
CCR central conserved region

PAGE polyacrylamide gel electrophoresis

PD plasmodesmata

PTGS post-transcriptional gene silencing

PLMVd peach latent mosaic viroid

PSTVd potato spindle tuber viroid

RISC RNA inducing silencing complex

RLM-RACE RNA ligase-mediated rapid amplification of
c¢DNA ends

RT-qPCR reverse transcription-quantitative polymerase
chain reaction

vd-sRNAs  viroid-derived small RNAs
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