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Abstract  Avocado sunblotch viroid (ASBVd) 
is found in many avocado-growing regions of the 
world, where it affects fruit yield and quality. The 
trees develop two types of infections: symptomatic 
and symptomless infections. Symptoms are most 
obvious as yellow streaks on leaves, fruit and green 
stems of symptomatic trees and symptomless carrier 
trees do not display any such symptoms. Symptom-
less carrier trees are considered the primary source 
of disease transmission in orchards. Hence, this 
study investigated the impact of ASBVd-infected 
symptomless carrier trees on tree morphology, fruit 
maturity, yield and quality of ‘Hass’ avocado from 
2019 until 2021. Differences were observed in the 
orchard between infected and healthy trees; trees 
with medium and high viroid concentrations exces-
sively produced flowers, lost leaves during flowering 
and ultimately bore few to no fruit at the end of the 
season. The dry matter content results showed that 
ASBVd did not affect the rate of maturity of the fruit, 
as fruit from infected and healthy trees matured at the 
same time. Yield counts indicated that medium and 

highly infected trees produced between 83 and 96% 
lower yields compared to healthy trees. Postharvest 
studies showed that medium and highly infected fruit 
significantly lost firmness and coloured up more rap-
idly than healthy fruit. Infected, non-stored fruit also 
developed external rots and shrivels, however, these 
disorders were reduced in fruit stored at 5  °C for 
28 days. Therefore, flower overbearing with the shed-
ding of leaves and lower yields can be used as indica-
tors of ASBVd infection in ‘Hass’ orchards but con-
firmation with molecular testing is required. These 
observations can be incorporated into an ASBD man-
agement strategy in ‘Hass’ orchards.
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Introduction

Avocado sunblotch viroid (ASBVd) is found in 
many avocado-growing regions of the world, where 
it affects fruit yield and quality. (Palukaitis et  al., 
1979). Avocado sunblotch viroid is a small, infective, 
single-stranded circular RNA molecule of 246–251 
nucleotides (Kuhn et al., 2017). Avocado is the only 
known natural host for ASBVd, and all avocado cul-
tivars are susceptible (Saucedo Carabez et al., 2019). 
The use of infected propagative material is the most 
important mode of spreading ASBVd, however, there 
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is no sufficient evidence of the natural infection from 
an infected- to a healthy tree (Wallace, 1958). ASBVd 
can be transmitted via seed from infected trees, from 
infected propagative rootstocks, infected scions used 
for grafting and via root grafts and pollen. To date, 
no vector has been reported for the transmission of 
ASBVd, however, honeybees were experimentally 
proven to carry ASBVd from an infected to a healthy 
tree and thus have been suspected as a possible vector 
(Desjardins et al., 1979). ASBVd has been present in 
South Africa since 1954 and to date has become one 
of the common diseases in South African avocado 
orchards (Da Graça & Van Vuuren, 2003).

There are three ASBVd symptom-associated 
variants namely symptomless carrier (ASBVd-Sc), 
a bleached symptom associated (ASBVd-B) and 
variegated symptom associated (ASBVd-V) vari-
ants (Semancik & Szychowski, 1994). The different 
ASBVd variants arise from slight sequence variations 
on the ASBVd sequence (Running et al., 1996). Most 
of the changes occur between UA bases leading to the 
sequence variations (Schnell et  al., 1997). Semancik 
and Szychowski (1994) demonstrated that the ter-
minal loops are the predominant sites of sequence 
variation of ASBVd, ASBVd-B was demonstrated 
to have an enlarged poly (A) right loop which intro-
duces a unique structural modification and an UA 
exchange on the left terminal loop. The infected trees 
can either express symptoms or show no symptoms 
or signs of infection but still be carriers of ASBVd, 
and these latter trees are known as symptomless car-
rier trees (Acheampong et  al., 2008). Characteristic 
symptoms of include the appearance of irregular, 
sunken areas of white, yellow, or reddish colour in 
infected fruit; white/yellow sunken streaks on green 
stems and variegated or bleached symptoms on the 
leaves. Symptomless carrier trees do not exhibit any 
symptoms, however, these trees can exhibit symp-
toms when exposed to stress, e.g. fire, when the trees 
are cut back, or when a healthy scion is grafted onto 
a symptomless carrier rootstock (Dodds, 2001). The 
composition of sequence variants in the tree is fluid 
over time.

Symptomless carrier trees play an essential role 
in the epidemiology of ASBVd, as they have been 
described as the primary sources of infection for 
spreading the disease through budding and graft-
ing practices (Saucedo Carabez et al., 2019). Studies 
have shown that ASBD can significantly reduce the 

yield and quality of avocado fruit (Da Graça, 1985; 
Saucedo-Carabez et  al., 2014). Avocado sunblotch 
viroid–infected symptomless carrier trees could lead 
to between 50 to 80% yield reductions compared with 
the symptomatic trees, which cause a yield reduction 
between 15 to 30% (Saucedo-Carabez et al., 2014).

The purpose of this study was to assess the impact 
of avocado sunblotch viroid (ASBVd) on tree mor-
phology, fruit maturity, yield and quality of ‘Hass’ 
avocado trees in South Africa.

Material and methods

Orchard description

The experimental field was located at a commercial 
farm in Mbombela, province of Mpumalanga, South 
Africa. The experimental ‘Hass’ trees were obtained 
from an orchard, established in 2009 (longitude: 
30.9298773 latitude: -25.429164). Thirty trees were 
utilised for all the investigations of the study includ-
ing 15 ASBVd infected symptomless carrier trees 
(selected by molecular screening) and 15 ASBVd 
negative trees (confirmed negative with molecular 
screening and hereafter referred to as ‘healthy’ trees).

Field selection of symptomless carrier trees

Since ASBVd infected symptomless carrier trees are 
difficult to identify in the field, infected trees showing 
fruit symptoms were first identified. In their imme-
diate vicinity, trees were screened using molecular 
testing. Screening was also conducted in the imme-
diate areas where confirmed positive trees had been 
removed.

Leaf samples were collected by selecting a com-
bination of 20 leaves (both young and old) from the 
main branches of individual avocado trees. The stack 
of leaves was then punched four times using an 8 mm 
punch creating a representative sample of 400  mg 
leaf material per tree. The double-stranded RNA (ds-
RNA) was extracted from 400 mg leaf samples using 
a cellulose column-chromatography technique (Luttig 
& Manicom, 1999).

Trees used in the study were tested for the pres-
ence or absence of ASBVd using a quantitative 
reverse transcription-polymerase chain reaction (qRT-
PCR) assay. A fluorescent-based real-time one-step 
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qRT-PCR assay was optimised to amplify ASBVd 
using the qPCRBIO SyGreen 1-Step Go Lo-ROX kit 
(PCRBIOSYSTEMS, UK), according to the manu-
facturer’s instruction in a Rotor-Gene Q instrument 
(Qiagen, Germany). The Rotor-gene Q software 2.3.1 
(Qiagen) was utilized to calculate PCR efficiency, 
quantification cycle (Cq)-, and quantification values 
for establishing the standard curve and for deter-
mining the concentration of samples. The efficiency 
and sensitivity of the real-time qRT-PCR assay was 
validated using a 10 ng/µl g-block® Gene Fragment 
(GenBank® S73860-Sc) in a ten-fold, seven-point 
dilution standard curve.

An ASBVd-specific primer set, (5’- AGA​GAA​
GGA​GGA​GTC​GTG​GTG​AAC​ -3’; 5’- TTC​CCA​
TCT​TTC​CCT​GAA​GAGAC -3’), amplifying a 99 bp 
product, was used at a final concentration of 400 nM 
in a 12.5 µl reaction volume. A standardised volume, 
1.2 µl of the dsRNA template, was added to the reac-
tion. The cycling conditions included reverse tran-
scription at 50 °C for 10 min, followed by polymerase 
activation at 95 °C for 2 min. The PCR step included 
35 cycles with a denaturation step at 95 °C for 5 s and 
an annealing step at 56 °C for 30 s.

Seasonal monitoring of trees

Infected and healthy trees were monitored for three 
consecutive seasons from 2019 until 2021, from the 
flowering stage until harvest. These included obser-
vations of differences in tree morphology (branches, 
leaves and reproductive structures), flowering pat-
terns and fruit sets that could be physical indicators 
of ASBVd symptomless carrier trees in avocado 
orchards.

Determination of the dry matter content (% DM) of 
fruit

The degree of ripeness of avocado fruit was deter-
mined by measuring the % DM content of fruit at four 
different intervals before harvest in the years 2019 
and 2020 (Woolf et al., 2003). The % DM measure-
ments were conducted by randomly selecting a sin-
gle fruit from each of the 30 experimental trees (15 
infected and 15 healthy trees) at each interval. For 
each fruit, the skin was removed by peeling; the flesh 
was grated into a Petri dish and measured to a stand-
ard weight of 10  g. The Petri dishes containing the 

fresh flesh were then placed in an oven at 30 °C for 
48 h, after which, the dry mass of each sample was 
recorded. The percentage of dry mass was calcu-
lated as follows: Dry mass (%) = (dry flesh weight/
fresh flesh weight) × 100. The fruit was considered 
to reach full maturity once a moisture content of 77% 
was reached, as recommended by the South African 
Avocado Growers’ Association minimum maturity 
requirements expressed as maximum allowable mois-
ture content (Kruger & Claassens, 2001).

Yield

The yield per tree was determined by counting the 
number of fruit on each tree in the years 2020 and 
2021. Two individuals conducted the counting of 
fruit, each repeating the count on every tree three 
times. The average count was used to determine the 
number of fruits on each tree.

Determination of fruit ripening and quality

Thirty fruit were harvested from each of the 30 trees 
in this study (infected and healthy), except in the case 
of highly infected trees because they produced less 
than 30 fruit and all available fruit were harvested. 
The fruit were transported to the ARC-TSC post-
harvest laboratory on the day of harvest and were 
divided equally into two parts, non-stored and stored 
fruit. Non-stored fruit was immediately taken to the 
darkroom at 21 ± 2 °C for ripening. Stored fruit was 
taken to the cold storage at 5  °C for 28  days, there 
after removed from the storage and moved to the 
darkroom for ripening under the same conditions as 
mentioned above. Ripening was determined by meas-
uring firmness and colour every second day during 
storage. Fruit quality was determined when the fruit 
had ripened.

Fruit firmness

Fruit firmness was measured using an automated Sin-
claire IQ instrument (51DFTB, International Ltd, Jor-
rold, Bowthorpe Norwich, NR5, 9.D, England). The 
fruit was rated using the IQ score, the fruit receiving 
an IQ score of 70 was considered hard and an IQ of 
10 was soft (Howarth et al., 2003). The fruit was con-
sidered ripe after reaching an IQ score of ≤ 25.
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Colour rating

The colour change was monitored visually using a 
six-point rating where: 1, emerald; 2, forest green; 
3, approximately 25% coloured; 4, approximately 
75% coloured; 5, purple; 6, black (White et  al., 
2009).

Determination of fruit quality

External rot, flesh bruising, diffuse flesh discoloura-
tion, stem-end and body rot were rated according to 
the International Avocado Quality Manual (White 
et al., 2009) using a scale of zero (0%) to three (≥ 50% 
of the fruit surface affected). Shrivel was determined 
using a rating scale between zero (no shrivel) to three 
(fruits appear shrivelled) (White et al., 2009).

Data analysis

Statistical analyses of variance were obtained using 
STATISTICA 8 and the means were separated using 
the Post-hoc Tukey HSD test at a significance level of 
p ≤ 0.05.

Results

Field screening of symptomless carrier trees

Detection was confirmed in the qRT-PCR assay using 
the seven-point, ten-fold dilution, standard curve 
that showed an amplification efficiency of 1.03 with 
a linearity correlation coefficient (R2) of 0.999. The 
qRT-PCR result confirmed 15 trees as ASBVd posi-
tive symptomless carriers. The ASBVd titre varied 
considerably between trees. Based on the cycling 
threshold (Ct) values, the infected trees were divided 
into three infection levels; low, medium and high 
(Table  1). All trees with Ct values equal to or less 
than 10 were rated as highly infected, Ct values from 
10.1 to 18 were rated as medium and Ct values from 
18.1 to 25.4 were rated as low/slightly infected. Seven 
of the15 trees were highly infected with ASBVd, five 
trees had a medium infection and three trees had a 
low infection level.

Seasonal monitoring of trees

Observations of the infected symptomless carrier 
trees in the orchard were conducted over three years 
(2019–2021). Morphological differences were found 
between infected symptomless carrier trees with 
medium and high infection levels, and healthy trees 
in the orchard. The first observation was that a sig-
nificantly large number of flowers were produced by 
the infected trees when trees showed alternate bear-
ing (‘on’ and ‘off’ seasons); the flowers appeared 
clustered and more liable to sunburn (Fig.  1B, C). 
Secondly, a large number of leaves were lost, leaving 
trees looking unhealthy and completely dominated 
by flowers (Fig.  1B, C). The trees lost the majority 
of flowers (Fig.  1C), and the fruit set was delayed 
compared to the healthy trees (Fig.  2). The ASBVd 
infected trees started recovering the lost leaves 
instead of producing fruit (Fig.  2), and ultimately 
recovered most of the leaves, looking healthier but 
with very little to no fruit. Additionally, the bud-wood 
of symptomless carrier trees was bigger with larger 
buds compared to that of healthy trees; this was con-
sistently observed with more infected trees in the field 
over the three years (Fig. 3). However, trees with low 
infection levels produced a mixture of bigger bud-
wood with large buds and normal bud-wood.

Determining fruit dry matter content (DM)

The dry matter content of the fruit was determined 
to measure the fruit’s maturity. The % DM meas-
urements were conducted for the 2019 and 2020 

Table 1   Fluorescent based real-time RT-qPCR results of the 
infected experimental trees showing cyclic threshold (Ct) val-
ues and level of infection of each tree

Infection levels

Low Medium High

Ct values 19.89 10.77 7.22
20.32 11.04 7.35
21.13 11.05 8.05

11.56 8.22
11.61 9.25

9.56
10.00

Total 3 5 7
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harvests. In 2019, the % DM measurements were 
taken at four intervals between 15 April and 06 
May, there were no significant differences between 
the dry matter content of the healthy and infected 
trees in all four intervals (Table  2). The measure-
ments were repeated in 2020 from 23 April until 
13 May. The % DM ratings of highly infected fruit 
were significantly higher than that of healthy fruit 
for the first two intervals (p ≤ 0.05, Table 2). In the 

first interval, the % DM of the highly infected fruit 
was rated 30.9 ± 3.3%, 4.2% higher than that of 
healthy fruit which was rated 26.7 ± 2.0%. Again, 
in the second interval, the DM of highly infected 
fruit rated 30.1 ± 3.6%, 3.7% higher than that of 
healthy fruit, which rated 26.4 ± 1.7%. There were, 
however, no significant differences recorded for the 
% DM of all fruit between the third and the fourth 
intervals.

Fig. 1   A comparison between flower development of a ‘Hass’ 
healthy tree (A) and ASBVd infected ‘Hass’ tree (B) towards 
the end of September 2020. ASBVd infected symptomless tree 

displaying a large amount of flower abscission at the end of the 
flowering stage (C)

Fig. 2   A comparison 
between the ‘Hass’ healthy 
tree (A) and the ASBVd 
infected tree (B) late Octo-
ber. The healthy tree had 
already reached full fruit 
set a few weeks before the 
ASBVd infected tree where 
a lack of fruit set is visible
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Yield

The yield of the infected trees was determined by 
counting the number of fruits per tree. The values 
represent the average number of fruits counted in 
trees from different infection levels (Fig.  4). Yield 
counts for 2020 averaged 221.0 ± 55.1 fruit per tree 
for the healthy trees, significantly different from 
the medium and highly infected trees, which aver-
aged between 38.0 ± 8.6 and 12.0 ± 6.9 fruit per tree, 
respectively (p ≤ 0.05, Fig.  4). This indicates that 
infected trees with medium and high infection levels 
produced between 83 and 95% lower yields com-
pared to the healthy trees, while trees with low infec-
tion levels produced an average yield of 177.0 ± 28.5 
fruit per tree; not significantly different from the yield 
of healthy trees (Fig. 4). Yield counts were repeated 
in 2021 where healthy trees produced an average of 
437.0 ± 117.3 fruit per tree, which was significantly 
higher compared to 41.0 ± 19.1 and 19.0 ± 11.8 fruit 
per tree produced by medium and highly infected 
trees, respectively (p ≤ 0.05, Fig.  6). At this time, 
the high and medium infected trees produced yields 
between 91 and 96% lower than healthy trees. Yet 
again, the low infected trees produced an average of 
395.0 ± 22.5 fruit per tree, not significantly different 
from the yield of healthy trees (Fig. 4).

Fig. 3   Example of bud-wood from an ASBVd infected symp-
tomless carrier tree compared to bud-wood from a healthy avo-
cado, the infected bud-wood is larger with bigger buds com-
pared to those from healthy trees

Table 2   Dry Matter 
content (% DM) measured 
for avocado fruit at four 
different intervals in the 
years 2019 and 2020

Values represent means ± standard deviations (SD). Means followed by the same letters do not differ 
significantly at P ≤ 0.05 (Tukey HSD)

Intervals One Two Three Four

Percentage Dry Matter (% DM) 2019
Infection level Healthy 22.7 ± 3.4 a 25.1 ± 3.7 a 24.5 ± 3.2 a 26.3 ± 3.4 a

Low 24.0 ± 1.0 a 23.7 ± 1.5 a 21.3 ± 2.1 a 28.7 ± 2.5 a
Medium 24.0 ± 1.9 a 23.6 ± 3.0 a 23.0 ± 3,7 a 28.4 ± 2.7 a
High 23.2 ± 3.2 a 24.8 ± 3.6 a 26.7 ± 2.7 a 25.5 ± 3.8 a
P value 0.798 0.794 0.092 0.359
F value 0.345 0.343 2.392 1.123

Percentage Dry Matter (% DM) 2020
Infection level Healthy 26.7 ± 2.0 a 26.4 ± 1.7 a 26.8 ± 2.8 a 28.7 ± 3.1 a

Low 30.0 ± 6.1 ab 25.7 ± 1.2 a 27.7 ± 0.6 a 26.7 ± 1.5 a
Medium 29.8 ± 2.0 ab 28.0 ± 3.0 ab 29.0 ± 3.1 a 30.6 ± 1.3 a
High 30.9 ± 3.3 b 30.1 ± 3.6 b 28.9 ± 4.8 a 27.6 ± 6.5 a
P value 0.013 0.013 0.448 0.486
F value 4.334 4.321 0.914 0.837
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Effect of ASBVd on avocado fruit ripening 
and postharvest quality

Fruit firmness

Non‑stored fruit

Fruit firmness was measured using the Sinclair IQ 
score to determine fruit ripening from day of har-
vest. The average IQ scores of all treatments were 
over 70 on the day of harvest, implying the fruit 
was still very hard. Healthy fruit had an IQ score 
of 75.7 ± 7.0, low infected fruit had an IQ score of 
76.0 ± 7.2, medium infected fruit had an IQ score 
of 74.4 ± 6.4 and highly infected fruit an IQ score 
of 72.9 ± 10.0 The IQ scores of all treatments had 
decreased on day five suggesting that the fruit 
started losing firmness, the IQ score for healthy 
fruit decreased to 49.8 ± 6.0, significantly different 
from medium infected fruit which had decreased to 
45.0 ± 9.6 and highly infected fruit which decreased 
to 36.1 ± 14.5 (p ≤ 0.05, Fig.  5A). Further firm-
ness was lost on day seven; the highly infected fruit 
had an IQ score of 25.4 ± 12.7 suggesting that the 
fruit had ripened. The IQ score of medium infected 
fruit was reduced to 33.9 ± 10.1 and was signifi-
cantly different from the firmness of the healthy 
fruit with the IQ score of 42.2 ± 6.5 (p ≤ 0.05). The 
IQ score of medium infected fruit had decreased to 
20.3 ± 8.8 on day nine suggesting that the fruit were 
ripe, significantly different from the IQ score of 
medium infected fruit (26.3 ± 7.1) and healthy fruit 

(28.0 ± 7.7) which had not yet reached the minimum 
IQ score of ≤ 25 to be considered ripe (Fig. 5A).

Stored fruit

The fruit was removed from the 5  °C storage after 
28  days, and firmness was determined on the first 
day of removal from storage. Fruit had already lost 
firmness during storage. Highly infected fruit had an 
IQ score of 26.1 ± 6.8, medium infected fruit a firm-
ness of 33.6 ± 10.1 IQ and had significantly lower 
IQ scores compared to the firmness of low infec-
tion fruit at 45.0 ± 6.5 IQ and healthy fruit firmness 
at 46.9 ± 8.3 IQ (p ≤ 0.05, Fig.  5B). The high and 
medium infected fruit had IQ scores of 14.7 ± 3.2 and 
16.8 ± 4.0, respectively, on day three of ripening sug-
gesting that they had ripened. The healthy and low 
infected fruit remained with IQ scores of 29.2 ± 9.2 
and 26.3 ± 6.6 respectively, not yet reaching the IQ 
score of ≤ 25 to be considered ripe. Similar to the 
non-stored fruit, the stored fruit from the highly and 
moderately infected group ripened before the healthy 
and low infected fruit.

Colour rating

Non‑stored fruit

The colour change was monitored visually and rated 
using a six-point rating scale. The first colour ratings 
on the day of harvest showed that all fruit had the 
same emerald colour with a rating of one (Fig. 6A). 

Fig. 4   Average fruit yield 
counts of ASBVd infected 
symptomless ‘Hass’ carrier 
trees and healthy avocado 
trees for the 2020 and 2021 
seasons. Values represent 
means ± standard errors 
(SE). Bars with the same 
letters did not differ signifi-
cantly at P ≤ 0.05 (Tukey 
HSD)
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The fruit started to develop colour on day five post-
harvest changing from emerald to forest green, how-
ever, highly infected fruit significantly differed from 
other fruit as they already started developing a purple 
colour (p ≤ 0.05, Fig.  6A). By day seven, all highly 
infected fruit had already developed a 25% colour rat-
ing of 3.0 ± 0.9, and some of the moderately infected 
fruit had also started to develop a purple colour with 
an average rating of 2.5 ± 0.7, all significantly dif-
ferent from the healthy fruit which remained forest 
green with a rating of 2.1 ± 0.3 (p ≤ 0.05, Fig.  6A). 
The healthy and fruit from trees with a low viroid 
concentration only developed a purple colour on day 
nine with a rating of 2.6 ± 0.6 and 3.0 ± 0.7, respec-
tively (Fig. 6A).

Stored fruit

The fruit was removed from the cold storage after 
28 days and moved to the dark ripening room. Upon 
removal, colour was rated and fruit had already 
changed colour from emerald (harvest day) to for-
est green with healthy and low infected fruit rating 

2.1 ± 0.1 and 2.1 ± 0.3, respectively. This is signifi-
cantly different from medium and high infected fruit 
with ratings of 2.5 ± 0.6 and 2.6 ± 0.5, respectively, 
which had already started to develop a purple col-
our (p ≤ 0.05). By day three, almost all the fruit had 
developed 25% of the colour, all having a rating of 
approximately 3 (Fig. 6B).

External quality

Non‑stored fruit

After ripening, the fruit were analysed for external 
damage. The fruit was rated for external rots using 
a rating scale between 0 and 50%. High, medium 
and low infected fruit developed significantly higher 
incidences of rots between 27 and 30%, significantly 
higher than healthy fruit with an average incidence of 
4.2 ± 2.9% (p ≤ 0.05, Table 3). Shrivel was rated using 
a rating scale between zero and three, and there were 
no significant differences between fruit that devel-
oped shrivel.

Fig. 5   Loss of firmness 
for non-stored (A) and 
cold stored fruit at 5 °C for 
28 days (B). ‘Hass’ avocado 
fruit was ripened in the dark 
at 21 °C and the IQ scores 
were recorded from the 
Sinclair instrument. Values 
represent means ± standard 
errors (SE). Bars with the 
same letters did not differ 
significantly at P ≤ 0.05 
(Tukey HSD)
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Stored fruit

There were lower incidences for both external rots 
and shrivel for the stored fruit. Only the fruit with a 
high infection rate developed 5.0 ± 4.5% of external 
rots, which was significantly different from all other 
fruit that developed no rots. The fruit with high infec-
tion rated 1.0 ± 0.6 for shrivel and was the only fruit 
that had shrivel which was significantly different 
(p ≤ 0.05) from other fruit that did not develop any 
shrivel (Table 3).

Internal fruit quality

Non‑stored fruit

Flesh bruising, diffuse flesh discolouration, stem-
end rot and body rots were rated using a percentage 
between 0 to 50%. Fruit with a high level of infec-
tion were more prone to flesh bruising, the fruit 

developed an average of 30.8 ± 15.9% bruising, 
which was significantly different (p ≤ 0.05) from 
the healthy fruit which only developed an average 
of 8.7 ± 8.1% bruising (p ≤ 0.05; Table  4). The dif-
fuse discolouration of highly infected fruit was sig-
nificantly higher (20.5%) than that of healthy fruit 
(p ≤ 0.05). Stem-end rot significantly differed for 
highly infected fruit with a 17.1% difference from 
healthy fruit (p ≤ 0.05, Table  4). Highly infected 
fruit had the highest incidences of rot, averaging 
41.7 ± 12.9%, which differed significantly from 
the healthy fruit with an average of 10.7 ± 9.9% 
(p ≤ 0.05; Table 4).

Stored fruit

The fruit’s internal injury was reduced at 5  °C for 
28 days. The fruit only developed flesh bruising and 
body rots and there were no significant differences 
between the injuries for all fruit (Table 4).

Fig. 6   Ratings of skin 
colour development for 
non-stored (A) and stored 
(B) avocado fruit using 
a six-point scale. Values 
represent means ± standard 
error (SE). Means followed 
by the same letters do 
not differ significantly at 
P ≤ 0.05 (Tukey HSD)
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Discussion

The ASBVd infection had a dramatic effect on the 
phenology of the trees, quantity and quality of fruit. 
The impact of infection was related to the titre of 

viroid, as measured by RT-qPCR, the higher the 
viroid titre, the higher was the impact on the trees. 
Semancik and Szychowski (1994) described ASBVd 
as a chronic infection with the continuous and meas-
ured production of high titres of ASBVd-Sc through-
out the host. Symptomless carrier trees are not visu-
ally distinguishable from the healthy avocado trees 
because they do not display any visible symptoms, 
however, infected trees are characterised by lower 
yields and increased seed transmission in other cul-
tivars as described by Desjardins, (1987). ASBVd 
detection methods are limited by the uneven distri-
bution of ASBVd in the trees that phenotypically 
display symptoms (Bruening et  al., 1982; Running 
et  al., 1996). However, previous studies on ASBVd-
Sc infected trees have demonstrated an even distribu-
tion of ASBVd (Jooste & Zwane, 2021; Semancik & 
Szychowski, 1994).

We observed a clear difference between the 
numbers of flowers of infected and healthy trees. 
The trend of avocado trees producing excessive 
flowers to attract pollinators has been discussed 
(Ish-Am, 2005). Even though massive bearing was 
observed on the symptomless ‘Hass’ carrier trees 
in this experiment, the flowers were excessive for 
trees with medium and high infection levels com-
pared with healthy and trees with low infection 

Table 3   Rates of external rots (%) and shrivel (0–3) for stored 
and non-stored fruit

Values represent means ± standard deviations (SD). Means fol-
lowed by the same letters do not differ significantly at P ≤ 0.05 
(Tukey HSD)

Non-stored fruit
 Infection level External rot (%) Shrivel (0–3)
  Healthy 4.2 ± 2.9 b 0.5 ± 0.5 a
  Low 28.3 ± 20.2 a 1.3 ± 0.6 a
  Medium 27.0 ± 14.4 a 1.4 ± 1.1 a
  High 30.8 ± 15.9 a 1.5 ± 1.0 a
  P value < 0.001 0.06
  F value 10.2 2.938

Stored fruit
 Infection level External rot (%) Shrivel (0–3)
  Healthy 0.0 ± 0.0 a 0.0 ± 0.0 a
  Low 0.0 ± 0.0 a 0.0 ± 0.0 a
  Medium 0.0 ± 0.0 a 0.0 ± 0.0 a
  High 5.0 ± 4.5 b 1.0 ± 0.6 b
  P value < 0.001 < 0.001
  F value 8.944 17.89

Table 4   Rates of flesh 
bruising; diffuse flesh 
discolouration; vascular 
browning; stem end rot and 
body rots (%) for stored and 
non-stored fruit

Values represent means ± standard deviations (SD). Means followed by the same letters do not differ 
significantly at P ≤ 0.05 (Tukey HSD). FB- Flesh bruising; DFD- Diffuse flesh discolouration; SER-
Stem end rot; BR-Body rots. Zeros represent data with no variance

Non-stored fruit
 Infection level FB (%) DFD (%) SER (%) BR (%)
  Healthy 8.7 ± 8.1 a 5.3 ± 5.1 a 8.7 ± 8.1 a 10.7 ± 9.9 a
  Low 10.0 ± 0.0 ab 6.7 ± 5.7 a 10.0 ± 0.0 a 28.3 ± 20.2 ab
  Medium 21.0 ± 17.5 ab 6.0 ± 5.4 a 8.0 ± 4.5 a 29.0 ± 20.1 ab
  High 30.8 ± 15.9 b 25.8 ± 19.6 b 25.8 ± 19.6 b 41.7 ± 12.9 b
  P value 0.004 0.002 0.019 0.001
  F value 5.743 6.5428 4.004 8.245

Stored fruit
 Infection level FB DFD SER BR
  Healthy 7.3 ± 5.9 a 0.0 0.0 0.0 ± 0.0 b
  Low 15.0 ± 8.6 a 0.0 0.0 10.0 ± 0.0 a
  Medium 16.0 ± 8.2 a 0.0 0.0 6.6 ± 5.4 a
  High 13.0 ± 9.8 a 0.0 0.0 6.0 ± 5.1 a
  P value 0.089 N/A N/A 0.151
  F value 2.427 N/A N/A 1.929
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levels. The loss of canopy and excessive flowering, 
because of disease stress, has been associated with 
Phytophthora disease in avocado (Wolstenholme, 
2001). However, the difference with ASBVd infec-
tion is that the infected trees recover their canopy 
completely; unlike with Phytophthora disease infec-
tion, where canopy recovery is rare and the tree 
would end up dying from severe infections (Marais, 
2007). Given the above-mentioned observations 
on ASBVd infected symptomless carrier trees, it is 
possible that ASBVd-infected trees have developed 
a survival strategy where they first excessively bear 
flowers to ensure successful transmission. Subse-
quently, they save energy for survival to the follow-
ing season by producing less fruit while, at the same 
time, recovering the lost leaf canopy as a disguise to 
appear healthy.

A study on the dry matter and oil content of 
ASBVd-infected asymptomatic and symptomatic 
fruit showed no significant differences in dry 
matter and oil content between both fruit types 
(Saucedo-Carabez et  al., 2014). These findings 
agreed with the findings obtained in 2019 in this 
study between asymptomatic and healthy fruit. 
However, there was a slight difference in the matu-
rity between fruit of infected and healthy trees in 
the 2020 results and it is suspected that fruit from 
infected trees would have a higher DM content 
than those of healthy trees, because the infected 
trees produce fewer fruit and therefore do not have 
to divide carbohydrate sources across as many 
carbohydrate sinks (the fruit). Da Graça (1980) 
conducted a similar study and found that the dry 
matter for fruit obtained from recovery growth 
was different to the other infected fruit (infected or 
healthy ‘Edranol’ fruit).

The reduced yield detected in asymptomatic trees 
was observed in several studies that evaluated yield 
losses associated with ASBVd infections world-
wide (Da Graça, 1985; Running et  al., 1996; Ran-
dles, 2003; Tondo et  al., 2010; Saucedo-Carabez 
et  al., 2014). In terms of yield reduction, Da Graça 
(1985) conducted a three-year trial testing the effect 
of ASBVd in ‘Fuerte’, both in symptomless car-
rier trees and symptomatic trees. Symptomatic trees 
showed a yield reduction of 14%, while the yield of 
symptomless carrier trees was reduced by 82% (Da 
Graça, 1985). Cultivar type appears to have no influ-
ence on ASBVd severity given that our study gave a 

similar result of approximately 90% fruit yield reduc-
tion from the infected symptomless carrier trees. 
Symptomless trees had extremely low yields com-
pared to healthy trees and this yield reduction should 
be regarded as a symptom. Therefore, infected trees 
can be identified based on the number of fruit they 
produce. If the fruit yield is extremely low in a tree, 
the tree should be flagged and submitted for ASBVd 
indexing.

The higher the ASBVd concentration, the lower 
the yield produced for a specific tree. However, 
this was not detected for the trees with low infec-
tion levels; as these trees produced yields almost 
similar to healthy trees and, given the fact that these 
trees had no sign of ASBVd infection, it would be 
very difficult to convince a grower to remove good 
yielding trees that show no sign of infection from 
the orchard. It is uncertain whether trees with low 
infection levels will progress to having medium 
and high viroid titres within time. This research 
question is yet to be explored. These findings also 
emphasise the importance of indexing all propaga-
tion material.

The post-harvest effects of ASBVd infection were 
determined in this study and a clear difference were 
seen between fruit harvested from infected trees. 
Saucedo-Carabez et  al. (2014) conducted a similar 
study in Mexico where the effect of ASBVd on the 
postharvest quality of avocado in both symptomatic 
and asymptomatic fruit were studied. They found 
that ASBVd affected firmness, weight loss and colour 
change in symptomatic fruit. Asymptomatic fruit was 
not affected by the variables evaluated in the Mexi-
can study and developed similar conditions to that of 
fruit from healthy trees and fulfilled quality standards 
required by national and international markets. We 
confirmed that ASBVd affected the firmness and col-
our change of fruit from high and medium infected 
asymptomatic trees. The only difference detected 
was with fruit trees with a low infection level where 
firmness and colour change were similar to fruit 
from healthy trees. In this study, the ASBVd-infected 
symptomless ‘Hass’ trees were divided into differ-
ent infection levels which was not done in previous 
studies.

The study confirmed that the presence of ASBVd 
contributes to yield reduction in symptomless carrier 
trees regardless of whether trees alternate between off 
and on-crop years.
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Conclusions

Results clearly showed that trees with high and 
medium ASBVd infection levels had a lower yield 
than healthy trees. A few signs of infected trees 
that can enable their identification were observed. 
Firstly, ASBVd- infected symptomless carrier 
‘Hass’ trees produced excessive flowers and shed 
leaves in the process. Therefore, the flowering stage 
of ‘Hass’ can be useful in identifying the symptom-
less carrier trees in the field, before trees recover 
their canopy. Secondly, infected ‘Hass’ trees also 
tend to remain in the flowering stage longer than 
healthy trees that are already at the fruiting stage at 
the same time interval. Lastly, infected ‘Hass’ trees 
produce very little to no fruit at all and by the end 
of the season, the trees will have recovered from 
the loss of canopy appearing greener and healthier 
just like healthy trees. These observations can be 
incorporated as part of ASBD management strate-
gies in ‘Hass’ orchards and those of other cultivars. 
Postharvest, fruit from infected trees ripened faster 
than normal fruit and were more prone to fungal 
infections during the ripening process. Because 
infected trees do not display symptoms, regular 
systematic indexing of orchards, especially trees 
for bud-wood and seed sources, is required. All the 
field observations, yield and postharvest outcomes 
from this experiment are specific to the ‘Hass’ culti-
var, and similar studies on other important cultivars 
will benefit the understanding of the relationship 
between ASBVd infection and yield losses.
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