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Abstract

Might Toxoptera citricida (BrCA) be a citrus psorosis virus (CPsV) vector? We examined CPsV transmission by the BrCA
throughout two experiments. In experiment 1, 4 CPsV-infected plants bearing BrCA colonies were introduced in separated
cages with 12 healthy 'Madame Vinous' sweet orange (MV) seedlings in each one (48 in total). In experiment 2, 5 BrCAs
collected from each CPsV-infected plant were transferred into 3 MV seedlings for each one (12 in total) and left for a 72-h
inoculation period. Both experiments were replicated once. No psorosis symptoms or CPsV detection evidences a BrCA
inability for CPsV transmission under our controlled conditions.
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Introduction

Citrus psorosis virus (CPsV; Aspiviridae, Ophiovirus)
is the causal agent of citrus psorosis, an ancient citrus
disease (Garcia et al. 2017). CPsV virions are non-
enveloped, naked filamentous nucleocapsids that can form
either circles (open form) or pseudo-linear duplex
(collapsed form) (Moreno et al. 2015). The genome is
divided into three molecules of single-stranded RNA of
negative-sense with 11,278 nt in total length, determined
for the Spanish isolate P-121 (Martin et al. 2005). Psorosis
is a citrus disease reported in several growing areas
worldwide (Swingle and Webber 1896; Roistacher 1993).
The affection causes bark scaling in the trunk and branches,
producing a growth reduction and thin foliage, which could
evolve to low fruit bearing and tree decline (Moreno et al.
2015).

The dispersion of CPsV has been mediated by the
vegetative propagation of infected tissues, although a
natural dispersal of the virus has been presumed (Garcia
2012; Moreno et al. 2015). It is well known that some
ophioviruses are soil-transmitted by a root-infecting
oomycete of the Olpidium genus (Garcia et al. 2017). In the
case of CPsV, RT-PCR analysis showed the presence of
CPsV RNA1 sequences in zoospores from an Olpidium-
like fungus, infecting the roots of healthy or CPsV-infected
grapefruit trees in Texas (Palle et al. 2005). However, some
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trials adding viruliferous zoospores to healthy seedlings
failed to transmit CPsV (Palle et al. 2005).

Hypothetically, CPsV has been vegetatively
propagated from citrus to citrus around the world for
centuries, losing the capacity of being transmitted by
Olpidium, and acquiring the ability of aerial vector
transmission (Garcia 2012). However, natural dispersal of
CPsV by an aerial vector was presumed in Argentina,
Uruguay and USA (Garcia 2012), supported by the fact that
the dispersal pattern suggested an aerial vector (Befiatena
and Portillo 1984; de Zubrzycki et al. 1984). In these first
studies, Aphis spiraecola Patch (Hemiptera: Aphididae), A.
gossypii Glover and Toxoptera citricida Kirkaldy, the
brown citrus aphid (BrCA), were the insects observed at a
higher frequency in the fields (Befiatena and Portillo 1984).
In later experiments, these authors claimed psorosis
transmission by T. citricida, Toxoptera aurantii (Boyer de
Fonscolombe), Toxoptera spp., and A. spiraecola (Portillo
and Befiatena 1986). However, bioindexing assays or
CPsV detection procedures were not performed to confirm
pathogen transmission (Portillo and Befiatena 1986).

In Uruguay, the first experiment to find evidences of
CPsV natural transmission by insect vectors were
conducted during the period 1995 to 1998 (Maeso et al.
2000). A set of certified psorosis-free one-year-old
seedlings of 'Madame Vinous' (MV) and 'Pineapple’ sweet
oranges [Citrus sinensis (L.) Osbeck] cultivated in plastic
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pots in an insect-proof glasshouse, were exposed to field
conditions in a commercial 'Washington navel' sweet
orange orchard with a high psorosis incidence. At least 1
out of the 144 exposed plants developed classical psorosis
shoot shock symptoms in several growth flushes, and later
CPsV infection was confirmed through biological
indexing. The most frequently detected insect during the
assay was the BrCA. In this study, we describe the first
attempt of determining whether BrCA is a vector of CPsV
under controlled conditions using two transmission assays.

Materials and Methods

Viral isolates

Four CPsV isolates were used in the assays: CPsV-1,
CPsV-2 and CPsV-3 were collected from a "Washington
navel' sweet orange tree showing severe bark scaling in a
commercial orchard from Salto Department, Uruguay, in
2014. CPsV—4 was collected in 1997 from a 'Pineapple’
sweet orange seedling infected during a previous CPsV
transmission experiment (Maeso et al. 2000). All viral
sources were CPsV positive by RT-PCR (method
explained below). Citrus tristeza virus (CTV,
Closteroviridae: Closterovirus) was also detected by DAS-
ELISA in CPsV-2 (method described below). CPsV and
CTV co-infected source (CPsV-2) was used in the assays
as a positive control for aphid transmission, since BrCA is
the most efficient vector for CTV (Moreno et al. 2008).

Toxoptera citricida virus-free colony

A virus-free BrCA colony was established on 'Etrog’
citron (Citrus medica L.) seedlings as described Lin et al.
(2002). Plants bearing BrCA colonies were analyzed
monthly to confirm CTV and CPsV free status, as
described below.

DAS-ELISA to detect CTV

CTV was detected by DAS-ELISA following
manufacturer's instructions using the antibody reagents:
3DF1+3CA5 and MCA13 (PlantPrint Diagnostics,
Valencia, Spain).

Bioindexing to dectect CPsV

CPsV detection by bioindexing was conducted on MV
seedlings as recommended by Roistacher (1991). MVs
subjected to this bioassay were those plants exposed to
BrCA-feeding during the CPsV transmission experiments
(described below, experiments 1 and 2). The test was
carried out in an insect-proof temperature-controlled (18 to
27°C) glasshouse. Four MV seedlings were graft-
inoculated with two bark pieces from each CPsV source
plants (one MV for each CPsV source plant) and used as
positive controls, meanwhile, three non-inoculated MV
seedlings were maintained during all the assays as negative
controls.
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Isolation of total RNA and RT-PCR to dectect CPsV

CPsV detection was conducted by an end point RT-
PCR using the consF and consR primers and PCR
conditions as recommended Roy et al. (2005). Total RNA
was extracted from midribs of young leaves (100 mg) using
TRIZOL™ Reagent (Ambion, Carlsbad, CA, USA),
according to the manufacturer's manual. RNA from aphids
was extracted from a pool of 80 to 100 insects, ground in a
mortar with liquid nitrogen and subjected to the same
procedure as for plant tissues. Complementary DNA
(cDNA) was obtained in a final volume reaction of 20 pL
using 50 ng of random hexamer primers and the RevertAid
Reverse Transcriptase system (Thermo Scientific, Vilnius,
Lithuania), following the manufacturer’s indications. PCR
amplification was conducted in 25 L reactions containing
3 UL of cDNA, 0.4 uM of each primer, with 3 U of Taq
DNA polymerase (Thermo Scientific).

CPsV transmission by the BrCA experiments

During 2014, two experiments were conducted under
controlled conditions aimed to gather evidence of CPsV
transmission by T. citricida. Experiment 1 was designed as
a “choice test” to verify CPsV transmission by alate
BrCAs. Experiment 2 was a “no choice” test aimed to
probe CPsV transmission by wingless BrCA adults (mature
apterae). Both tests were conducted on MV seedlings,
highly susceptible to CPsV infection (Roistacher 1991), in
an insect-proof temperature-controlled (18 to 27°C)
glasshouse. The acquisition access period (AAP) was 30
days, but we did not regulate this period, that was the time
BrCA were forming colonies on the CPsV-infected plants,
thus, by the moment of inoculation access period (IAP),
there might be several aphid generations in each colony.
Once IAPs were finished and BrCA were Kkilled (as
described below), all the MV seedlings were subjected to a
CPsV bioindexing test, with 4 years of observation
(incubation time). Both experiments were replicated two
times, using the same conditions, except that for the second
attempt in experiment 2, the AAP 2 was 2 days, and the
incubation time in attempt 2 for both experiments, was only
1 year.

Experiment 1

Four CPsV source plants were introduced into 0.35 m
x 0.45 m x 0.5 m cages (length x width x height) (Figure 1
A and B), covered with anti-aphid mesh (each one in
separated cages). Virus-free BrCAs were transferred to the
CPsV source plants and left to form colonies. After 30 days
of AAP, 12 healthy MV seedlings were introduced in each
of the four cages (i.e. 48 MV seedlings were tested) (Figure
1 B). This step lasted for 30 days (IAP), during which
BrCAs from the colony on the CPsV source colonized the
healthy MV seedlings. After the IAP, the 12 MV were
removed from the cages and sprayed with insecticides to
kill the BrCAs.
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Fig. 1. View of experiments to verify CPsV transmission by winged BrCA adults (A and B, experiment 1) or wingless BrCA adults (C, experiment 2),
respectively. A: cages used in experiment 1 was conducted. B: Inside of the cages where ‘Madame Vinous' sweet orange seedlings were exposed to aphid sub-
colonization from a BrCA colony feeding on a CPsV-infected plant. C: MV seedlings infested with five BrCA extracted from a colony fed on a CPsV-infected

plant.

Experiment 2

Five mature apterae BrCA collected from each CPsV
source plant (after the step of AAP in experiment 1) were
transferred onto young shoots of three healthy MV
seedlings inside an insect-proof temperature-controlled (18
to 27°C) glasshouse (Figure 1 C). Immediately, shoots
were covered with a transparent plastic bag and tied to limit
insect movement. The BrCAs were kept on the plants for a
72 h of IAP (i.e. 16 MV seedlings were tested, three for
each of the four CPsV source plants). After the IAP, aphids
were Killed by spraying insecticide.

Results

All CPsV source plants showed shock reaction
consisting in leaf shedding and necrosis of the new shoots
at the beginning and during the experiments; distinctive
symptoms of psorosis disease in sweet oranges (Figure 2
A) (Moreno et al. 2015). Likewise, a DNA fragment with
the expected size of 411 bp was amplified by using the
primers consF and consR in the RT-PCR to detect CPsV
(Roy et al. 2005), confirming the infection by the virus
(Figure 2 B, lanes 1 to 4).

None of the BrCA-inoculated plants showed symptoms
of psorosis disease in the bioindexing test after four (first
batch of experiments) or one (second) year of observation.
All MV positive controls developed classical psorosis
shoot shock symptom after the first flush growth (one
month after the graft-inoculation), meanwhile negative
controls remained asymptomatic during all the period.
CPsV was not detected in RT-PCR assays in any of the
aphid-inoculated MV seedlings in either experiments.
Likewise, DNA amplification was not obtained from any
BrCA colonies established on the four CPsV source plants
(Figure 2, lanes 5 to 8, respectively).
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Experiment 1

In this test, none of the 96 MV seedlings (48 in each
replicate of the test) exposed to BrCA sub-colonization
from aphid colonies feeding in CPsV infected plants
developed CPsV symptoms or rendered a positive CPsV
detection in the RT-PCR assay, representing a 0% of
transmission efficiency (Table 1, attempts 1 and 2,
experiment 1). CTV was detected by DAS-ELISA in all the
MV seedlings infested with BrCAs from the CPsV + CTV
co-infected source plant, meaning 100% CTV transmission
efficiency at the first attempt, and 33% for the second
attempt (Table 1, attempts 1 and 2, experiment 1, see
CPsV-2 rows).

Fig. 2. CPsV detection in 'Madame Vinous' sweet orange plants and
BrCAs. A: Psorosis shock reaction in young shoot from one of the four
CPsV source plants used in the tests. B: CPsV detection by RT-PCR;
lanes: 1 to 4: in RNA extracts of the four CPsV sources plants; 5 to 8: in
RNA from a pool of 80 to 100 aphids extracted from the colonies
established on each CPsV source plants; 9: negative control (RNA extract
from a healthy MV plant); 10: negative control (RNA extraction from 80
to 100 aphids collected from the virus-free colony); 11: water. M: 50 bp
plus DNA Ladder (BIORON), lower and upper arrows sign the band 400
bp and 500 bp, respectively.
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Table 1

%6

CPsV transmission results using Toxoptera citricida (BrCA) as candidate insect vector. Att. Attempt, Ex. Experiment, AAP Acquisition period, IAP

Inoculation access period, Transm. Eff. Transmission efficiency.

Att Ex CPsV Virus status # Inoculated # BrCA on inoculated Period (days) Transm. Eff. (%)®
) ' Source? CPsV® CTV® plants plants AAP! IAP CPsV® CTV®
CPsV-1 + - 12 0 0
CPsV-2 + + 12 0 100
1 CPsV-3 + - 12 5 30 3 0 0
1 CPsV-4 + 12 0 0
CPsV-1 + - 4 0 0
CPsV-2 + + 4 0 100
2 CPsV-3 + ) 4 Colony (>150) 30 30 0 0
CPsV-4 + 4 0 0
CPsV-1 + - 12 0 0
CPsV-2 + + 12 0 33
! CPsV-3 ¥ ; 12 S 2 3 0 0
5 CPsV-4 + 12 0 0
CPsV-1 + - 4 0 0
CPsV-2 + + 4 0 33
2 CPsV-3 + ) 4 Colony (>150) 2 30 0 0
CPsV-4 + 4 0 0

2 Plants used as CPsV source.
P CPsV detected by bioindexing and RT-PCR.
¢ CTV detected by DAS-ELISA.

4The AAP is 30 days because we did not regulate the AAP, the BrCA were forming the colony on the infected plants for this time, thus, by the moment of

inoculation, there was several aphid generations.
¢ Calculated as (positive plants / BrCA inoculated plants) * 100.

Experiment 2

None of the 32 MV plants (16 for each replicate of the
test), infested with five mature BrCA collected from the
colonies on CPsV infected plants (CPsV sources), showed
CPsV symptoms or CPsV detection signal in the RT-PCR
assay, representing a 0% of transmission efficiency (Table
1, attempts 1 and 2, experiment 2). The BrCA colonies
were feeding on the CPsV infected plants for a month
(CPsV positive in both bioindexing and RT-PCR assays).
Four months after inoculation, CTV was detected by DAS-
ELISA in all tested plants with BrCA from the CPsV-CTV
co-infected source plant (CPsV-2) at the first attempt,
(100% CTV transmission efficiency), and 33% for the
second attempt (Table 1, attempts 1 and 2, experiment 2,
see CPsV-2 rows).

Discussion

To our knowledge, this is the first attempt to determine
whether T. citricida, might be a vector of CPsV under
controlled conditions. According to our results, under the
mentioned experimental conditions, there were no
biological or molecular evidences of CPsV transmission by
the BrCA. This aphid species was chosen as a potential
CPsV vector since it was the most frequent and abundant
during our previous field trials (Maeso et al. 2000).
However, less conspicuous aphids and arthropods could
have been present during that experiment and acted as
vectors in natural transmission.

As has been widely reviewed, viral transmission is
complex, displaying in several cases a high specificity in
the virus-vector-plant host interactions (Andret-Link and
Fuchs 2005; Dietzgen et al. 2016; Dader et al. 2017,
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Lefeuvre et al. 2019; Fiallo-Olivé et al. 2019; Noman et al.
2020). Furthermore, these interactions become more
complex under field conditions by adding other biotic or
abiotic factors (Lefeuvre et al. 2019; Noman et al. 2020).
A particularly illustrative example is the case of the rice
tungro disease related viruses, rice tungro bacilliform virus
and rice tungro spherical virus (Azzam and Chancellor
2002). The interaction during the transmission process by
the leafhopper vector, Nephotettix virescens involves strict
cooperation between both viruses (Azzam and Chancellor
2002).

Other important factors determining a successful virus
transmission by its vector are the acquisition and
inoculation period (Déader et al. 2017). However, despite
the different and extensive periods used in our trials (0 to
30 d at the first attempt, and 48 h at the second), there was
the same result; no CPsV transmission. Contrarily, CTV
transmission was 100% and 33% for the first and second
attempts, respectively, which guaranteed the ability of the
used BrCA to transmit viruses. As previously reported,
CTV can be efficiently transmitted by BrCA in a few
minutes (Roistacher 1987).

In the case of ‘non-circulative’ transmission, Viruses
interact only with the vector’s external mouth parts (e.g.
stylets of aphids and other piercing - sucking insects)
(Whitfield et al. 2015; Dietzgen et al. 2016). Time lapse
between the acquisition from an infected plant and
inoculation to another plant ranges from minutes [e.g.
cucumber mosaic virus (Cucumovirus)] to hours [e.g. beet
mosaic virus (Potyvirus)] and even, exceptionally, years
(e.g. some nepoviruses by nematodes) (Froissart et al.
2010; Gutiérrez et al. 2013; Whitfield et al. 2015).
Additionally, the period in which vectors remain
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viruliferous could be very short. This is partially due to the
fact that most viral particles could be lost (and thus never
transmitted) a few minutes after the acquisition period or
even during the initial exploratory stages of insect feeding
when stylets are briefly inserted into plant cells to assess
its suitability as a feeding host (Palacios et al. 2002;
Kalleshwaraswamy and Kumar 2008; Dader et al. 2017).
Our results show that CPsV is not transmitted, at least
under controlled conditions, by the brown citrus aphid T.
citricida. Since CPsV shows broader biological and
molecular differences from the other ophioviruses (Naum-
Ongania et al. 2003; Martin et al. 2005), additional studies
should be conducted to prove or definitively refuse the role
of other means of natural dispersion of CPsV. A recent
survey of our group to determine the spread of several
citrus viruses and viroids in the main citrus producing areas
in Uruguay, showed high incidence values (>40%) of
CPsV-infected trees in the prospected fields (unpublished
data). These results indicate that CPsV is still a graft-
transmissible pathogen that represents a concern for citrus
producers in the country due to its particular dissemination.
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