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Leaf bleaching is associated with extensive transcriptional reprogramming 
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A B S T R A C T

Avocado sunblotch viroid (ASBVd), the type member of the family Avsunviroidae, causes avocado sunblotch 
disease; marked by the appearance of distinct chlorotic symptoms on fruit, stems and/or leaves of infected trees. 
Despite the economic impact of the disease, limited information is available regarding the molecular interactions 
underlying ASBVd infection of avocado. However, studies of other host-viroid pathosystems have revealed large- 
scale changes to plant gene expression in response to viroid infection. To elucidate molecular changes associated 
with sunblotch symptom development, we used next-generation sequencing to investigate the global gene 
expression differences associated with leaf bleaching symptoms in avocado. A total of 3169 genes were differ
entially expressed in yellow (chlorotic) tissues of bleached leaves compared to asymptomatic leaves from the 
same ASBVd-infected trees, with most of these genes being upregulated in chlorotic samples. Grouping of genes 
by predicted function identified substantial alterations to expression of genes involved in genetic information 
processing, host immune responses, and photosynthesis. Notably, downregulation of chloroplast-associated 
genes was linked to the manifestation of leaf bleaching. This is the first study to report on global tran
scriptome changes associated with a symptomatic avsunviroid infection, and provides new insights into the 
molecular mechanisms underpinning ASBVd-induced chlorosis.

1. Introduction

Viroids are highly structured, circular single-stranded RNA mole
cules which represent the smallest known plant pathogens. The 45 viroid 
species currently recognised are classified into two families, distin
guished based on their secondary structures, mode and site of replication 
in host cells, and conserved genome motifs. Members of the family 
Pospiviroidae (40 species) replicate in host nuclei using an asymmetrical 
rolling-circle mechanism (Di Serio et al., 2021), whereas members of the 
family Avsunviroidae (5 species) replicate in host chloroplasts using a 
symmetrical rolling-circle mechanism and display self-cleavage enabled 
by hammerhead ribozyme activity (Di Serio et al., 2018). These two 
viroid families are further differentiated by the types of symptoms they 
trigger in plants, likely linked to their mechanism of pathogenesis 
(Flores et al., 2020).

The exemplar member of the family Avsunviroidae, avocado sun
blotch viroid (ASBVd), is the causal agent of avocado sunblotch disease 
(Allen et al., 1981; Palukaitis et al., 1979). In avocado (Persea americana 

Mill.), the disease manifests through a suite of chlorotic symptoms, 
including white to red coloured sunken lesions on the fruit, yellow 
streaking of immature stems, and/or malformed, discoloured leaves 
(Kuhn et al., 2017). Although the majority of foliage on symptomatic 
ASBVd-infected trees usually resembles the green leaves of healthy trees, 
chlorotic leaves may exhibit bleached lesions with sharply defined 
margins separating yellow and green tissues, or variegated patterns, 
characterised by mosaic-like chlorosis across the leaf surface (Semancik 
and Szychowski, 1994). ASBVd infection may also be asymptomatic for 
extended periods, in which case trees remain free of any chlorosis and 
act as symptomless carriers of the pathogen (Kuhn et al., 2017).

Investigations into the mechanism of pathogenesis of avsunviroids 
have shown that RNA silencing is responsible for localised leaf chlorosis 
characteristic of these infections. Studies of peach infected with peach 
latent mosaic viroid (PLMVd) and chrysanthemum infected with chry
santhemum chlorotic mottle viroid (CChMVd) proved that viroid RNAs 
are cleaved by host proteins into viroid-derived small RNAs (vd-sRNAs). 
These vd-sRNAs subsequently target nuclear-encoded chloroplastic 
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transcripts for degradation, leading to chlorotic symptoms (Delgado 
et al., 2019; Navarro et al., 2012; Serra et al., 2023). Similarly, 
ASBVd-associated leaf bleaching has been shown to correlate with the 
presence of numerous ASBVd-derived sRNAs, supporting the role of RNA 
silencing in triggering leaf chlorosis in avocado sunblotch disease 
(Joubert et al., 2025; Markarian et al., 2004).

While the precise role of RNA silencing in eliciting the systemic 
symptoms associated with pospiviroid infection remains unclear (Flores 
et al., 2020), several studies have investigated host gene expression to 
gain insight into viroid-induced changes in diseased plants. Using 
next-generation sequencing (NGS) technologies, global transcriptomic 
responses have been analysed in plants infected with potato spindle 
tuber viroid (PSTVd) (Chi et al., 2022; Góra-Sochacka et al., 2019; 
Hadjieva et al., 2021; Więsyk et al., 2020), hop stunt viroid (HSVd) 
(Márquez-Molins et al., 2023; Xia et al., 2017; Xu et al., 2020), citrus 
bark cracking viroid (CBCVd) (Mishra et al., 2018; Štajner et al., 2019), 
citrus exocortis viroid (CEVd) (Wang et al., 2019), and chrysanthemum 
stunt viroid (CSVd) (Takino et al., 2019). These studies revealed com
monalities in host responses to viroid infection, including differential 
expression of genes involved in plant defence and stress responses, 
phytohormone signalling, secondary metabolism, transcription and 
translation, protein modification and degradation, cell wall structure 
and photosynthesis (reviewed by Joubert et al. (2022)).

In a previous study, we presented the first NGS-based global tran
scriptome analysis of an avsunviroid-infected host, examining asymp
tomatic avocado trees infected with ASBVd. That work revealed that the 
host pathways affected in ASBVd-infected symptomless-carrier trees 
largely overlapped with those observed in pospiviroid-host interactions; 
however, the extent of transcriptome changes was substantially reduced 
when compared to symptomatic viroid infections (Joubert et al., 2024). 
To our knowledge, no studies have characterised global gene expression 
changes associated with a symptomatic avsunviroid infection.

Here we investigate the genome-wide transcriptome changes asso
ciated with the development of leaf bleaching symptoms in avocado 
sunblotch disease. Using RNA-sequencing (RNA-seq), we analysed the 
expression of avocado genes in yellow tissues of bleached ASBVd- 
infected leaves compared to green leaf tissues from the same diseased 
trees. Our results reveal extensive transcriptomic reprogramming in 
chlorotic tissues, closely resembling the gene expression patterns re
ported for other symptomatic viroid-host systems. These findings pro
vide new perspectives on the impact of ASBVd infection on the avocado 
transcriptome, and highlight correlations between the development of 
leaf bleaching symptoms and host gene expression, thereby advancing 
our knowledge of viroid-induced pathogenesis in avocado.

2. Materials and methods

Leaf material was collected previously (Joubert et al., 2025) in 
December 2023 from three avocado trees exhibiting sunblotch symp
toms, including bleached and variegated leaves. Trees were located in a 
single row within one orchard block in Tzaneen, Limpopo province, 
South Africa. All leaves displaying distinct bleaching symptoms were 
harvested from each of the three trees, and the yellow (chlorotic) sectors 
of all available bleached leaves were separated from adjacent green 
sectors. Leaf material from each sector type was pooled for each tree 
(representing individual biological replicates) to generate SY samples 
(yellow sectors of bleached leaves) and SG samples (green sectors of 
bleached leaves). In addition, five fully green, asymptomatic leaves were 
collected from representative branches of each tree and pooled to form 
AS (asymptomatic) samples.

For ASBVd detection, total RNA was extracted from a portion of each 
of the nine processed samples (SY, SG and AS pooled separately for each 
of the three trees). For each sample, 400 ng of RNA was used for ASBVd 
cDNA synthesis, followed by semi-quantitative real-time PCR, as previ
ously described (Joubert et al., 2025).

The remaining ground leaf material was submitted to Macrogen 

Genome Center (Seoul, Republic of Korea), where total RNA was 
extracted from all samples. RNA libraries were prepared using the 
TruSeq Stranded mRNA Library Prep kit (Illumina, San Diego, Califor
nia, USA). Paired-end sequencing (2 x 150 bp) was performed on the 
Illumina NovaSeqX platform. Processing of RNA-seq data and differen
tial gene expression (DGE) analysis were performed as previously 
described (Joubert et al., 2025). DGE was analysed for SY and SG 
samples relative to AS samples, as well as for SY samples relative to SG 
samples. Genes were considered differentially expressed in respective 
datasets if the adjusted p-value (padj) was < 0.05 and log2(Fold Change) 
(log2FC) ≥ 1 or ≤ − 1.

For functional classification of differentially expressed genes (DEGs), 
the GOSeq package (Young et al., 2010) in RStudio v2024.04.2.764 
(Posit Team, 2024) was used for Gene Ontology (GO) and Kyoto Ency
clopedia of Genes and Genomes (KEGG) enrichment analysis. Terms 
were considered significantly enriched if false discovery rate (FDR) was 
< 0.05 among up- or downregulated DEGs in each dataset. Further 
functional categorisation of DEGs was carried out in MapMan v3.6.0RC1 
(Schwacke et al., 2019) using functional bins previously assigned to 
avocado proteins (Backer et al., 2022) through Mercator v3.6 (Lohse 
et al., 2014). Figures used to map functional pathways in MapMan were 
created using BioRender (https://biorender.com/shortURL).

3. Results

ASBVd was detected in all symptomatic samples (SY and SG, 
Fig. 1A), but in only one asymptomatic (AS) sample, originating from 
Tree 2 (Table S1). Semi-quantitative real-time PCR revealed that ASBVd 
accumulation was the highest in SY (yellow sector) samples, while SG 
(green sector) samples from the same leaves consistently had lower 
viroid titres. Amplification results for AS samples from Tree 1 and 3 were 
identical to uninfected and non-template controls, while Tree 2_AS had 
the lowest detectable viroid titre.

RNA-seq produced 40.3 – 43.5 million raw reads per sample. After 
processing, 40.0 – 43.1 million reads were retained, of which 93% were 
successfully aligned to the Peame105 avocado genome (Avocado 
Genome Consortium, personal communication) (Table S2).

Expression analysis of mapped and quantified reads identified a total 
of 3720 DEGs (padj < 0.05; |log2FC| ≥ 1), all of which were differen
tially expressed in yellow (SY) tissues in at least one comparison 
(Fig. 1B; Table S3). The majority of DEGs (85%) showed altered 
expression in SY samples relative to AS samples (SY vs AS), while dif
ferential expression in green sectors was negligible, with only seven 
DEGs detected in the SG vs AS comparison. Most DEGs were upregulated 
in yellow tissues, whether compared to asymptomatic samples (66% of 
DEGs in SY vs AS) or green sectors of bleached leaves (67% of DEGs in SY 
vs SG) (Fig. 1C). Comparison of expression data to those obtained in a 
previous experiment (Joubert et al., 2024) showed that 82 of the DEGs 
found in bleached tissues were also differentially expressed in asymp
tomatic trees compared to uninfected counterparts, though with varying 
trends in their expression (Table S3).

Principal component analysis (PCA) of transformed DGE data from 
symptomatic trees showed clear separation of samples according to 
tissue type, with sample origin accounting for 79% of the variance 
observed (Fig. 1D). Gene expression profiles of yellow (SY) tissues 
clustered distinctly from those of both green tissues (SG and AS), 
correlating with the number of DEGs observed in different datasets.

Functional classification of DEGs was carried out to identify cellular 
pathways and processes which were specifically altered in bleached leaf 
tissues (Fig. 2, Fig. S1). GO enrichment analysis revealed a greater 
number of significantly enriched GO terms among upregulated DEGs 
than among downregulated DEGs in both the SY vs AS (Table S4) and SY 
vs SG (Table S5) comparisons. The top enriched GO terms (by number of 
DEGs) for genes upregulated in SY samples were predominantly asso
ciated with protein modification and kinase activity, as well as DNA 
binding and transcription (Fig. 2A, Fig. S1A). In contrast, enriched GO 
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terms among downregulated DEGs were associated with processes and 
functions in photosynthesis, or components of host chloroplasts, with 
disruption of the photosynthetic pathway and machinery being most 
pronounced in SY samples compared to AS samples (Fig. 2B, Fig. S1B).

Results of KEGG enrichment analysis corroborated the results of GO 
enrichment, showing that pathways associated with mitogen-activated 
protein kinase (MAPK) signalling and genetic information processing 
were over-represented among DEGs upregulated in SY samples relative 
to both AS and SG samples (Table S6). Other notable KEGG pathways 
significantly enriched among upregulated DEGs in the SY vs AS com
parison included those related to plant-pathogen interactions, secondary 
metabolism, and transport (Table S6). No KEGG pathways were 
enriched among downregulated DEGs in our data.

Further functional categorisation was performed using MapMan, 
allowing a more comprehensive overview of the DEGs with roles in 
particular plant processes (Fig. 2C, Fig. S1C). MapMan visualisation, 
using a manually-annotated overview of cell functions, assigned 1521 
and 1227 DEGs to specific avocado processes and pathways in the SY vs 
AS and SY vs SG comparisons, respectively (Tables S7 and S8). The 
largest proportion of mapped DEGs (39% in both analyses) had roles in 
genetic information processing, including transcription (~20%), trans
lation, protein modification (~8%), protein degradation (~8%), and 

RNA silencing. Genes involved in gene expression pathways were 
generally upregulated, with 63 – 76% of DEGs functioning in tran
scription, protein modification and protein degradation being induced 
in bleached tissues (Tables S7 and S8).

MapMan analysis also revealed a significant increase in expression of 
genes associated with plant immunity (represented as orange cell com
ponents in Fig. 2C and Fig. S1C). Over 34% of DEGs in SY tissues (with 
MapMan-assigned functions) had roles in pathways associated with bi
otic stress responses: calcium signalling, regulation of reactive oxygen 
species (ROS), expression of pathogenesis-related (PR) and nucleotide- 
binding site leucine-rich repeat (NBS-LRR) genes (shown together as 
“R genes” in Fig. 2C and Fig. S1C), as well as production of heat shock 
proteins (HSPs) and receptor-like kinases (RLKs). More than 85% of 
defence-related DEGs were upregulated in yellow tissues in both com
parisons (Tables S7 and S8). Additionally, substantial upregulation of 
DEGs involved in phytohormone signalling, secondary metabolism, cell 
wall-related processes and transmembrane transport was observed, 
while photosynthesis was predominantly downregulated in bleached 
tissues (Fig. 2C, Fig. S1C).

To further investigate the relationship between suppression of 
photosynthesis and manifestation of bleaching symptoms, we examined 
the expression of nuclear-encoded chloroplastic genes in SY tissues using 

Fig. 1. Comparison of differentially expressed genes (DEGs) observed in different leaf tissue types in avocado trees with sunblotch symptoms. (A) Gene expression 
was analysed separately in yellow (SY) and green (SG) sectors of bleached leaves, and in asymptomatic (AS) leaves (not shown) from three biological replicates. (B) 
Venn diagram comparing the number of DEGs (padj < 0.05; |log2(Fold Change)| ≥ 1) in three analysed datasets: SY relative to AS, SY relative to SG, and SG relative 
to AS. (C) Venn diagram showing the number of up- and downregulated DEGs in SY samples relative to AS and SG samples, respectively. Genes that were significantly 
upregulated are shown by ↑, while downregulated genes are indicated by ↓. (D) Principal component analysis (PCA) showing variation in gene expression in in
dividual samples, plotted using variance-stabilising transformation of DEGs. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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Fig. 2. Functional classification of genes differentially expressed (DEGs, padj < 0.05; |log2(Fold Change)| ≥ 1) in yellow leaf sectors of bleached leaves (SY) 
compared to asymptomatic leaves (AS) in sunblotch-affected avocado trees. Top enriched gene ontology (GO) terms (over-represented p-value (FDR) < 0.05) are 
shown for DEGs which were significantly upregulated (A) or downregulated (B) in SY vs AS. Scatterplots show the proportion of DEGs, relative to the total annotated 
avocado genes in each category, on x-axes (Hits %), while the number of DEGs and FDR (p-value) are indicated by the corresponding legends. Further functional 
analysis used MapMan to assign DEGs to specific cellular pathways (C). DEGs belonging to specific pathways are indicated by individual coloured blocks, with 
transcript abundance shown as log2(Fold Change) in SY vs AS, coloured according to the scale provided (red = upregulated, blue = downregulated). Abbreviations: 
ABA—abscisic acid; ABC—ATP-binding cassette; CAM—calcium-binding calmodulin proteins; CDPK—calcium-dependent protein kinase; CK—cytokinin; 
CML—calmodulin-like protein; ET—ethylene; GA—gibberellic acid; HSP—heat shock protein; JA—jasmonic acid; R genes—nucleotide-binding site leucine-rich 
repeat (NBS-LRR) and pathogenesis-related (PR) genes; RBOH—respiratory burst oxidase homologue; RLK—receptor-like kinase; ROS—reactive oxygen species; 
SA—salicylic acid. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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additional MapMan analysis (Fig. 3, Fig. S2). Visualisation of DEGs 
assigned to photosynthesis- or chloroplast-specific functional bins by 
Mercator showed that 45 genes were downregulated in the SY vs AS 
comparison, whereas only seven of these genes were upregulated 
(Fig. 3). Downregulated photosynthetic genes visualised by MapMan 
were predicted to encode components of Photosystem II, Photosystem I, 
and the electron transport chain involved in the light reactions, as well 
as enzymes associated with the Calvin Cycle (Fig. 3, Fig. S2 and 
Table S9). Additionally, several DEGs encoding chloroplastic plastid 
ribosomal proteins (PRPs) and other chloroplast-targeted proteins 
showed reduced expression in bleached tissues, according to MapMan 
classification (Fig. 3, Fig. S2).

To identify photosynthesis-related DEGs that were not assigned to 
the corresponding functional bins by Mercator, we examined the 
Peame105 genome annotations for all DEGs identified in this study, with 
a focus on nuclear-encoded genes predicted to have chloroplastic func
tions. In addition to the 52 photosynthesis-associated DEGs visualised in 
MapMan, 90 chloroplast-targeted genes were differentially expressed in 
the SY vs AS comparison, of which 87% were downregulated (Table S9). 
Genes involved in photosynthesis were also downregulated when 
expression in yellow tissues (SY) was compared to expression in adjacent 
green sectors of the same leaves (SG), although to a lesser extent: a total 
of 74 chloroplast-related DEGs were significantly downregulated in SY 
vs SG (Table S9). These results correlated with findings of GO enrich
ment analysis, which showed strong bias toward photosynthesis-related 
functions among DEGs downregulated in yellow tissues relative to either 
of the green tissue types analysed in this study.

4. Discussion

In this study, we used RNA-seq to analyse global gene expression in a 
symptomatic avsunviroid-infected host for the first time. Transcriptome 
data were used to compare avocado gene expression in yellow sectors of 
bleached leaves (SY) with two sources of green leaf tissue from the same 
symptomatic ASBVd-infected trees: green sectors of bleached leaves 
(SG) and asymptomatic, fully green leaves (AS). Applying the criteria 
padj < 0.05 and log2FC ≥ 1 or ≤ − 1, we identified 3169 DEGs in the SY 
vs AS comparison and 2512 DEGs in SY vs SG. These results demonstrate 
that leaf bleaching symptoms in ASBVd-infected avocado are associated 
with extensive reprogramming of host gene expression.

The scale of transcriptomic changes observed in bleached tissues is 
especially significant when compared to earlier observations of altered 

gene expression in asymptomatic ASBVd-infected trees. In our previous 
study, only 343 DEGs were identified using less stringent parameters 
(padj < 0.05 and |log2FC| ≥ 0.58), when comparing ASBVd-infected 
symptomless-carrier trees with uninfected trees (Joubert et al., 2024). 
In contrast, the present study revealed an almost tenfold increase in 
changes to gene expression when yellow tissues (SY) were compared to 
asymptomatic leaves (AS) from the same symptomatic trees. ASBVd was 
undetectable in most AS samples (two of three trees), consistent with 
prior reports of uneven systemic spread in sunblotch-affected trees, 
where viroid titres are markedly higher in symptomatic tissues than 
asymptomatic ones (Da Graca and Mason, 1983; Jooste and Zwane, 
2021; Semancik and Szychowski, 1994; Vallejo-Pérez et al., 2014). 
Despite the higher ASBVd titre in SG samples relative to AS samples, 
only seven genes were differentially expressed in SG vs AS comparison. 
This shows that the extent of transcriptional reprogramming in 
ASBVd-infected avocado is more closely associated with host tissue 
phenotype than with the level of viroid accumulation in sampled leaves. 
Similar results have been observed in tomato infected with mild and 
severe variants of PSTVd, where symptom severity correlated with the 
number of DEGs, with severe infections inducing more changes to host 
gene expression than mild infections (Góra-Sochacka et al., 2019; Wię
syk et al., 2018, 2020).

Comparison of DEGs in bleached tissues with those associated with 
asymptomatic infections of nursery trees (Joubert et al., 2024) revealed 
a number of genes with comparable expression profiles, where expres
sion changes (up- or downregulation) for 61 DEGs in SY vs AS resembled 
those previously observed in the infected vs uninfected analysis (Joubert 
et al., 2024). Given the differences we observed in viroid titre in SY 
compared to AS samples in this study, it is likely that DEGs with similar 
expression in both symptomatic and asymptomatic infections are pri
marily affected by viroid load, and are unrelated to symptom expression. 
In contrast, 14 DEGs had conflicting expression profiles in SY vs AS 
compared to infected vs uninfected, representing candidates that are 
more likely associated with the development of bleaching symptoms. 
Future comparative global transcriptomic analyses of symptomatic 
avsunviroid-infected hosts and their uninfected counterparts will further 
clarify the relationship between viroid accumulation, disease severity, 
and host gene expression.

Functional classification of DEGs in SY samples revealed several 
cellular pathways with extensively modified gene expression in 
bleached leaf tissues. Genes involved in molecular expression pathways, 
particularly those associated with transcription, as well as protein 

Fig. 3. MapMan visualisation of photosynthetic genes with differential expression (DEGs, padj < 0.05; |log2(Fold Change)| ≥ 1) in yellow leaf sectors of bleached 
leaves (SY) relative to asymptomatic leaves (AS) in symptomatic ASBVd-infected trees. DEGs assigned to photosynthesis- or chloroplast-specific functional bins are 
visible as red (upregulated) or blue (downregulated) coloured blocks, with expression values displayed according to the accompanying scale. Abbreviations: 
G3P—Glyceraldehyde-3-phosphate; PGA—Phosphoglycerate; PRP—Plastid ribosomal protein (chloroplastic); RuBP—Ribulose bisphosphate; Tp—Transporter 
(chloroplastic). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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modification and kinase activity, were consistently and significantly 
upregulated in bleached tissues across all functional annotation ap
proaches used in this study. MapMan analysis indicated that approxi
mately 20% of all annotated DEGs in SY tissues were associated with 
transcription, the majority of which were upregulated. Altered expres
sion of transcription factor (TF) genes has been reported in several other 
viroid-infected hosts (Hadjieva et al., 2021; Štajner et al., 2019; Wang 
et al., 2019; Więsyk et al., 2020; Xu et al., 2020), as well as in asymp
tomatic ASBVd-infected avocado (Joubert et al., 2024). Given the 
crucial role of TFs in modulating host gene expression (Spitz and 
Furlong, 2012), it is likely that modifications in TF expression contribute 
to the large-scale changes to the transcriptional landscape observed in 
bleached ASBVd-infected leaf tissues (Jakše et al., 2024).

The activity of TFs may be further influenced by their phosphory
lation status, which is regulated by protein kinases (Weidemüller et al., 
2021). We observed pronounced upregulation of genes encoding various 
protein kinases, with receptor-like kinases (RLKs) accounting for 19.8% 
of mapped DEGs in SY tissues. This altered accumulation of protein ki
nases likely contributes to global transcriptional changes by impacting 
cellular signalling networks in bleached ASBVd-infected tissues. Tran
scriptional cascades initiated by MAPKs and RLKs may, for example, 
influence expression of genes involved in phytohormone signalling 
networks and plant immunity (Clouse et al., 2011; Jagodzik et al., 2018; 
Zhu et al., 2023). Consistent with this, when excluding RLKs, more than 
10% of DEGs in SY tissues were assigned to host defence-related func
tions by MapMan visualisation. Upregulation of plant immune response 
genes has been reported across all viroid-infected hosts for which global 
transcriptome data are available (Joubert et al., 2022). However, it re
mains unclear whether activation of host immunity is linked to cyto
pathic symptoms associated with viroid disease development (Jakše 
et al., 2024), or is merely a downstream effect of the initial molecular 
alterations triggered by viroid infection.

Functional classification of downregulated DEGs in bleached tissues 
revealed significant repression of nuclear-encoded genes functioning in 
photosynthesis, as well as genes encoding chloroplastic proteins, in SY 
samples. Disruption of photosynthesis was most noticeable when gene 
expression in yellow tissues was compared with asymptomatic leaves: 
GO enrichment, MapMan visualisation and annotation-based searches 
revealed more than 100 downregulated DEGs associated with photo
synthesis- and chloroplast function in SY vs AS. These DEGs encoded 
components of the thylakoid membrane, Photosystems I and II, and 
chloroplastic ATP synthases, as well as proteins functioning in electron 
transport and carbon fixation. Consistent with these findings, reduced 
expression of photosynthesis-related genes has been reported in PSTVd- 
infected tomato (Więsyk et al., 2018, 2020) and pepper (Hadjieva et al., 
2021), CEVd-infected ‘Etrog’ citron (Rizza et al., 2012), and 
CBCVd-infected hop (Mishra et al., 2018; Štajner et al., 2019), and was 
correlated with leaf chlorosis in these host-viroid interactions.

Early investigations of symptomatic ASBVd-infected avocado 
revealed that cells from the yellow regions of bleached leaves exhibited 
distinct changes in chloroplast structure and organisation, whereas 
chloroplasts in the green tissues of bleached leaves closely resembled 
those of healthy avocado leaves (Da Graca, 1979; Da Graca and Martin, 
1981; Desjardins, 1987). The extensive downregulation of 
nuclear-encoded chloroplastic transcripts observed in SY samples rela
tive to both SG and AS samples may underlie the malformation of 
chloroplasts previously observed in SY tissues, as reduced accumulation 
of chloroplastic proteins would be expected to directly compromise 
organelle structure. Furthermore, the suppression of multiple nuclear 
genes encoding subunits of chloroplastic PRPs may have cascading ef
fects on chloroplast functions, as disrupted chloroplastic ribosome as
sembly could impact the translation of chloroplast genome-encoded 
transcripts. Consistent with this, reduced expression of nuclear genes 
encoding chloroplastic PRP subunits has been shown to induce yellow
ing or albinism phenotypes in transgenic arabidopsis, rice, and maize 
(Robles and Quesada, 2022). While our analysis was restricted to 

nuclear-encoded gene expression, future research should investigate the 
expression of chloroplast-encoded genes and the accumulation of chlo
roplastic proteins to clarify the link between disrupted chloroplast 
function and the development of leaf bleaching symptoms in avocado 
sunblotch disease.

Our data reveal a clear association between the downregulation of 
photosynthesis-related genes and disease development in ASBVd- 
infected leaves; however, the relationship between other large-scale 
transcriptomic changes and leaf bleaching is less distinct. The exten
sive gene expression changes observed in SY tissues is likely a down
stream consequence of early ASBVd pathogenesis, potentially mediated 
through RNA silencing (Adkar-Purushothama et al., 2024; Flores et al., 
2020; Joubert et al., 2025; Markarian et al., 2004). We previously 
demonstrated that SY tissues accumulate nearly 100 times more 
ASBVd-sRNAs than SG tissues, consistent with elevated viroid titres in 
symptomatic leaf sectors (Joubert et al., 2025). While targeting of av
ocado transcripts was not predicted for all the ASBVd-sRNAs detected in 
yellow tissues, it is likely that a number of these sRNAs hijack host 
RNA-silencing machinery to interfere with the expression of other avo
cado genes. This effect may be further amplified through the action of 
trans-acting siRNAs (Adkar-Purushothama et al., 2024; Adkar-Purush
othama and Perreault, 2019; Gómez et al., 2009), potentially triggering 
additional signalling cascades in host cells, culminating in widespread 
transcriptional modifications in bleached ASBVd-infected tissues. Future 
studies should adopt integrated multi-omics approaches, such as those 
applied to HSVd-infected cucumber (Márquez-Molins et al., 2023), to 
compare the sRNAnome, methylome, transcriptome and degradome in 
symptomatic ASBVd-infection with uninfected avocado. Integrating 
these data with the gene expression analyses presented here will shed 
light on the interplay between RNA silencing, epigenetic regulation, and 
host gene expression underlying the development of avocado sunblotch 
disease.

5. Conclusions

This study represents the first global transcriptomic analysis of a 
symptomatic avsunviroid-infected host. Gene expression analysis 
revealed extensive reprogramming of the avocado transcriptome in 
yellow sectors of bleached ASBVd-infected leaves, compared to both the 
adjacent green sectors and the asymptomatic leaves from the same 
sunblotch-affected trees. The number of DEGs detected in bleached tis
sues was approximately ten times higher than that previously reported 
in asymptomatic ASBVd infection, indicating a strong correlation be
tween the extent of transcriptional reprogramming and the phenotypic 
severity of ASBVd-infected leaf tissues. Functional classification high
lighted widespread gene expression changes across multiple cellular 
pathways in bleached tissues, with pronounced alterations to molecular 
expression pathways, biotic stress responses, and photosynthesis. 
Notably, the coordinated downregulation of nuclear genes encoding 
chloroplastic proteins was strongly associated with bleaching symp
toms, suggesting a potential link. Future investigations should extend 
similar transcriptomic analyses to symptomatic tissues of PLMVd- 
infected peach and CChMVd-infected chrysanthemum. Together with 
the findings presented here, such comparative studies will offer new 
insights into the host response to symptomatic avsunviroid infection and 
provide a more comprehensive understanding of the molecular in
teractions governing viroid-plant interactions.
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Morina, F., Matoušek, J., 2018. Genome-wide transcriptomic analysis reveals 
insights into the response to citrus bark cracking viroid (CBCVd) in hop (Humulus 
lupulus L.). Viruses 10, 570.

Márquez-Molins, J., Villalba-Bermell, P., Corell-Sierra, J., Pallás, V., Gomez, G., 2023. 
Integrative time-scale and multi-omics analysis of host responses to viroid infection. 
Plant Cell Environ. 46, 2909–2927.

Navarro, B., Gisel, A., Rodio, M.E., 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.

Palukaitis, P., Hatta, T., Alexander, D.M., Symons, R.H., 1979. Characterization of a 
viroid associated with avocado sunblotch disease. Virology 99, 145–151.

Posit Team, 2024. Rstudio: Integrated Development Environment for R. Posit Software. 
PBC, Boston, MA. 
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