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Abstract

Avocado sunblotch viroid (ASBVd) is a structured RNA molecule responsible for sunblotch disease of avocado, charac-
terised by distinct chloroses of fruit, leaves, and stems. Despite its impact on avocado, the mechanism by which ASBVd
elicits sunblotch symptoms remains unknown. Previous studies on other avsunviroids have shown that viroid-derived
small RNAs (vd-sRNAs) with specific sequence mutations can trigger leaf chlorosis via RNA silencing of host genes.
Building on this knowledge, we aimed to shed light on the molecular basis of ASBVd pathogenesis by analysing ASBVd
sequence variants and ASBVd-sRNAs from bleached and asymptomatic leaf tissues of sunblotch-affected avocado trees.
Sequencing of ASBVd clones revealed that variants carrying the pathogenic determinant for bleaching were present in
both green and yellow leaf tissues. Next-generation sequencing (NGS) identified ASBVd-sRNAs that varied in abundance
between symptomatic and asymptomatic leaf tissues, correlating with viroid titre. We discovered 64 vd-sRNAs spanning
the pathogenic region of the ASBVd genome, which were almost exclusively found in yellow tissues. The ASBVd-sRNAs
containing the bleaching-associated mutation were predicted to target numerous avocado transcripts for degradation, with
25 of these transcripts significantly downregulated in bleached tissues. Notably, one of these genes, encoding a chloroplas-
tic protein, demonstrated strong evidence of ASBVd-sRNA-guided RNA silencing, presenting a promising candidate for
future research into the molecular trigger for ASBVd-induced bleaching symptoms. This study is the first to investigate
ASBVd-sRNAs in bleached leaves using NGS. Our findings support the role of RNA silencing in sunblotch symptom
development and reveal a unique silencing trigger compared to other avsunviroids.

Introduction the family Pospiviroidae, includes viroids that possess

central conserved regions (CCRs) within their genomes,

Viroids are the smallest known plant pathogens, existing
as single-stranded circular RNA genomes ranging from
246—434 nucleotides (nt) in length, which are not known to
code for proteins. To date, over 40 viroid species have been
found and classified into two families. The larger of these,
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replicating in nuclei of host cells by an asymmetrical roll-
ing-circle strategy [1]. The family Avsunviroidae has only
five known members, all of which replicate in host plas-
tids through a symmetrical rolling-circle strategy, and their
self-cleavage is enabled by the formation of hammerhead
ribozyme structures during replication [2, 3]. Despite the
differences in replication mechanisms between the two
families, all viroids depend on host cell RNA polymerases
for replication [4]. This error-prone replication process gen-
erates mutant genomes with slight sequence variations that
accumulate as populations of sequence variants, known as
quasispecies [3, 5, 6].

In addition to the differences in their biology, replica-
tion, and host cell localisation, members of the two viroid
families also differ in the symptoms they cause and their
mechanism of pathogenesis (extensively reviewed by Flores
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et al. [7]). Avsunviroids typically induce specific, localised
symptoms in affected hosts, where particular types of chlo-
rosis are restricted to only some parts of the infected plants.
These chloroses are directly linked to the downregulation of
certain host genes encoding proteins that function in chloro-
plasts [8—10]. In contrast, members of the family Pospiviroi-
dae typically induce systemic symptoms (such as stunting)
affecting the entire plant; these symptoms are unlikely to be
the direct result of silencing of specific host genes [7].

The downregulation of genes linked to chlorotic phe-
notypes in avsunviroid-infected plants is driven by post-
transcriptional gene silencing (PTGS), mediated by
viroid-derived small RNAs (vd-sRNAs) [8-10]. PTGS
is a key regulator of plant gene expression, where RNA
silencing directs non-coding small RNAs (sRNAs) (20-30
nt) to suppress the translation or accumulation of specific
host transcripts [11, 12]. PTGS is typically triggered when
double-stranded RNAs, or single-stranded RNAs folded
into defined secondary structures, are cleaved by Dicer-like
(DCL) RNases into small interfering RNAs (siRNAs) 21, 22,
or 24 nt in length. These siRNAs are subsequently bound by
plant Argonaute (AGO) proteins to form the RNA-induced
silencing complex (RISC), guided by incorporated siRNAs
to cleave target messenger RNA (mRNA) or repress its
translation, thereby inhibiting expression of the target host
gene. Additionally, the RNA silencing machinery serves as
a plant defence mechanism against invading pathogens by
directing the cleavage of invasive exogenous RNAs, such as
those belonging to viral genomes [11-14].

Several studies have shown that viroids from both fam-
ilies are cleaved by the DCLs of the host RNA silencing
machinery to produce vd-sRNAs [15-24]. The presence
of these vd-sRNAs suggests that their binding to AGOs
could lead to RISC-mediated downregulation of host genes,
potentially contributing to viroid pathogenesis [13, 25-31].
While the role of RNA silencing in pathogenesis of pospi-
viroids remains unclear, and is likely not responsible for
the initial molecular alteration causing disease symptoms,
the role of PTGS in triggering chlorotic symptoms during
avsunviroid infection has been well established in three
specific interactions [7]. The cause of distinct types of leaf
chlorosis in peach infected with peach latent mosaic viroid
(PLMVd, genus Pelamoviroid), namely, peach calico and
peach yellow mosaic, has been investigated in separate
studies, revealing that each chlorotic phenotype was trig-
gered by PLMVd sequence variants carrying a specific
mutation. In both cases, PLMVd genomes with the distinc-
tive mutations (i.e., the pathogenic determinants) accu-
mulated preferentially in yellow sectors of symptomatic
leaves, but not in adjacent green sectors or in asymptomatic
leaves. PLMVd-sRNAs containing the pathogenic determi-
nants targeted chloroplastic host mRNAs for degradation by
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RISC-mediated silencing, resulting in chlorotic phenotypes
[8, 9]. The same mechanism of pathogenesis was discov-
ered for chrysanthemum chlorotic mottle viroid (CChMVd;
genus Pelamoviroid), where a vd-sRNA carrying the muta-
tion associated with chlorotic tissues targeted the mRNA of
a chloroplastic transketolase for cleavage, thereby triggering
leaf chlorosis [10]. The causal relationships identified in the
three interactions, where vd-sRNA-mediated PTGS directly
downregulated host genes encoding chloroplast-localised
proteins, provide strong evidence that RNA silencing con-
tributes to the “initial molecular lesion” in symptomatic
avsunviroid infections [7].

While the mechanisms of pathogenesis for the avsun-
viroids PLMVd and CChMVd are now better defined, the
disease caused by the type member of the family Avsunvi-
roidae, avocado sunblotch viroid (ASBVd; genus Avsunvi-
roid), remains poorly understood. ASBVd causes avocado
sunblotch disease, characterised by the appearance of
distinct chlorotic symptoms on infected avocado trees,
similar to those observed in PLMVd-infected peach trees.
Symptoms of sunblotch disease include the formation of
coloured, sunken lesions on avocado fruit, yellow streaks on
stems, and chlorosis of leaves [32]. Leaf chlorosis caused by
ASBVd has two distinct forms: bleaching, where chlorotic
(usually yellow) lesions are separated from adjacent green
tissues by distinct margins, and variegation, where leaves
have a mosaic-like pattern of chlorosis, with no distinct
separation of green and yellow tissues [33].

The association of certain leaf phenotypes with the accu-
mulation of particular ASBVd sequence variants was first
investigated in 1994, when viroid genomes from bleached,
variegated, and symptomless carrier (fully green) leaves
were sequenced, leading to the proposal that the ASBVd-B,
ASBVd-V, and ASBVd-SC variants were associated with
the respective leaf phenotypes. The study found that the
most notable sequence differences involved exchanges or
additions of uracil residues within the region 115-118, or
of adenine residues within the region 122128 of the viroid
genomes, with these regions together forming the right
terminal loop (RTL) of the rod-shaped ASBVd secondary
structure [33]. A subsequent study comparing ASBVd vari-
ant populations in leaves from asymptomatic avocado trees
to those in bleached leaves from a tree with chlorotic symp-
toms revealed that 21 out of 23 sequenced clones from the
bleached ASBVd-infected leaves contained one or two extra
uracil residues inserted at positions 115-118 within the
viroid genome’s RTL. This finding supports the role of these
uracil insertions as the pathogenic determinant for bleach-
ing in ASBVd infections [34, 35]. This proposed pathogenic
determinant has, however, not been independently validated,
and there is no information regarding the accumulation of
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certain ASBVd variants in specific leaf tissues (i.e., yellow
vs. green) from symptomatic avocado trees.

The involvement of RNA silencing in ASBVd patho-
genesis was first suggested after vd-sRNAs were detected
in chlorotic ASBVd-infected tissues [16]. Initial studies
of asymptomatic tissues from symptomless carrier plants
failed to detect the presence of ASBVd-derived sRNAs
(ASBVd-sRNAs) [20]. However, a subsequent study
found them in the chlorotic portions of symptomatic
avocado leaves and fruit, although they were absent in
the green portions of the same tissues [16]. Due to the
hybridisation methods used in the study, the sequence
and size distribution of ASBVd-sRNAs in bleached tis-
sues remain unidentified. Nevertheless, the presence of
these vd-sRNAs supports a potential role for PTGS in
triggering the bleaching seen in symptomatic ASBVd
infections [16], which can now be investigated further
using next-generation sequencing (NGS) technologies.

In this study, we aimed to deepen the understanding
of ASBVd pathogenesis by investigating the bleaching
symptoms triggered by viroid infection of avocado. We
analysed the ASBVd variant populations within spe-
cific leaf tissues of symptomatic trees and discovered
that sequence variants containing the bleaching-associ-
ated pathogenic determinant were present in both green
(asymptomatic) and yellow (chlorotic) leaf tissues. How-
ever, these variants exhibited significant differences in
their accumulation levels between different tissues. Using
NGS, we characterised ASBVd-sRNAs in these tissues.
While substantial variations in the accumulation levels
were observed between yellow and green tissues, other
characteristics, such as size distribution, polarity, and
mapping hotspots, remained consistent. To investigate
potential molecular mechanisms, we predicted avocado
transcripts that might be degraded by ASBVd-sRNAs
containing the pathogenic determinant. Subsequent anal-
ysis of putative host target genes revealed downregulated
genes that could be associated with the bleaching symp-
toms observed in avocado sunblotch disease.

Materials and methods
Plant material

Four mature, actively-growing avocado trees displaying
typical avocado sunblotch disease-associated chlorosis
(leaf bleaching and variegation) were identified in two
commercial orchards in Tzaneen, Limpopo Province,
South Africa, in December 2023. For each tree (treated as
separate biological replicates), all fully emerged symp-
tomatic (bleached) leaves were collected, along with five

asymptomatic (fully green) leaves from representative
branches (Supplementary Table S1). Leaves were kept
at 4°C during transport and then flash-frozen in liquid
nitrogen. For each biological replicate, yellow sectors
of bleached leaves were separated from adjacent green
sectors, and these two sample types were separately
pooled across leaves for each replicate, forming the SY
(yellow) and SG (green) samples, respectively. Addition-
ally, asymptomatic leaves were pooled to form the AS
(asymptomatic) samples. Pooled leaf material was ground
together for each of the 12 individual samples (four bio-
logical replicates for each of the three sample types — SY,
SG, and AS) using an IKA® Tube Mill (IKA®, Staufen,
Germany). A portion of the ground material was sent to
Macrogen Genome Center (Seoul, Republic of Korea) for
NGS (sRNA and mRNA sequencing), while the remain-
ing material was stored at -70°C for subsequent ASBVd
detection and variant sequencing.

ASBVd detection

RNA was extracted from 50 mg of the ground material
for each pooled sample using a modified CTAB method
[36]. RNA concentration and quality were assessed using
a NanoDrop™ 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) and by aga-
rose gel electrophoresis. ASBVd cDNA was synthesised
from 400 ng of RNA for each sample, as well as known
infected and uninfected controls, using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems™,
Thermo Fisher Scientific) with modified conditions, using
the ASBVd-specific primers SB1-F1 (5-TGGGAAGAA
CACTGATGAG-3") and SB1-R1 (5’-TCTTTCCCTGAA
GAGACGA-3’) [33]. These primers were also used for
a 15-cycle PCR pre-amplification of the ASBVd cDNA
template using FastStart™ Taq DNA Polymerase (Roche
Applied Science, Merck KGaA, Darmstadt, Germany) on
a Veriti™ 96-Well Fast Thermal Cycler (Applied Biosys-
tems™, Thermo Fisher Scientific). The pre-amplification
products served as templates in a nested, semi-quanti-
tative real-time PCR using TagMan™ Gene Expression
Master Mix (Applied Biosystems™, Thermo Fisher
Scientific) on a CFX Connect™ Real-Time PCR Sys-
tem (Bio-Rad Laboratories, Hercules, California, USA).
Reaction conditions for pre-amplification and real-time
PCR have been described previously [37]. ASBVd cDNA
synthesis reactions and pre-amplifications were con-
ducted separately for yellow and green tissue samples,
and all pre-amplification products were run on a single
96-well plate in the real-time PCR. Positive ASBVd
detection was indicated by fluorescence in the TagMan™
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assay, while the absence of fluorescence suggested unde-
tectable or very low viroid levels.

Sequencing of ASBVd variants

For each sample with detected ASBVd, viroid cDNA
(synthesised from 400 ng of RNA) served as the template
for PCR amplification using Phusion™ High-Fidelity
DNA Polymerase (Thermo Fisher Scientific) as described
previously [37]. PCR products were purified from a 1.5%
agarose gel using a Nucleospin® Gel and PCR Clean-
up Kit (MACHEREY-NAGEL, MACHEREY-NAGEL
GmbH & Co. KG, Diiren, Germany) as per manufac-
turer’s instructions. Concentrations were measured as
before, and products were cloned into Escherichia coli
DH50 using an Invitrogen Zero Blunt® TOPO PCR Clon-
ing Kit (Thermo Fisher Scientific). Bacterial colonies
were incubated overnight in Luria-Bertani broth supple-
mented with 50 pg of kanamycin per ml at 37°C with
shaking at 150 rpm. Plasmids were extracted using a
Nucleospin® Plasmid Kit (MACHEREY-NAGEL), and
five plasmids per sample were sequenced in both direc-
tions using M13 primers (M13-F, 5’-GTAAAACGACG
ACGGCCAGT-3’; M13-R, 5’-CAGGAAACAGCTATG
AC-3’). BigDye™ v3.1 (Applied Biosystems™, Thermo
Fisher Scientific) reactions and sodium acetate precipita-
tion of sequencing products were carried out as described
previously [37]. Purified products were sequenced using
an ABI 3500x1 Genetic Analyser (Applied Biosystems™,
Thermo Fisher Scientific) by the DNA Sanger Sequenc-
ing Facility at the University of Pretoria (Faculty of
Natural and Agricultural Sciences). Raw sequences were
analysed and aligned to known variants using CLC Main
Workbench v21.0.1 (QIAGEN Bioinformatics, Aarhus,
Denmark), and secondary structures of ASBVd variants
were predicted using Structure Editor v1.0 of RNAstruc-
ture v6.4 [38].

Small-RNA sequencing and analysis

For NGS, total RNA was extracted from all samples by
Macrogen, with RNA concentration and quality assessed
using an Agilent RNA 6000 Nano chip on a 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, California,
USA). Library construction for SRNA sequencing was
performed by Macrogen using a SMARTer® smRNA-
Seq Kit for Ilumina® (Takara Bio USA, Inc., San Jose,
California, USA), and libraries were sequenced (2 x 100
bp paired-end) on an Illumina Novaseq 6000 platform
(Ilumina, Inc., San Diego, California, USA). Raw sRNA
reads were trimmed with Cutadapt v4.8 [39] to remove
adapter sequences, subsequently retaining only 18- to
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26-nt reads. The quality of the filtered reads was assessed
using FastQC v0.11.9 [40] and summarised using Mul-
tiQC v1.13a [41]. To identify ASBVd-sRNAs, command-
line BLAST+v2.15.0 (blastn-short) was used to match
reads with 100% sequence identity to known ASBVd
variants [33, 37, 42] or those sequenced in this study.

Target prediction and expression analysis

To identify avocado transcripts that are potentially tar-
geted by ASBVd-sRNAs in PTGS, the psRNATarget web
server [43] was used for in silico prediction. ASBVd-
sRNAs derived from the pathogenic region of the viroid
genome were queried against the coding sequences
(CDSs) and transcripts of the Persea americana West
Indian (WI) pure accession genome (Peamel05) (Avo-
cado Genome Consortium, personal communication)
using default parameters and an E-value cutoff of 3.5.
Potential targets were filtered for those downregulated
in yellow (SY) samples relative to green (SG and AS)
samples. Expression data from mRNA sequencing were
used, with libraries prepared for pooled SY, SG, and AS
samples from three biological replicates (trees 1, 2, and
3) using a TruSeq® Stranded mRNA Library Prep Kit
(Illumina, San Diego, California, USA) and sequenced
on an Illumina NovaSeqX platform (2 x 150 bp paired-
end) by Macrogen. Sequencing reads were trimmed,
quality-checked, aligned to the Peame105 genome using
HISAT?2 v2.2.1 [44], and quantified using featureCounts
[45] as described previously [37]. Analysis of count data
with DESeq2 v1.38.3 [46] in RStudio v2024.04.2.764
[47] used the Wald test to determine differential gene
expression (DGE) [37]. DGE analysis was performed
first between SY and SG samples, and then for SY and
SG relative to AS samples. Targets were considered
downregulated if the log,(fold change) (log,FC) was <0
and the adjusted p-value (padj) was <0.1 in SY samples
across both comparisons.

Downregulated genes were further analysed to verify
psRNATarget predictions of PTGS targets in avocado.
Target prediction was repeated in psRNATarget with
stricter parameters, doubling penalties in the seed region
(positions 2—13 of the SRNA, reading from the 5’ end) as
recommended by Fahlgren and Carrington [48], and the
E-value cutoff set to 3.5. Predicted ASBVd-sRNA:mRNA
duplexes were assessed using RNAhybrid [49] to iden-
tify hybrids with minimum free energy (mfe)<O0 kcal/
mol, indicating a higher likelihood of duplex formation.
Subcellular localisation of target-encoded proteins was
predicted using DeepLoc v2.1 [50], and homologues
in Arabidopsis thaliana were identified via BLASTp
of target amino acid sequences against Araport 11
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proteins sequences on TAIR (The Arabidopsis Informa-
tion Resource; https://www.arabidopsis.org/tools/blast/).

Results

The pathogenic determinant associated with
bleaching is present in yellow and green leaf tissues
of sunblotch-affected avocado trees

To confirm the previously identified pathogenic deter-
minant in the ASBVd genome associated with bleaching
symptoms in sunblotch-affected avocado trees, we analysed
asymptomatic leaves as well as yellow and green tissues
of bleached leaves (Fig. 1) from symptomatic trees. Semi-
quantitative real-time PCR detected ASBVd in both SY
(yellow sector) and SG (green sector) leaf samples for all
four trees, indicated by fluorescence (Supplementary Table
S2). SY samples consistently showed higher ASBVd titres
(lower Ct values) when compared to SG samples from the
same symptomatic leaves, which had lower viroid concen-
trations. AS samples (asymptomatic, entirely green leaves)
exhibited overall lower ASBVd titres, with only two sam-
ples (tree 2 and tree 4) testing positive. AS samples from
trees 1 and 3 were either free of ASBVd or had viroid titres
that were too low to be detected in this assay, with results
being indistinguishable from uninfected and non-template
controls. Positive controls from asymptomatic leaves of

Fig. 1 Two leaf phenotypes in sunblotch-affected avocado trees anal-
ysed in this study. (a) Asymptomatic leaves were entirely green, with
no chlorosis, and were representative of most of the leaves on trees
infected with avocado sunblotch viroid (ASBVd). (b) Bleached leaves
displayed chlorotic (usually yellow) lesions with distinct margins sep-
arating them from green tissues on the same leaf, appearing sporadi-
cally on symptomatic trees. AS samples included pooled green tissue
from asymptomatic leaves (a), while SG and SY samples comprised
pooled green and yellow sectors, respectively, from bleached leaves

(b)

known symptomless carrier trees were amplified success-
fully. Positive amplification results were confirmed by gel
electrophoresis of real-time PCR products, which showed
single bands (~ 155 bp) in samples and controls that exhib-
ited fluorescence in the TagMan™ assay. No bands were
observed in the two AS samples or negative controls lacking
fluorescence (Supplementary Fig. S1).

Five ASBVd cDNA clones were sequenced from each of
the 10 samples with successful viroid detection, yielding 50
ASBVd sequences in total (10 from AS, 20 from SG, and 20
from SY). The sequences of these quasispecies populations
were compared to the ASBVd type strain SB-1 [42] and
the previously reported ASBVd-B and ASBVd-SC variants
[33]. To verify the previously reported pathogenic determi-
nant of bleaching, 30 additional ASBVd sequences obtained
from asymptomatic nursery trees in a previous study [37]
were also included in the alignment. Multiple sequence
alignment (MSA) highlighted key differences within region
115—128 relative to SB-1 (Supplementary Fig. S2) — part of
the RTL region of the ASBVd secondary structure (Fig. 2).

The number of adenine residues in the RTL (positions
122128 of SB-1) was highly variable among different iso-
lates, even within sample types, and specific genome alter-
ations pertaining to this run of adenine residues were not
found to be associated with individual tissue types (Supple-
mentary Fig. S2). When distinguishing between the different
sample types from which variants were obtained, secondary
structure prediction revealed structural differences within
the RTL of variants isolated from symptomatic trees when
compared to those present in symptomless carrier trees
(Fig. 2). All ASBVd variants sequenced from asymptomatic
leaves of symptomless carrier trees were predicted to have
an RTL structure resembling that of SB-1: a hairpin loop
composed of an 8-bp stem ending in a single large terminal
loop (Fig. 2a). In contrast, secondary structure prediction
showed that the RTL of the majority of variants sequenced
from green (AS and SG) and yellow (SY) leaf tissues of
symptomatic trees contained a compound loop structure in
which the 8-bp stem preceded a small internal loop before
terminating in a small hairpin loop (Fig. 2b-d).

When examining the primary sequence of the RTL region
in variants obtained from different sample types, the most
notable alteration was the insertion of at least one additional
uracil within the run of uracil residues at positions 115-118
in SB-1 — a mutation that occurred only in samples isolated
from symptomatic avocado trees (Supplementary Fig. S2).
No variants from green leaves of symptomless carrier trees,
including ASBVd-SC [33] and all the SCHassKZN variants
sequenced previously [37], contained this additional uracil.
This mutation was, however, present in the ASBVd-B vari-
ant [33], and in 44 of 50 clones sequenced in this study from
both green (SG) and yellow (SY) tissues of symptomatic
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Fig. 2 Sequence mutations occurring within the right terminal loop
(RTL) of avocado sunblotch viroid (ASBVd). The proportion of
clones with specific alterations in the ASBVd RTL structure is indi-
cated for each leaf phenotype across two studies ([37] and this study).
RTL structures are shown for clones from (a) asymptomatic leaves
on symptomless carrier trees, (b) asymptomatic leaves on trees with
chlorotic symptoms, (¢) green sectors of bleached leaves, and (d) yel-
low sectors of bleached leaves. The numbers in blue blocks represent
the abundance of clones with altered RTL sequences, while "SB-1" in
a yellow block indicates an RTL sequence that is identical to that of the
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ASBVd type strain SB-1. Most variants from symptomatic trees (b-d)
contained an additional uracil residue within bases 115-118 (marked
by asterisks above the relevant region) and had RTL structures ending
in two small loops: one internal loop and one terminal loop (indicated
by orange triangles above the corresponding secondary structures). No
clones sequenced from symptomless plants (a) had the uracil insertion
at position 115-118, and all symptomless carrier variants had RTL sec-
ondary structures terminating in a single enlarged hairpin loop (indi-
cated by green circles above the secondary structures)
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trees (Supplementary Fig. S2; structures with asterisks in
Fig. 2b-d). All 10 AS sequences contained the additional
uracil insertion associated with bleaching (Fig. 2b), which
was absent in clones from asymptomatic leaves of symp-
tomless carrier trees [37] (Fig. 2a). These findings, taken
together with those of previous studies [33-35, 37], indicate
that the addition of at least one uracil at positions 115-118
of the ASBVd genome is associated with the chlorotic
symptoms in sunblotch-affected trees. This additional uracil
was therefore considered the ASBVd bleaching-associated
pathogenic determinant in our subsequent analyses.

ASBVd-sRNAs with the bleaching-associated
mutation accumulate primarily in yellow leaf tissues
of symptomatic ASBVd-infected avocado trees

To confirm ASBVd cleavage into sSRNAs by the host RNA
silencing machinery and to compare sSRNAs across tissue
types, we used NGS to sequence the SRNAs from each of
the 12 samples. Illumina sequencing yielded 10.6-17.8 M
reads per sample, although most were discarded after fil-
tering by size. On average, 62.7% of the reads were <18
nt, and 9.5% were >26 nt (Supplementary Fig. S3a). Size
distribution analysis of the remaining~27.8% reads showed
apeak at 21 nt in all samples, with many samples also show-
ing high abundance at 23 and 24 nt (Supplementary Fig.
S3b).

Filtered sRNA-sequencing reads were mapped to
ASBVd sequence variants to identify vd-sRNAs. The four
SY replicates contained 25,725-38,000 ASBVd-sRNAs per
sample, SG samples had 79-684, and AS samples had 0-57
ASBVd-sRNAs per tree (Supplementary Table S3). No vd-
sRNAs were detected in the AS samples that tested nega-
tive for the viroid using the TagMan™ assay (Tree 1 _AS
and Tree 3_AS). The ASBVd-sRNA counts among sample
types were not proportional to the total number of SRNAs
per library type, but were instead correlated to the viroid
accumulation levels detected in the semi-quantitative real-
time PCR assay. Combining reads for each tissue type and

Table 1 Combined number of ASBVd-sRNA reads in different tissue
types sampled from four sunblotch-affected avocado trees

Sample Number of Number of Number of ASBVd-
type raw SRNA  reads after ASBVd-sRNAs sRNAs per
reads filtering® in filtered million fil-
library tered reads
AS 57,437,324 16,402,675 60 3.66
SG 52,882,504 14,452,594 1,324 91.61
SY 52,846,051 14,256,026 122,842 8,616.85

*Number of reads remaining after adapter trimming and filtering
to maintain only 18-26 nt reads. AS, asymptomatic (entirely green)
leaves from symptomatic trees; SG, green sectors of bleached leaves
from symptomatic trees; SY, yellow sectors of bleached leaves from
symptomatic trees

normalising to reads per million showed that SY samples
contained nearly 100-fold more ASBVd-sRNAs than SG
samples, while AS samples contained negligible amounts
(Table 1).

Despite variations in ASBVd-sRNA abundance across
sample types, the polarity ratios (abundance of sRNAs
from specific genome strands) and size distribution of
these vd-sRNAs were similar between green and yellow
tissues (Supplementary Fig. S4). Most of the ASBVd-
sRNAs identified in our analysis originated from the
antisense (minus; -) strand of the ASBVd genome in all
samples (Supplementary Fig. S4a). In SG and SY samples,
only 24-26% of ASBVd-sRNAs were from the sense
(plus; +) strand, while AS samples had 42% (+) strand
ASBVd-sRNAs, likely skewed due to the very small num-
ber of vd-sRNAs in AS samples. The size distribution was
consistent across the sample types, with most reads being
19-21 nt long, with slightly fewer 22-nt reads (Supple-
mentary Fig. S4b).

Mapping of vd-sRNAs to the ASBVd genome showed
slight differences in the regions of the viroid from which
(+) and (-) ASBVd-sRNAs were generated, with similar
profiles for all sample types (Fig. 3). Hotspots for (+) vd-
sRNAs appeared at positions 55-57 and 135, while (-) vd-
sRNAs were most abundant at positions 82-92, 162—-167,
and 237-238 of the genome. Notably, the RTL region con-
taining the pathogenic determinant (corresponding to posi-
tions 115118 of SB-1) did not serve as a hotspot for either
strand. These mapping hotspots remained consistent across
SY, SG, and AS samples, despite significant differences in
ASBVd-sRNA abundance.

To identify ASBVd-sRNAs specifically linked to
bleaching, we analysed unique reads in SY samples
mapping to the RTL of the (+) or (-) strand of the viroid
genome. A total of 64 unique ASBVd-sRNAs were found
to originate from this pathogenic region, with 52 contain-
ing the additional uracil (or complementary adenine in the
(-) genome) identified as the pathogenic determinant of
ASBVd (Supplementary Table S4). These ASBVd-sRNAs,
termed ASBVdB-sRNAs, had a relatively even size distri-
bution of 18-26 nt, with most (40/64) originating from the
(+) strand. Only one ASBVdB-sRNA found in SY sam-
ples (ASBVdB-sRNA38a) was also found in a single SG
sample, while all other ASBVdB-sRNAs were exclusive
to yellow tissues. Three additional ASBVd-sRNAs from
SG samples originated from the RTL, but none contained
the pathogenic determinant associated with bleaching and
were therefore excluded from further analysis. No AS
samples contained ASBVd-sRNAs mapping to the RTL of
the genome.
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Fig. 3 Mapping profiles of avocado sunblotch viroid-derived small
RNAs (ASBVd-sRNAs) in avocado leaf tissue types. Hotspot map-
ping of ASBVd-sRNAs from four biological replicates is shown for
(a) yellow tissue from bleached leaves, (b) green tissue from bleached
leaves, and (c) green tissue from asymptomatic leaves of symptom-
atic trees. The x-axis shows the locations of the 5’ termini of ASBVd-

ASBVd-sRNAs containing the pathogenic
determinant of bleaching are predicted to target
avocado mRNAs for downregulation by PTGS

We used psRNATarget to assess the potential of 64 ASB-
VdB-sRNAs to target host mRNAs for degradation by
RISC-mediated silencing. Predictions indicated that most
host transcripts were targeted by multiple ASBVdB-sRNAs,
and individual ASBVdB-sRNAs mapped to multiple avo-
cado mRNAs. After accounting for redundancy, 460 unique
host mRNAs were identified as potential targets of 50 ASB-
VdB-sRNAs, using an E-value cutoff of 3.5 with default
parameters. Given the likelihood of false positives among
these targets, we applied DGE analysis to identify avocado
mRNAs that were downregulated in yellow tissues.

Global transcriptome data for SY, SG, and AS tissue
samples (manuscript in preparation) were used to anal-
yse downregulated genes (log,FC<0) in yellow tissues

@ Springer

sRNAs relative to the ASBVd genome, while the y-axis indicates the
read counts for each mapped position. ASBVd-sRNAs from the sense
(+) strand appear on the upper panels, oriented 5’ to 3’ from left to right
along the x-axis, while antisense (-) strand ASBVd-sRNAs appear on
lower panels, oriented 5’ to 3’ from right to left

compared to green tissues. When SY expression was nor-
malised against SG, 2,578 genes were significantly down-
regulated at padj<0.1, 2,008 of which were significant at
padj<0.05. Using AS as the baseline expression, 3,206
genes were significantly downregulated in SY samples at
padj<0.1 (2,491 at padj<0.05), while only eight genes
were significantly downregulated in SG at padj<0.1 (five at
padj<0.05). Among the 460 predicted host targets, only 44
(~10%) were significantly downregulated (at padj<0.1) in
yellow tissues in at least one dataset (SY vs. SG or SY vs.
AS). To identify candidates most likely to be silenced by
RNA-mediated mechanisms in bleached tissues, we focused
on genes significantly downregulated in SY samples com-
pared to both SG and AS (padj<0.1). This yielded 25 can-
didate target genes (Fig. 4; Supplementary Fig. S5), 20 of
which were significantly downregulated at padj<0.05 in
both datasets. None of these genes were significantly differ-
entially expressed in SG samples compared to AS samples.
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Fig. 4 Heat map of the genes significantly downregulated in yellow
tissues in ASBVd-infected trees displaying bleaching symptoms.
These 25 avocado genes were all predicted to be targeted for RISC-
mediated degradation by avocado sunblotch viroid-derived small
RNAs (ASBVd-sRNAs) based on in silico analysis. Gene names and
annotations are from the Persea americana West Indian pure accession
genome (Peamel05). Expression levels, shown as log,(fold change)

We further analysed the duplexes formed between
ASBVdB-sRNAs and the 25 avocado transcripts down-
regulated in yellow tissues to identify the genes most
likely to be silenced by PTGS (Supplementary Table
S5). Using a stricter scoring matrix in psRNATarget as
recommended by Fahlgren and Carrington [48], only 13
transcripts formed duplexes with ASBVdB-sRNAs at an
E-value threshold of 3.5 (shown to be sensitive and spe-
cific in arabidopsis [48]). RNAhybrid analysis revealed
that the 12 host transcripts excluded by stricter psRNA-
Target criteria had mfe>0 kcal/mol, supporting their
classification as false predictions. Of the 13 remaining
candidate mRNA targets, two were excluded, as RNA-
hybrid did not predict duplex formation, and four others
lacked the pathogenic determinant within the ASBVdB-
sRNA:mRNA target duplexes. The final analysis focused
on seven avocado mRNAs targeted by 27 ASBVdB-
sRNAs, ranging in size from 19 to 25 nt (indicated by
“*” in Supplementary Table S4).

We subsequently focused only on 21- to 22-nt ASBVdB-
sRNAs, the sizes required for AGO1 loading and RISC-
guided mRNA cleavage [26, 51, 52]. Filtering duplex
predictions by sRNA size yielded four avocado genes as

C00g040390 | Unknown protein

| C129016840 | protein TRIGALACTOSYLDIACYLGLYCEROL 2, chloroplastic
| C07g020980 | DNA polymerase | A, chloroplastic

C11g021230 | Pentatricopeptide repeat-containing protein At1g10270

| C06g011910 | Ribokinase
| C02g035850 | 40S ribosomal protein S15a

C08g027830 | O-fucosyltransferase family protein

: C01g008790 | ABC transporter—like

C05g020570 | Thioredoxin domain-containing protein
C03g004440 | Ammonium_transp domain-containing protein

| C08g004490 | Guard cell S-type anion channel SLAC1

C01g051500 | Peroxidase superfamily protein

|/ C019034200 | Protein SPIRRIG

C06g015900 | E3 ubiquitin—-protein ligase arkadia-A, putative

|C019017850 | Protein GrpE

|c1 29004290 | Signal recognition particle 9 kDa protein LogaFC:
‘ C03g048730 | serine/threonine-protein kinase pakF-like ! 3
‘0079004620 | Xyloglucan endotransglucosylase/hydrolase = o
C01g021570 | Cytochrome P450 94A1
C09g002300 | 50S ribosomal protein L34, chloroplastic 1
‘ C02g040700 | Unknown protein 0
‘ C04g000140 | Aspartate--tRNA ligase
‘ C10g012530 | Pentatricopeptide repeat—containing protein At2g20540 =1
‘ C09g014610 | ATP citrate synthase -2
C11g017560 | Glycosyltransferase i -3

(log,FC), are colour-coded for yellow sectors of bleached leaves (SY)
relative to green sectors of bleached leaves (SG) (left panel), SY vs.
AS (asymptomatic leaves from symptomatic trees) (middle panel), and
SG vs. AS samples (right panel). Single asterisks indicate significant
downregulation at padj<0.1, while double asterisks denote signifi-
cance at padj<0.05. Genes with similar expression patterns are clus-
tered together according to the dendrogram to the left of the heat map

candidates for RISC-mediated downregulation by bleach-
ing-associated 21- and 22-nt ASBVdB-sRNAs. These
included C01g021570 (cytochrome P450 94A1; CYP94A41),
Clig017560 (a glycosyltransferase), C12g016840 (TRI-
GALACTOSYLDIACYLGLYCEROL?2, TGD2), and
C092002300 (plasmid ribosomal protein 34 of the 50S sub-
unit; PRPL34). These genes were targeted by multiple ASB-
VdB-sRNAs meeting scoring criteria (Table 2). E-value
scores, mfe values, and pathogenic determinant locations
suggested that their downregulation in yellow tissues may
be the result of RISC-mediated targeting by bleaching-asso-
ciated ASBVdB-sRNAs.

To determine whether downregulation of any of the four
shortlisted host targets could be directly linked to bleaching
symptoms, we investigated the subcellular localisation of
their encoded proteins and identified functionally character-
ised homologues in arabidopsis. Among the avocado targets,
CYP94A1 and the glycosyltransferase were not localised to
chloroplasts in host cells. Furthermore, the characterisation
of their arabidopsis homologues indicated that the encoded
avocado proteins are involved in enzymatic reactions within
host cells. Consequently, the downregulation of these targets
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Table 2 Avocado transcripts predicted to be targeted for degradation by ASBVdB-sRNAs containing the bleaching-associated mutation

Log2FC — Log2FC —  Localised to E-value Mfe
Target name® Target annotation® Ssz.SGb SYvs.AS® chloroplastd sRNA name Duplex® (score)f (keal/mol)8
C01g021570 Cytochrome P450 -1.33%* -1.40%* No ASBVdB-sRNA13 3' UAUUUUUCAAGUGGUGCUGAGG 5' 2.5 -30.5
94A1 5 3t
ASBVdB-sRNA14a 3 5! 2.5 -29.1
5' GGGGAAAGGUUCGUUACGACUC 3'
ASBVdB-sRNA14b 3" UUAUUUUUCAAGUGGUGCUGAG 5° ) 5 -28.9
5" GGGGAAMGGUUCGUUACGACUC 3
ASBVdB-sRNAlGa 3" CUAUUUUUCAAGUGGUGCUGA 5 35 25.4
5* GEGGAMGGUUCCUUACGACU 3°
ASBVdB-sRNA16b 3" UUAUUUUUCAAGUGGUGCUGA 5 35 =254
5" GGGEAMGGUUCCUUACGACU 3°
Cl11g017560 Glycosyltransferase ~ -1.00%*  -].32%* No ASBVdB-sRNA35 3 CAGCACCAC”UGAAAAAUAAUU 5 2.0 -20.1
5' AUUGUGUUCAACUUUUUAUUAA 3'
ASBVdB-sRNA39a 3" GCACCACUUGAAAAAUAAULU 5 2.5 -18.9
5 UGUGUUCAACUULUUAULARG 3"
ASBVdB-sRNA39b 3" CCACCACUUGAAAAAUAAULU 5° 2.5 -18.0
5 UGUGUUCAACUULUUAULARG 3
ASBVdB-sRNA39c 3’ GUACCACUUGAAAAA AAU'-"-' 5! 2.5 -17.3
5' UGUGUUCAACUUUUUAUUAAG 3°*
C12g016840 TGD2, chloroplastic  -0.57** -0.47* Yes ASBVdB-sRNA32 3 ”CA“ACCACU”GMUAAU 5’ 35 -26.1
5" GGUGGUGUUGGGCUUUUUAUUG 3
ASBVdB-sRNA34 3" CAGCACCACUUGAAAMUAAY 5* 35 -23.6
' GUGGUGUGGECULULBAULG 3°
ASBVAB-sRNA35 3" UCAGCACCACUUGAAMMUAAU 5* 3 5 23.8
5 GoUGGUGUGGGCULUUALLG 3°
C09g002300 PRPL34, -1.20%* -1.36%* Yes ASBVdB-SRNA39a  3' GCACCACUUGAAAAAUAAUUU 5' 2.0 -23.0
chloroplastic 5 UCUGGUAGACUUUUUAUUGAA 3
ASBVdB-sRNA39b 3" CCACCACUUGAAAAAUAAULU 5 2.0 -23.0
5 UCUGGUAGACUUUIUAUUGAR 3
ASBVdB-sRNA39c 3" GUACCACUUGAAAAAUAAULU 5 2.0 -23.1

5' UCUGGUAGACUUUUUAUUGAA 3'

*Target name and putative annotation as identified in the Persea americana West Indian pure accession genome (Peamel05). TGD2: Protein
TRIGALACTOSYLDIACYLGLYCEROL 2; PRPL34: 508 ribosomal subunit protein L34

®Log,(fold change) (log,FC) of target gene expression in yellow sectors (SY) relative to green sectors (SG) of bleached leaves
“Log,FC of target gene expression in yellow sectors (SY) of bleached leaves relative to asymptomatic leaves (AS) from symptomatic trees
4Protein localisation to chloroplasts as predicted by DeepLoc 2.1 (https:/services.healthtech.dtu.dk/services/DeepLoc-2.1)

“Duplexes predicted to form between mRNA targets and ASBVdB-sRNAs by psRNATarget (https:/www.zhaolab.org/psRNATarget). ASB-
VdB-sRNAs are at the top of each duplex (3’-5”), with the region of the SRNA containing the pathogenic determinant underlined, and target

sequences of avocado mRNAs are at the bottom (5-3°). Perfect base-pairing is shown by “:”, G:U base-pairing is indicated by “.”, and mis-
matches or bulges are represented by open spaces in each duplex

The E-value (score) of each target: ASBVd-sRNA duplex as calculated by psRNATarget, using the scoring matrix designed by Fahlgren &
Carrington [48]

EMinimum free energy (mfe) of the target: ASBVd-sRNA duplex as predicted by RNAhybrid (https:/bibiserv.cebitec.uni-bielefeld.de/rnahyb
rid)

*Expression of target is significant at adjusted p-value (padj) <0.1

**Expression of target is significant at padj<0.05
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is unlikely to be directly associated with the onset of bleach-
ing symptoms in ASBVd-infected trees.

The remaining two avocado targets, 7GD2 and PRPL34,
represented nuclear-encoded genes whose proteins were
predicted to localise to chloroplasts in host cells, making
them strong candidates for the initial triggers of bleaching
symptoms. Functional disruption of chloroplastic proteins
could directly result in chlorotic phenotypes. The P. ameri-
cana TGD2 shared 70% sequence identity with its arabi-
dopsis homologue (AT3G20320.1), a chloroplastic lipid
transporter that is important for thylakoid biogenesis [53].
Avocado PRPL34 exhibited 75% sequence identity to its
arabidopsis homologue (AT1G29070.1), which Gene Ontol-
ogy predicts to be involved in the translation of chloroplas-
tic transcripts. The proposed functions of these chloroplastic
avocado proteins suggests a link between their reduced
transcript levels and the chlorotic symptoms observed in
bleached leaves. Notably, PRPL34 had stronger evidence
for its downregulation being due to degradation mediated
by ASBVdB-sRNAs.

The transcript encoding PRPL34 was predicted to be
targeted by three ASBVdB-sRNAs, all 21-nt variants of
ASBVdB-sRNA39 (a, b, and c¢), differing only in the two
terminal residues at their 3’ ends. These duplexes had
exceptionally low E-values of 2.0 under stricter scoring
parameters, some of the lowest among our predictions
(Supplementary Table S5), indicating greater reliability
compared to duplexes formed with 7GD2, which all had
higher E-values of 3.5. This difference was further cor-
roborated by the complementarity patterns in the respec-
tive duplexes: in the region of the ASBVdB-sRNA:mRNA
target duplexes where the fewest mismatches occur in bona
fide miRNA:mRNA hybrids (position 2—13 of the sSRNA
when reading 5°-3”) [48], PRPL34 displayed nearly perfect
base pairing (with the exception of a single G:U base pair),
while 7GD2 had two G:U base pairs in this region and
more mismatches overall (Table 2). The occurrence of G:U
base pairs in the cleavage site of the SRNA:7GD2 duplexes
(positions 11 and 12 of the respective ASBVdB-sRNAs)
indicate reduced likelihood of direct silencing of 7GD2
by ASBVdB-sRNA-induced PTGS. Expression analysis
reinforced these findings, showing that PRPL34 transcript
accumulation was reduced by more than twofold in SY
samples compared to both SG and AS samples (log,FC <
-1.2; padj<0.05). In contrast, suppression of 7TGD2 was less
pronounced in yellow tissues (log,FC < -0.47; padj<0.1).
These data suggest that, while the downregulation of both
PRPL34 and TGD2 may contribute to bleaching symptoms
in ASBVd-infected trees, the evidence more strongly sup-
ports the direct targeting of PRPL34 mRNAs by ASBVdB-
sRNAs in planta.

Discussion

In this study, we investigated leaf bleaching in avocado
caused by symptomatic ASBVd infection. Our primary
goal was to determine whether the molecular mechanism
underlying ASBVd pathogenesis aligns with that of other
members of the family Avsunviroidae or follows a distinct
pathway. We confirmed that the pathogenic determinant in
the ASBVd genome associated with bleaching symptoms is
the addition of at least one uracil residue within positions
115-118 of the viroid RTL, consistent with findings from
previous studies [33-35]. Interestingly, unlike PLMVd
and CChMVd, where bleaching-associated variants are
restricted to yellow tissue [8—10], ASBVd variants contain-
ing the pathogenic determinant were detected not only in
yellow tissue but also in green sectors of bleached leaves
and in asymptomatic (fully green) leaves from symptom-
atic trees. In contrast, none of the ASBVd variants obtained
from asymptomatic leaves of symptomless carrier trees,
sequenced in our previous study [37], contained the ura-
cil insertion associated with chlorosis. This suggests that
ASBVd genomes containing the pathogenic determinant
represent quasispecies of a severe variant necessary for
chlorosis to develop, while the presence of only ASBVd-
SC variants results in asymptomatic infection. We propose
that the onset of sunblotch symptoms in previously asymp-
tomatic ASBVd-infected avocado trees (a situation often
observed in avocado orchards with latent ASBVd infec-
tions [32, 54, 55]) is driven by mutations within ASBVd-SC
genomes, leading to the accumulation of variants containing
the pathogenic determinant. Deep sequencing of the quasi-
species populations occurring in bleached leaves, as well
as investigations into ASBVd sequence variants present in
variegated leaves and chlorotic fruit, will further substanti-
ate the association of the severe variant of ASBVd with the
occurrence of chlorotic symptoms typical in avocado sun-
blotch disease.

The presence of ASBVd variant sequences containing
the pathogenic determinant in yellow and green tissues of
sunblotch-affected trees suggests that pathogenesis of this
viroid (genus Avsunviroid) differs from that of PLMVd
and CChMVd (genus Pelamoviroid). Tissue-specific seg-
regation of avsunviroid populations appears to be genus-
specific within the family Avsunviroidae. Nonetheless, the
localised symptoms induced by ASBVd resemble those
caused by PLMVd and CChMVd, indicating that the basic
molecular mechanism triggering disease symptoms may be
similar to that of pelamoviroids [7]. The presence of severe
ASBVd sequence variants in both green and yellow tissues
of symptomatic avocado trees suggests that RNA silencing
of host factors leading to chlorosis occurs due to factors
other than the mere presence of ASBVd variants carrying
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the pathogenic determinant. The observed variations in the
viroid titre across the different tissue types in this study hint
at the accumulation levels of severe ASBVd variants as a
potential determining factor. This finding contrasts with the
results of a CChMVd study, which showed no differences
in viroid accumulation levels between chlorotic and green
tissues of symptomatic chrysanthemum [10].

Using semi-quantitative real-time PCR, we showed that
ASBVd accumulation was consistently higher in yellow
sectors than in adjacent green sectors of bleached leaves
for all four biological replicates, corroborating the find-
ings of sequential PAGE detection in an earlier report [33].
Asymptomatic leaves exhibited the lowest viroid concentra-
tions overall, with two AS samples yielding results indistin-
guishable from uninfected controls used in the assay. The
absence of ASBVd in asymptomatic branches of symptom-
atic trees has been reported previously [56]. In our analysis,
the ASBV(d titre was directly correlated with the abundance
of vd-sRNAs in the corresponding samples. SY samples
exhibited, on average, 90 times more ASBVd-sRNAs than
their SG counterparts, normalised to reads per million. In
the AS tissues, no ASBVd-sRNAs were found in the two
samples in which no viroid was detected by the diagnos-
tic assay (Treel AS and Tree 3_AS). For the remaining AS
samples, three and 57 vd-sRNAs were found in the Tree
2 ASinTree 4 AS samples, respectively.

A correlation between viroid titre and ASBVd-sRNA
accumulation was also observed in a previous study, in
which Northern blot hybridisation revealed significantly
higher levels of ASBVd and its associated vd-sRNAs in
yellow sectors of bleached leaves compared to green sec-
tors of the same leaves. No ASBVd-sRNAs were detected
in symptomless carrier tissues [16]. Our findings strongly
support the conclusions in that study, which proposed that
increased viroid accumulation provides a higher abundance
of templates for processing by DCL RNases, resulting in the
generation of more ASBVd-sRNAs [16]. Considering the
pathogenesis of other avsunviroids, we hypothesise that the
bleaching symptoms caused by ASBVd occur when severe
viroid variants accumulate to a critical threshold in leaf
tissues, resulting in the production of numerous ASBVd-
sRNAs containing the pathogenic determinant, which sub-
sequently target host genes for downregulation by PTGS.
An unresolved question is why viroid accumulation levels
vary so drastically between different tissues of symptom-
atic avocado trees, particularly since previous studies have
shown that ASBVd is evenly distributed in the branches of
symptomless carrier trees [56]. The differences we observed
in the secondary structures of the RTL of ASBVd variants
associated with symptomatic compared to asymptomatic
avocado trees might partially account for this phenomenon,
since alterations to the secondary structure of potato spindle
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tuber viroid (PSTVd) affected the replication and movement
of the viroid in planta [57]. Future research should include
manual inoculation of avocado with natural and artificial
variants of ASBVd, where site-directed mutagenesis (such
as that performed for PLMVd and CChMVd [8-10]) may
reveal the relative importance of alterations to the primary
and secondary structure, respectively, of the severe ASBVd
variant.

To investigate whether vd-sRNAs arising from the severe
ASBVd variant can trigger chlorosis through RNA silenc-
ing, we focused on ASBVd-sRNAs derived from the RTL
region containing the pathogenic determinant (designated
as ASBVdB-sRNAs). Notably, almost no ASBVdB-sRNAs
were detected in SG tissues, despite the presence of numer-
ous ASBVd-sRNAs derived from other regions of the viroid.
Additionally, although the specific ASBVd-sRNAs present
in leaves of symptomless carrier trees remain unknown, the
absence of the severe variant (carrying the pathogenic deter-
minant) in those tissues likely corresponds to the absence
of associated ASBVdB-sRNAs. For these reasons, we pro-
pose that the ASBVdB-sRNAs specifically derived from
the severe variant play a pivotal role in inducing chloro-
sis. Using available transcriptome data, we evaluated the
expression of avocado transcripts potentially targeted by
ASBVdB-sRNAs and identified 25 significantly downreg-
ulated genes (padj<0.1) in yellow tissues. However, fur-
ther analysis showed that the majority of these genes were
unlikely to be suppressed through viroid-associated PTGS,
as there was insufficient evidence supporting the formation
of duplexes with ASBVdB-sRNAs. Instead, it is likely that
most of the downregulated genes were affected as part of the
signalling cascades triggered by the initial molecular altera-
tion following infection by the severe ASBVd variant.

Four candidate genes were identified, with the stron-
gest in silico-based evidence of downregulation through
PTGS directed by 21- and 22-nt ASBVdB-sRNAs. These
genes were further investigated to determine whether their
suppression via RNA silencing may be the initial molecu-
lar alteration leading to bleaching symptoms. We focused
on two genes, 7GD2 and PRPL34, present in the nuclear
genome of avocado but predicted to encode chloroplastic
proteins, as the disrupted function of chloroplastic proteins
would contribute directly to chlorosis [§-10]. The function
of PRPL34 in arabidopsis has not been determined, but its
annotation as a plastid ribosomal protein (PRP) associated
with the 50S subunit suggests a role in the translation of
chloroplastic transcripts. Investigation of mutants of several
other PRPs associated with 50S ribosomes in arabidopsis,
rice, and maize demonstrated that reduced expression of
these genes caused albinism, yellowing, and/or disruption
of photosynthesis [58], likely due to suppressed transla-
tion of chloroplastic mRNAs. It is therefore plausible that
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decreased accumulation of PRPL34 in yellow sectors of
ASBVd-infected avocado leaves may interfere with trans-
lation in chloroplasts, leading to downstream reduction in
the abundance of other chloroplastic proteins. In this way,
targeting of PRPL34 mRNA by ASBVdB-sRNAs for degra-
dation by PTGS could have a cumulative effect, ultimately
causing leaf chlorosis characteristic of sunblotch disease.

Although the downregulation of 7GD2 in yellow tissues
was less pronounced than that of PRPL34, its suppression
could explain the ultrastructural changes observed in symp-
tomatic avocado tissues [59]. The arabidopsis TGD2 pro-
tein has been identified as a component of a chloroplastic
ATP-binding cassette (ABC) transporter essential for trans-
porting lipids from the cytoplasm into chloroplasts, thereby
enabling thylakoid biogenesis [53, 60]. In avocado, reduced
accumulation of TGD2 protein in chloroplasts would likely
result in disruption of thylakoid biogenesis, which would
lead to the malformed, diminished or absent grana observed
in yellow tissues of symptomatic avocado leaves [59, 61].
This disruption aligns directly with the ultrastructural abnor-
malities associated with sunblotch symptoms.

In this study, we demonstrate that the suppression of
PRPL34 and TGD?2 correlates with their predicted targeting
by ASBVdB-sRNAs. These sSRNAs are the correct size (21
and 22 nt) and have the 5’-terminal uracil residue required
for loading into AGO1 to facilitate RISC-mediated silencing
[26, 51]. The characteristics of these ASBVdB-sRNAs are
similar to those of vd-sRNAs implicated in chlorosis dur-
ing PLMVd and CChMVd infection [8—10]. We observed
stronger evidence for ASBVdB-sRNA-guided targeting of
PRPL34 compared to TGD2, where duplexes formed with
PRPL34 mRNA had lower E-values (indicating higher reli-
ability) and fewer mismatches overall than those formed
with 7GD?2 transcripts. It is possible that both predictions
are correct and that both genes are downregulated through
PTGS by vd-sRNAs but that the weaker duplexes formed
with 7GD2 result in less-efficient cleavage of this tran-
script compared to that of PRPL34 mRNA. Alternatively,
the mismatches located within the cleavage site of the
ASBVdB-sRNA:7GD2 hybrids may suggest that direct tar-
geting of 7GD?2 was falsely predicted by our methods and
that downregulation of this gene was due to the action of
trans-acting siRNAs or transcriptional gene silencing, or
was a downstream effect of the initial signalling cascades
triggered upon infection. This would explain the observed
difference in the extent of downregulation between the two
genes in yellow tissues, and indicates that downregulation
of PRPL34 due to targeting by ASBVdB-sRNAs is more
likely to be the initial molecular lesion triggering bleaching
symptoms. Future experiments, such as RNA ligase-medi-
ated random amplification of cDNA ends (RLM-RACE),
as performed in PLMVd and CChMVd studies [8—10], will

aid in determining which of the predicted ASBVdB-sRNAs
guide cleavage of host mRNAs at the expected sites. These
experiments will also clarify if decreased PRPL34 and
TGD?2 transcript accumulation is the direct result of RNA
silencing occurring in bleached ASBVd-infected tissues.

Conclusions

This study aimed to broaden the current understanding of
ASBVd pathogenesis by analysing the molecular character-
istics of bleached leaves in viroid-infected avocado trees.
This represents the first examination of ASBVd sequence
variants in distinct yellow and green leaf tissues of symptom-
atic trees. We identified populations of the severe ASBVd
variant, characterised by an additional uracil residue in the
RTL region of the genome, present across all leaf tissues of
symptomatic trees. However, ASBVd accumulation varied
significantly, with yellow leaf sectors exhibiting the high-
est viroid titre and containing more ASBVd-sRNAs com-
pared to green tissues. This is also the first study to sequence
sRNAs derived from ASBVd and compare their expression
across different tissue types. We postulate that the increased
accumulation of severe variant populations in yellow tissues
provides more viroid template for DCL cleavage, leading
to the production of more vd-sRNAs that induce disease
symptoms via RNA silencing. Two chloroplastic mRNAs,
PRPL34 and TGD2, were identified as potential targets of
ASBVd-sRNAs containing the pathogenic determinant.
Their reduced accumulation in yellow tissues correlates
with the development of chlorosis in symptomatic avocado
leaves, implicating their suppression in the development of
sunblotch symptoms. In silico analysis provides the stron-
gest evidence for targeting of PRPL34 by ASBVd-sRNAs
during ASBVd infection and suggests that downregulation
of TGD2 may be due to alternative gene silencing mecha-
nisms. Future research is needed to confirm the predicted
targeting of PRPL34 mRNA in planta and establish a causal
relationship between its downregulation and the yellowing
of leaf tissues. Nonetheless, this work provides the first in-
depth investigation into the potential role of RNA silencing
in ASBVd pathogenesis, illustrating that avocado sunblotch
disease is likely driven by vd-sRNA-guided silencing of
host factors. Unlike in the case of pelamoviroids, this RNA
silencing is not triggered by the presence of specific variants
in infected hosts, but is instead associated with the accumu-
lation levels of severe variants in affected tissues. Future
research should investigate ASBVd variants in chlorotic and
asymptomatic tissues of variegated leaves and symptom-
atic fruit to further elucidate the role of the severe ASBVd
variant in causing chlorosis in sunblotch-affected avocado.
These efforts will help clarify the molecular mechanisms
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underlying chlorosis and the broader impact of ASBVd on
avocado health.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00705-0
25-06360-z.

Acknowledgements We thank Alicia Fick, Robert Backer, and Pas-
cual Villalba for assistance with bioinformatic analyses, and David
Read for valuable insights. We are also grateful to Macrogen Seoul
and the DNA Sanger Sequencing facility at the University of Pretoria
for sequencing services.

Author contributions MJ designed the study, performed the experi-
ments, analysed the data, and drafted the manuscript. NvdB, JT, and
VS provided guidance in the experimental design, supervised the proj-
ect, and reviewed and edited the manuscript. NvdB and VS acquired
funding for the study. All authors read and approved the final manu-
script.

Funding Open access funding provided by University of Pretoria.
This study was funded by the Hans Merensky Legacy Foundation.

Data availability ASBVd variant sequences obtained in this study
have been uploaded to the NCBI GenBank database under acces-
sion numbers PQ619768-PQ619817. Raw sRNA-sequencing data are
available from the Sequence Read Archive of NCBI GenBank under
BioProject PRINA1188101. The mRNA-sequencing data generated
and analysed in the current study are not yet publicly available, due to
ongoing analysis for publication elsewhere, but are available from the
corresponding author on reasonable request.

Declarations

Ethical approval This article does not include experiments using ani-
mals or human subjects.

Conflicts of interest The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Di Serio F, Owens RA, Li S-F, Matousek J, Pallas V, Randles JW,
Sano T, Verhoeven JTJ, Vidalakis G, Flores R (2021) ICTV virus
taxonomy profile: Pospiviroidae. ] Gen Virol 102:001543. https:/
/doi.org/10.1099/jgv.0.001543

@ Springer

11.

12.

16.

17.

18.

Di Serio F, Li S-F, Matousek J, Owens RA, Pallas V, Randles JW,
Sano T, Verhoeven JTJ, Vidalakis G, Flores R (2018) ICTV virus
taxonomy profile: Avsunviroidae. J Gen Virol 99:611-612. https:
//doi.org/10.1099/jgv.0.001045

Navarro B, Flores R, Di Serio F (2021) Advances in viroid-host
interactions. Annu Rev Virol 8:305-325. https://doi.org/10.1146/
annurev-virology-091919-092331

Flores R, Minoia S, Lopez-Carrasco A, Delgado S, de Alba
A-EM, Kalantidis K (2017) Viroid replication. In: Hadidi A,
Flores R, Randles JW, Palukaitis P (eds) Viroids and Satellites.
Elsevier, pp 71-81

Venkataraman S, Badar U, Shoeb E, Hashim G, AbouHaidar M,
Hefferon K (2021) An inside look into biological miniatures:
Molecular mechanisms of viroids. Int J Mol Sci 22:2795. https://
doi.org/10.3390/ijms22062795

Flores R, Gago-Zachert S, Serra P, Sanjuan R, Elena SF (2014)
Viroids: survivors from the RNA world? Annu Rev Microbiol
68:395-414. https://doi.org/10.1146/annurev-micro-091313-103
416

Flores R, Navarro B, Delgado S, Serra P, Di Serio F (2020) Viroid
pathogenesis: a critical appraisal of the role of RNA silencing
in triggering the initial molecular lesion. FEMS Microbiol Rev
44:386-398. https://doi.org/10.1093/femsre/fuaa011

Delgado S, Navarro B, Serra P, Gentit P, Cambra M-A, Chiu-
menti M, De Stradis A, Di Serio F, Flores R (2019) How sequence
variants of a plastid-replicating viroid with one single nucleotide
change initiate disease in its natural host. RNA Biol 16:906-917.
https://doi.org/10.1080/15476286.2019.1600396

Navarro B, Gisel A, Rodio ME, Delgado S, Flores R, Di Serio
F (2012) Small RNAs containing the pathogenic determinant of
a chloroplast-replicating viroid guide the degradation of a host
mRNA as predicted by RNA silencing. Plant J 70:991-1003. http
s://doi.org/10.1111/5.1365-313X.2012.04940.x

Serra P, Navarro B, Forment J, Gisel A, Gago-Zachert S, Di Serio
F, Flores R (2023) Expression of symptoms elicited by a ham-
merhead viroid through RNA silencing is related to population
bottlenecks in the infected host. New Phytol 239:240-254. https:
//doi.org/10.1111/nph.18934

Huang J, Yang M, Lu L, Zhang X (2016) Diverse functions of
small RNAs in different plant-pathogen communications. Front
Microbiol 7:1552. https://doi.org/10.3389/fmicb.2016.01552
Kryovrysanaki N, James A, Tselika M, Bardani E, Kalantidis
K (2022) RNA silencing pathways in plant development and
defense. Int J Dev Biol 66:163—175. https://doi.org/10.1387/ijdb.
210189kk

Goémez G, Martinez G, Pallas V (2009) Interplay between viroid-
induced pathogenesis and RNA silencing pathways. Trends Plant
Sci 14:264-269. https://doi.org/10.1016/j.tplants.2009.03.002
Hung Y-H, Slotkin RK (2021) The initiation of RNA interference
(RNAI) in plants. Curr Opin Plant Biol 61:102014. https://doi.org
/10.1016/j.pbi.2021.102014

Di Serio F, Gisel A, Navarro B, Delgado S, de Alba A-EM, Don-
vito G, Flores R (2009) Deep sequencing of the small RNAs
derived from two symptomatic variants of a chloroplastic viroid:
implications for their genesis and for pathogenesis. PLoS ONE
4:e7539. https://doi.org/10.1371/journal.pone.0007539
Markarian N, Li H, Ding S, Semancik J (2004) RNA silencing
as related to viroid induced symptom expression. Arch Virol
149:397-406. https://doi.org/10.1007/s00705-003-0215-5

Itaya A, Folimonov A, Matsuda Y, Nelson RS, Ding B (2001)
Potato spindle tuber viroid as inducer of RNA silencing in
infected tomato. Mol Plant Microbe Interact 14:1332—1334
St-Pierre P, Hassen IF, Thompson D, Perreault J (2009) Char-
acterization of the siRNAs associated with peach latent mosaic
viroid infection. Virology 383:178-182. https://doi.org/10.1016/
j-virol.2008.11.008


https://doi.org/10.1099/jgv.0.001045
https://doi.org/10.1099/jgv.0.001045
https://doi.org/10.1146/annurev-virology-091919-092331
https://doi.org/10.1146/annurev-virology-091919-092331
https://doi.org/10.3390/ijms22062795
https://doi.org/10.3390/ijms22062795
https://doi.org/10.1146/annurev-micro-091313-103416
https://doi.org/10.1146/annurev-micro-091313-103416
https://doi.org/10.1093/femsre/fuaa011
https://doi.org/10.1080/15476286.2019.1600396
https://doi.org/10.1080/15476286.2019.1600396
https://doi.org/10.1111/j.1365-313X.2012.04940.x
https://doi.org/10.1111/j.1365-313X.2012.04940.x
https://doi.org/10.1111/nph.18934
https://doi.org/10.1111/nph.18934
https://doi.org/10.3389/fmicb.2016.01552
https://doi.org/10.1387/ijdb.210189kk
https://doi.org/10.1387/ijdb.210189kk
https://doi.org/10.1016/j.tplants.2009.03.002
https://doi.org/10.1016/j.pbi.2021.102014
https://doi.org/10.1016/j.pbi.2021.102014
https://doi.org/10.1371/journal.pone.0007539
https://doi.org/10.1007/s00705-003-0215-5
https://doi.org/10.1016/j.virol.2008.11.008
https://doi.org/10.1016/j.virol.2008.11.008
https://doi.org/10.1007/s00705-025-06360-z
https://doi.org/10.1007/s00705-025-06360-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1099/jgv.0.001543
https://doi.org/10.1099/jgv.0.001543

Small RNAs derived from avocado sunblotch viroid and their association with bleaching symptoms:...

Page 150f 16 205

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Itaya A, Zhong X, Bundschuh R, Qi Y, Wang Y, Takeda R, Har-
ris AR, Molina C, Nelson RS, Ding B (2007) A structured viroid
RNA serves as a substrate for dicer-like cleavage to produce
biologically active small RNAs but is resistant to RNA-induced
silencing complex-mediated degradation. J Virol 81:2980-2994.
https://doi.org/10.1128/JV1.02339-06

Martinez de Alba A, Flores R, Hernandez C (2002) Two chloro-
plastic viroids induce the accumulation of small RNAs associated
with posttranscriptional gene silencing. J Virol 76:13094-13096.
https://doi.org/10.1128/JV1.76.24.13094-13096.2002
Marquez-Molins J, Villalba-Bermell P, Corell-Sierra J, Pallas V,
Gomez G (2023) Integrative time-scale and multi-omics analysis
of host responses to viroid infection. Plant Cell Environ 46:2909—
2927. https://doi.org/10.1111/pce. 14647

Martinez G, Donaire L, Llave C, Pallas V, Gomez G (2010) High-
throughput sequencing of hop stunt viroid-derived small RNAs
from cucumber leaves and phloem. Mol Plant Pathol 11:347-359.
https://doi.org/10.1111/J.1364-3703.2009.00608.X

Navarro B, Pantaleo V, Gisel A, Moxon S, Dalmay T, Bisztray G,
Di Serio F, Burgyan J (2009) Deep sequencing of viroid-derived
small RNAs from grapevine provides new insights on the role of
RNA silencing in plant-viroid interaction. PLoS ONE 4:¢7686. h
ttps://doi.org/10.1371/journal.pone.0007686

Papaefthimiou I, Hamilton A, Denti M, Baulcombe D, Tsagris
M, Tabler M (2001) Replicating potato spindle tuber viroid
RNA is accompanied by short RNA fragments that are charac-
teristic of post-transcriptional gene silencing. Nucleic Acids Res
29:2395-2400

Adkar-Purushothama CR, Brosseau C, Giguére T, Sano T, Mof-
fett P, Perreault J-P (2015) Small RNA derived from the virulence
modulating region of the potato spindle tuber viroid silences cal-
lose synthase genes of tomato plants. Plant Cell 27:2178-2194. h
ttps://doi.org/10.1105/tpc.15.00523

Minoia S, Carbonell A, Di Serio F, Gisel A, Carrington JC,
Navarro B, Flores R (2014) Specific argonautes selectively bind
small RNAs derived from potato spindle tuber viroid and attenu-
ate viroid accumulation in vivo. J Virol 88:11933—11945. https://
doi.org/10.1128/JVI1.01404-14

Dadami E, Dalakouras A, Wassenegger M (2017) Viroids and
RNA silencing. In: Hadidi A, Flores R, Randles JW, Palukaitis
P (eds) Viroids and Satellites. Academic Press, Elsevier, Oxford,
UK, pp 115-124

Zhang Z, Xia C, Matsuda T, Taneda A, Murosaki F, Hou W,
Owens RA, Li S, Sano T (2020) Effects of host-adaptive muta-
tions on hop stunt viroid pathogenicity and small RNA biogen-
esis. Int J Mol Sci 21:7383. https://doi.org/10.3390/ijms2119738
3

Olivier T, Bragard C (2018) Innate immunity activation and
RNAI interplay in citrus exocortis viroid—Tomato pathosystem.
Viruses 10:587. https://doi.org/10.3390/v10110587

Wang Y, Shibuya M, Taneda A, Kurauchi T, Senda M, Owens
RA, Sano T (2011) Accumulation of Potato spindle tuber viroid-
specific small RNAs is accompanied by specific changes in gene
expression in two tomato cultivars. Virology 413:72—-83. https://d
oi.org/10.1016/j.virol.2011.01.021

Adkar-Purushothama CR, Perreault JP (2019) Current overview
on viroid—host interactions. Wiley Interdiscip Rev RNA 11:¢1570.
https://doi.org/10.1002/wrna.1570

Kuhn DN, Geering AD, Dixon J (2017) Avocado Sunblotch
Viroid. In: Hadidi A, Flores R, Randles JW, Palukaitis P (eds)
Viroids and Satellites. Academic Press, pp 297-305

Semancik J, Szychowski J (1994) Avocado sunblotch disease: a
persistent viroid infection in which variants are associated with
differential symptoms. J Gen Virol 75:1543-1549

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Schnell R, Kuhn D, Olano C, Quintanilla W (2001) Sequence
diversity among avocado sunblotch viroids isolated from single
avocado trees. Phytoparasitica 29:451-460

Schnell RJ, Olano CT, Kuhn DN (2001) Detection of avocado
sunblotch viroid variants using fluorescent single-strand confor-
mation polymorphism analysis. Electrophoresis 22:427—432
White EJ, Venter M, Hiten NF, Burger JT (2008) Modified Cet-
yltrimethylammonium bromide method improves robustness and
versatility: The benchmark for plant RNA extraction. Biotechnol
J3:1424-1428. https://doi.org/10.1002/biot.200800207

Joubert M, van den Berg N, Theron J, Swart V (2024) Global
transcriptomic analysis in avocado nursery trees reveals differen-
tial gene expression during asymptomatic infection by avocado
sunblotch viroid (ASBVd). Virus Res 339:199263. https://doi.org
/10.1016/j.virusres.2023.199263

Reuter JS, Mathews DH (2010) RNAstructure: software for RNA
secondary structure prediction and analysis. BMC Bioinform
11:1-9. https://doi.org/10.1186/1471-2105-11-129

Martin M (2011) Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 17:10—12. https://doi.org
/10.14806/¢j.17.1.200

Andrews S (2010) FastQC: A Quality Control Tool for High
Throughput Sequence Data. http://www.bioinformatics.babraha
m.ac.uk/projects/fastqc/

Ewels P, Magnusson M, Lundin S, Kéller M (2016) MultiQC:
summarize analysis results for multiple tools and samples in a
single report. Bioinformatics 32:3047-3048. https://doi.org/10.1
093/bioinformatics/btw354

Symons RH (1981) Avocado sunblotch viroid: primary
sequence and proposed secondary structure. Nucleic Acids Res
9:6527-6537

Dai X, Zhuang Z, Zhao PX (2018) psRNATarget: a plant small
RNA target analysis server (2017 release). Nucleic Acids Res
46:W49-W54. https://doi.org/10.1093/nar/gky316

Kim D, Langmead B, Salzberg SL (2015) HISAT: a fast spliced
aligner with low memory requirements. Nat Methods 12:357—
360. https://doi.org/10.1038/nmeth.3317

Liao Y, Smyth GK, Shi W (2014) featureCounts: an efficient gen-
eral purpose program for assigning sequence reads to genomic
features. Bioinformatics 30:923-930. https://doi.org/10.1093/bio
informatics/btt656

Love MI, Huber W, Anders S (2014) Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq?2.
Genome Biol 15:550. https://doi.org/10.1186/s13059-014-0550
-8

Posit Team (2022) RStudio: Integrated Development Environ-
ment for R. http://www.posit.co/

Fahlgren N, Carrington JC (2010) miRNA target prediction in
plants. In: Meyers BC, Green PJ (eds) Plant MicroRNAs: Meth-
ods and Protocols. Humana, Newark, Delaware, USA, pp 51-57
Rehmsmeier M, Steffen P, Hochsmann M, Giegerich R (2004)
Fast and effective prediction of microRNA/target duplexes. RNA
10:1507-1517. https://doi.org/10.1261/rna.5248604

@dum MT, Teufel F, Thumuluri V, Almagro Armenteros JJ,
Johansen AR, Winther O, Nielsen H (2024) DeepLoc 2.1: multi-
label membrane protein type prediction using protein language
models. Nucleic Acids Res 52:W215-W220. https://doi.org/10.1
093/nar/gkae237

Mi S, Cai T, Hu Y, Chen Y, Hodges E, Ni F, Wu L, Li S, Zhou
H, Long C (2008) Sorting of small RNAs into Arabidopsis argo-
naute complexes is directed by the 5’ terminal nucleotide. Cell
133:116-127. https://doi.org/10.1016/j.cell.2008.02.034
Carbonell A (2017) Plant ARGONAUTEs: features, functions,
and unknowns. In: Carbonell A (ed) Plant Argonaute Proteins.
Humana, New York, pp 1-21

@ Springer


https://doi.org/10.1002/biot.200800207
https://doi.org/10.1016/j.virusres.2023.199263
https://doi.org/10.1016/j.virusres.2023.199263
https://doi.org/10.1186/1471-2105-11-129
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/nar/gky316
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
http://www.posit.co/
https://doi.org/10.1261/rna.5248604
https://doi.org/10.1093/nar/gkae237
https://doi.org/10.1093/nar/gkae237
https://doi.org/10.1016/j.cell.2008.02.034
https://doi.org/10.1128/JVI.02339-06
https://doi.org/10.1128/JVI.02339-06
https://doi.org/10.1128/JVI.76.24.13094-13096.2002
https://doi.org/10.1128/JVI.76.24.13094-13096.2002
https://doi.org/10.1111/pce.14647
https://doi.org/10.1111/J.1364-3703.2009.00608.X
https://doi.org/10.1111/J.1364-3703.2009.00608.X
https://doi.org/10.1371/journal.pone.0007686
https://doi.org/10.1371/journal.pone.0007686
https://doi.org/10.1105/tpc.15.00523
https://doi.org/10.1105/tpc.15.00523
https://doi.org/10.1128/JVI.01404-14
https://doi.org/10.1128/JVI.01404-14
https://doi.org/10.3390/ijms21197383
https://doi.org/10.3390/ijms21197383
https://doi.org/10.3390/v10110587
https://doi.org/10.1016/j.virol.2011.01.021
https://doi.org/10.1016/j.virol.2011.01.021
https://doi.org/10.1002/wrna.1570
https://doi.org/10.1002/wrna.1570

205

Page 16 of 16

M. Joubert et al.

53.

54.

55.

56.

57.

8.

Roston R, Gao J, Xu C, Benning C (2011) Arabidopsis chloro-
plast lipid transport protein TGD2 disrupts membranes and is part
of a large complex. Plant J 66:759-769. https://doi.org/10.1111/j.
1365-313X.2011.04536.x

Jooste A, Motaung L, Msweli A, Zwane Z (2022) Understanding
field transmission of avocado sunblotch viroid (ASBVd). S Afr
Avocado Growers' Assoc Yearbook 45:40-42

Dodds J, Mathews D, Arpaia M, Witney G (2001) Recognizing
avocado sunblotch disease. AvoResearch 1:12—13

Jooste A, Zwane Z (2021) Avocado sunblotch viroid (ASBVd)
symptom identification and detection in avocado orchards. S Afr
Avocado Growers' Assoc Yearbook 44:66—71

Zhong X, Archual AJ, Amin AA, Ding B (2008) A genomic map
of viroid RNA motifs critical for replication and systemic traffick-
ing. Plant Cell 20:35—47. https://doi.org/10.1105/tpc.107.056606
Robles P, Quesada V (2022) Unveiling the functions of plas-
tid ribosomal proteins in plant development and abiotic stress

@ Springer

59.

60.

61.

tolerance. Plant Physiol Biochem 189:35-45. https://doi.org/10.
1016/j.plaphy.2022.07.029

Desjardins PR (1987) Avocado sunblotch. In: Diener T (ed) The
Viroids. Springer, pp 299-313

Roston RL, Gao J, Murcha MW, Whelan J, Benning C (2012)
TGD1,-2, and-3 proteins involved in lipid trafficking form ATP-
binding cassette (ABC) transporter with multiple substrate-bind-
ing proteins. J Biol Chem 287:21406-21415. https://doi.org/10.1
074/jbc.M112.370213

Da Graga J, Martin M (1981) Ultrastructural changes in avocado
leaf tissue infected with avocado sunblotch. Phytopatholog Z
102:185-194

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.plaphy.2022.07.029
https://doi.org/10.1016/j.plaphy.2022.07.029
https://doi.org/10.1074/jbc.M112.370213
https://doi.org/10.1074/jbc.M112.370213
https://doi.org/10.1111/j.1365-313X.2011.04536.x
https://doi.org/10.1111/j.1365-313X.2011.04536.x
https://doi.org/10.1105/tpc.107.056606

	﻿Small RNAs derived from avocado sunblotch viroid and their association with bleaching symptoms: implications for pathogenesis in avocado sunblotch disease
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Plant material
	﻿ASBVd detection
	﻿Sequencing of ASBVd variants
	﻿Small-RNA sequencing and analysis
	﻿Target prediction and expression analysis

	﻿Results
	﻿The pathogenic determinant associated with bleaching is present in yellow and green leaf tissues of sunblotch-affected avocado trees
	﻿ASBVd-sRNAs with the bleaching-associated mutation accumulate primarily in yellow leaf tissues of symptomatic ASBVd-infected avocado trees
	﻿ASBVd-sRNAs containing the pathogenic determinant of bleaching are predicted to target avocado mRNAs for downregulation by PTGS

	﻿Discussion
	﻿Conclusions
	﻿References


