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Abstract The transmission characteristics of members
ofthe genus Allexivirus to leek (Allium porrum L.) by its
eriophyid mite vector, Aceria tulipae (Keifer), were
studied. Prior to conducting transmission tests, colonies
of nonviruliferous A. tulipae were established on
healthy leek seedlings. A single A. tulipae transmitted
the viruses with up to 50% efficiency but transmission
efficiency increased when >10 mites per plant were
used. Allexiviruses were acquired by A. tulipae after a
minimum acquisition access period (AAP) of 30 min,
whereas transmission tests suggest that a one hour inoc-
ulation access period (IAP) was needed for successful
transmission. Allexiviruses were transmitted from garlic
to leek plants by A. tulipae and mixed infections by
more than one virus were observed. ShVX, GarV-A, -
C, -D, and -B were detected in most inoculated plants,
whereas other members of the genus (GarV-E, —X, and
GarMbFV) were found only occasionally. None of the

F. Mansouri (<) + P. Ry$anek

Department of Plant Protection, Czech University of Life
Sciences, Praha, Czech Republic

e-mail: feten.mansouri@live.fr

K. R. Richert-Poggeler

Institute for Epidemiology and Pathogen Diagnostics, Julius
Kiihn-Institute (JIK) -Federal Research Centre for Cultivated
Plants, Braunschweig, Germany

M. Lewandowski
Department of Plant Protection, Section of Applied Entomology,
Warsaw University of Life Sciences, Warsaw, Poland

mites that originated from eggs deposited on infected
plants transmitted allexiviruses, indicating that the vi-
ruses are not transmitted transovarially. No latent period
was demonstrated. Taken together, these data suggest a
semipersistent mode of transmission of Allexivirus
members by A. fulipae. The output of this study will
assist in the better management of the vector and the
associated diseases.
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Introduction

A mosaic disease of Allium crops caused by viruses be-
longing to the genus Allexivirus (Family Alphaflexiviridae)
was first described in 1970 by Razvjakina. The host range
of allexiviruses comprises vegetable and ornamental A//i-
um species mainly garlic, onion, and leeks (Bampi et al.,
2015; Paduch-Cichal & Bereda, 2017; Van Dijk et al.,
1991). Eight species belonging to the genus have been
reported to be restricted to alliums: Garlic virus A (GarV-
A), Garlic virus B (GarV-B), Garlic virus C (GarV-C),
Garlic virus D (GarV-D), Garlic virus E (GarV-E), Garlic
virus X (GarV-X), Garlic-mite borne filamentous virus
(GarMbFV) and Shallot virus X (ShVX) (Adams et al.,
2012). Allexiviruses are single-stranded positive-sense
RNA viruses and have flexuous filamentous particles with
approximately 800 nm in length (Van Dijk et al., 1991).
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Generally, allexiviruses cause very mild chlorotic
stripes and mild mosaic in leaves of Allium species
(Van Dijk et al., 1991). They cause yield loss and
deterioration in the quality of several alliums (Cafrune
et al.,, 2006). Single infection with either GarV-C or
GarV-A resulted in a decrease in bulb weight and diam-
eter (losses of approximately 15% and 5%, respectively)
(Cafrune et al., 2006). Single infection with GarV-D
caused a reduction of 12.3% of garlic bulb weight and
6.7% of bulb caliber (Celli et al., 2016). Although
infection of garlic crops by one allexiviruses could result
in disease, yield losses were considerably more severe
when allexiviruses occurred in mixed infections, espe-
cially in the presence of viruses from the genera
Potyvirus (Family Potyviridae) and Carlavirus (Family
Betaflexiviridae) (Conci et al., 2003).

Allexiviruses are transmitted by the eriophyid mite,
Aceria tulipae (Keifer) (Van Dijk et al., 1991).
A. tulipae, known as the dry bulb mite (DBM), was first
found in tulip bulbs in 1938 and later in garlic and onion
bulbs (Keifer, 1952). The host range of DBM includes
plant species in the families Liliaceae, Amaryllidaceae,
Melanthiaceae, and Asparagaceae (Kiedrowicz et al.,
2017). The pest is considered one of the most important
eriophyid plagues of bulbs (onion, garlic, and tulip).
Infested plant parts are affected in multiple ways due
to the activity of eriophyoid mites on the surface of
bulbs and leaves. The feeding of eriophyoid mites on
epidermal cells induces damage and deterioration of
epidermal tissue and promotes virus transmission
(Stenger et al., 2016). Consequently, bulb drying or
decay, leaf twisting, curling, and discoloration of Allium
crops are often observed (Debnath & Karmakar, 2013).
It was reported that high infestations of garlic cloves can
result in a 32% loss in bulb crops (Budai et al., 1997,
Debnath & Karmakar, 2013). High population densities
of DBM have been reported on the bulb segment and
middle sections of leaves ( Sapakova et al., 2012;
Beltran, 2020). Once established on bulbs or leaves,
mites can develop high population density. Courtin
et al. (2000) reported that DBM develops from egg to
egg within eight days under ideal environmental condi-
tions (25 °C, 80% relative humidity) and in this time
develops four stages: eggs, larva, nymph, and adults,
what is typical for eriophyid (Manson & Oldfield,
1996). Moreover, this pest may easily spread by
crawling to neighboring plants, through insects, airflow,
and irrigation water (Debnath & Karmakar, 2013;
Kiedrowicz et al., 2017).
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Previous records about the virus vector A. tulipae
provided limited information regarding the transmission
characteristics of allexiviruses. Studies on the mite’s
capabilities as a virus vector are demanding because of
the difficulties in rearing healthy mite colonies and
manipulating individual mites. One study suggested that
viruses are only acquired by the first and the second
instar nymphs and mites can transmit allexiviruses up to
eight days after they acquired the virus (Ahmed and
Benigno, 1984). However, details of the transmission
mechanism of allexiviruses have not been described yet.
On the other hand, several studies on eriophyid mites
have described their transmission of plant viruses as
semipersistent (Orlob, 1966; Gispert et al.1998;
Kulkarni et al., 2002). The semipersistent manner is
characterized by an acquisition period of minutes to
hours and the virus can be retained for as long as few
days but it is lost during molting (Bhat & Rao, 2020). In
the current study, we started a series of experiments to
determine the hallmarks of virus transmission by
eriophyoid mites comprising the acquisition access pe-
riod (AAP), the inoculation access period (IAP), as well
as the virus retention of allexiviruses from mixed infect-
ed plants.

Material and methods

Plant material Leek plants (Allium porrum L.) were
established from seeds and were grown and maintained
in growth chambers at 25 °C on a 16 h photoperiod, with
a constant 80% relative humidity (RH). Colony plants
were regularly tested for allexiviruses and checked for
possible contamination by mites. None of these plants
was found infected with allexiviruses during the study.
All experimental plants were covered individually with
mite-proof polyamide cages with 40 um in diameter
mesh and maintained in separate growth chambers op-
erating under the above-described temperature and light
conditions.

Garlic bulbs bought from a farmers’ market were
screened for the presence of mites and tested for
allexiviruses. Several cloves with high mite infestations
(> 1000 mites per clove) were placed in paper bags and
kept in a dark storage room (25 °C, 80% RH) for further
experiments.

Mite colonies Mites used during experiments were ob-
tained from infested garlic cloves bought from a
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farmers’ market and stored in paper bags, as described
above. In all transmission experiments, mites were han-
dled using a human eyelash affixed to a six cm-long
wooden stick under a stereomicroscope. Adult mites
were carefully taken to avoid their injury and transferred
to young leek leaves under an adjacent stereomicro-
scope. Leek plants were immediately covered with
mite-proof polyamide cages and carefully moved to
growth chambers (25 °C, 80% RH).

To obtain nonviruliferous A. tulipae, eggs were col-
lected from garlic cloves and transferred to
allexiviruses-free and mite-free leek leaves as confirmed
by reverse transcription polymerase chain reaction (RT-
PCR). For initial culture of A. tulipae, 5 < 5 mm pieces
were cut out from leek leaves and were placed into
Plexiglas® plates containing an artificial culture medi-
um. The in vitro MS medium was prepared according to
the method described by Murashige and Skoog (1962)
and modified by Karpicka-Ignatowska et al. (2019).
Plexiglas plates were covered with white paper to reduce
the intensity of light that might damage the eggs and
placed in a growth chamber (25 °C, 80% RH). After
seven days, eggs were hatched and nymph and/or adults
A. tulipae stages were observed. Mites were then care-
fully transferred onto three-week-old leek plants, caged,
and placed into a growth chamber (25 °C, 80% RH).
The same experiment was repeated a few times to obtain
enough mite colonies. To ensure that mite colonies
originating from eggs, were nonviruliferous, plants were
assayed for viruses 21 days post-inoculation (pi) with
mites and again 42 days pi.

To test the transmission of allexiviruses from mixed
infections, viruliferous mites obtained from Allexivirus-
infected garlic were used in most experiments. To obtain
mite-free garlic plants, garlic cloves were put into hot
water at temperatures of 40 °C for 20 min, to eliminate
mite infestation. Each garlic clove was then planted and
caged. Infected garlic plants were put into a separate
growth chamber (25 °C, 80% RH); later garlic leaves
were checked for mite presence, tested for allexiviruses
and used for further experiments.

Transmission tests Virus-free and mite-free three-week-
old leek plants maintained in the growth chamber
(25 °C, 80% RH) were used to determine transmission
efficiency, acquisition/inoculation period, and retention
of the virus. To test the acquisition access period (AAP),
nonviruliferous A. fulipae were allowed to feed on
Allexivirus-infected, mite-free garlic leaves for 5 min,

15 min, 30 min, 1 h (hours), 5 h, 24 h, and 48 h. After
each acquisition period, a group of 10 mites was trans-
ferred onto healthy three-week-old leek seedlings.

Virus-free and mite-free leek seedlings were also
used to determine the inoculation access period (IAP).
A group of 10 mites was transferred from infected garlic
to individual healthy leek seedlings and allowed to feed
for 30 min, 1, 5, 24, and 48 h. Following the respective
time, mites were terminated by spraying plants using
Substral acaricide (active ingredient acetamiprid used at
0,005% concentration). IAP and AAP experiments for
each given period were repeated at least two times; In
each repetition, five to 10 leek plants were used and kept
in separate growth chambers. Leek plants were moni-
tored for the absence of mites/symptoms and assayed for
allexiviruses three weeks pi. For each experiment, two
plants were used as negative control.

For virus retention, nonviruliferous mites were fed on
Allexivirus-infected garlic bulbs for 24 h. A group of 10
mites were then transferred serially three times to healthy
leek seedlings for IAP of 1, 5, and 24 h. Five plants were
used for virus retention in each transfer; plants were
caged and assayed for allexiviruses 3 weeks pi.

To determine the number of mites required to obtain
100% virus transmission, adult mites reared on
Allexivirus-infected garlic cloves were transferred onto
healthy 3-week-old leek seedlings, either singly or in
groups of 5, 10, and 20 mites. Mite-inoculated leek
plants were then caged and assayed for allexiviruses
3 weeks pi.

Detection of viral infection All experimental plants
were assayed for presences of allexiviruses by looking
for typical virus symptoms illustrated by mosaic and
chlorotic patterns and leaf deformations and confirmed
by RT-PCR. RT-PCR tests were first done using degen-
erate Allexivirus primers (Chen et al., 2004). Then pos-
itive samples were tested using specific primers for the
detection of GarV-A, -B, -C, -D, —E, —X, ShVX
(Chodorska et al., 2014) and GarMbFV (Park et al.,
2005). Reverse transcription was performed using ap-
proximately 750 ng of total RNA in a 50-pl mixture
containing 1 x First-Strand Buffer (Invitrogen™, Life
Technologies, Gaithersburg, MD, USA), 0.5 pug random
hexamers (Roche Diagnostics, Mannheim, Germany),
0.5 mM dNTP, 4 mMDTT (Invitrogen™, Life Technol-
ogies) and 140 U Mu-MLV Reverse Transcriptase
(Invitrogen™, Life Technologies) for 55 min at 42 °C,
with a final incubation at 70 °C for 10 min.
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PCR was carried out in the PTC 200 thermal cycler
(BIORAD) and the cycling parameters were as follows:
Initial denaturation at 94 ° for 5 min, followed by
35 cycles of denaturation at 94 °C for 30 s, annealing
for 30 s at different temperatures according to primers
used (see Chodorska et al., 2014; Park et al., 2005),
extension at 72 °C for 45 s and a final extension at
72 °C for 7 min. The PCR-amplified fragments were
visualized after electrophoresis on ethidium bromide-
stained 1.5% agarose gels.

Results

Nonviruliferous A. tulipae colonies Leek plants inocu-
lated with mites generated from eggs tested negative for
allexiviruses by RT-PCR. Leeks inoculated with
A. tulipae generated mite colonies within weeks. After
two months, high densities of mites were observed and
plants showed symptoms triggered by mite feeding and
propagation activities such as twisting, curling, and
discoloration of leaves.

Acquisition access period Nonviruliferous mites ac-
quired allexiviruses and transmitted the viruses to two
healthy leek plants after 30 min (33% of tested plants)
(Table 1). When mites were provided with an AAP >5 h,
transmission to healthy leek plants increased (91% of
tested plants). None of the mites provided with a 5- or
15-min AAP were able to successfully inoculate a
healthy leek plant, indicating that a minimum AAP of
30 min was required for A. tulipae to acquire
allexiviruses.

Inoculation access period None of the leek plants ex-
posed to viruliferous A. fulipae for an IAP of 30 min
became infected (Table 2). However, plants exposed to
viruliferous A. tulipae for more than 1 h developed
curling and mosaic symptoms and these plants tested
positive for allexiviruses by RT-PCR using both degen-
erate and specific primers.

Virus retention A group of 10 mites reared on
Allexivirus-infected garlic cloves for 24 h transmitted
allexiviruses to RT-PCR virus-free and mite-free leeks
for up to two serial transfers when they were allowed to
feed for 5 and 24 h, (representing 40% and 80% of the
tested plants, respectively) (Table 3). On the second
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Table 1 Transmission of allexiviruses to healthy leek seedlings
by a group of 10 Aceria tulipae given different acquisition access
periods (AAP) and a 24-h inoculation access period (IAP)

No. of infected plants/ No. of plants (% transmission)®

AAP®  Exp.1 Exp. 2 mean (%)
5min  0/3 (0) 0/3 (0)

15 min 0/5 (0) 0/5 (0)

30 min 2/4 (50) 0/5 (0) 33

1h 4/5 (80) 0/5 (0) 40

5h 3/5 (60) 1/5 (20) 40

24h  6/6 (100) 4/5 (80) 91

#No: number; Exp: experiment; min: minutes; hr.: hour(s)

A tulipae exposed to Allexivirus-infected garlic for the times
indicated. Mite feeding was not terminated after transferring onto
test plants

transfer, only 40% of the plants were infected and none
were infected after the third transfer. When mites were
allowed to feed for 1 h, one out of five leek plants were
infected; However, none of the plants were infected after
the second and third transfer, confirming that continu-
ous feeding on a plant for more than one hour is essen-
tial for successful virus transmission.

Transmission efficiency When a single viruliferous
A. tulipae was transferred from Allexivirus-infected gar-
lic cloves to healthy leek seedlings, only 22% of the
plants were successfully infected. However, virus trans-
mission increased when plants were inoculated with
more than 5 mites on the leaf (Table 4). Virus infected

Table 2 Transmission of allexiviruses to healthy leek seedlings
by a group of 10 Aceria tulipae reared on Allexivirus-infected
garlic and given different inoculation access periods (IAP)

No. of infected plants/ No. of plants (% transmission)*

IAPY  Exp. 1 Exp. 2 Exp. 3 mean (%)
30 min 0/3 (0) 0/4 (0) nt® 0

1h  2/4(50) 13(33) nt 43

5h  2/540)  3/5(60) nt 50

24h  4/9@4)  4/6(66)  9/10(90) 68

48h  5/6(83)  57(71)  8/10(80) 78

“No: number; Exp: experiment; min: minutes; hr.: hour(s)

4 Mite feeding was terminated by spraying test plants with acari-
cide after each IAP period

°nt: not tested
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Table 3 Retention of allexiviruses by Aceria tulipae after given
different inoculation access periods (IAP) and then serially trans-
ferred to healthy leck seedlings |

No. Infected plants/ No. Plants (% transmission)®

IAP (hr)® Transfer 1 Transfer 2 Transfer 3
1 1/5 (20) 0/5 (0) 0/5 (0)

5 2/5 (40) 1/5 (20) 0/5 (0)

24 4/5 (80) 1/5 (20) nt

"Mites were fed on Allexivirus-infected garlic leaves for 24 h
¢ Serial transfers; No: number

" Times of mite feeding on healthy leek seedlings before transfer-
ring to another healthy leek seedlings; hr.: hours

"nt: not tested

leek plants showed in addition to curling symptoms due
to mite infestation, increased yellowing, and chlorotic
strikes on the leaves.

Virus detection In garlic cloves and leaves, allexiviruses
(GarV-A, -B, -C, -D, —E, =X, GarMbFV, and ShVX)
could be identified (Table 5). For each experiment
(AAP, IAP, virus retention, and transmission efficien-
cy), leek plants also tested positive for allexiviruses
using degenerate primers and specific primers for each
species. During this study, all infected and mite-
inoculated leek plants were found to be mixed infected
with more than one Allexivirus. The most frequently
detected Allexivirus present in mixed infections was
ShVX, accounting for 64% of the total infected leek
samples (84 infected with ShVX/ 130 total infected
plants) indicating positive detection, followed by

GarV-A and GarV-B with 41% (54/130) and 38% (50/
130) of the total samples testing positive, respectively.
The least detected viruses were GarV-X and GarV- E,
with detection occurring in only 7 (5%) and 13 (10%)
plants of the total tested samples, respectively. GarV-D,
GarV-C and GarMbFV were also detected in the inoc-
ulated leeks with an infection rate of 28% (37/130), 31%
(41/130), and 21% (28/130), respectively (Table 5).

Discussion

The present study showed that allexiviruses present in
mixtures can be transmitted from garlic (Allium sativum
L.) to leek (A. porrum L.) by their major vector, Aceria
tulipae. A similar study from Poland showed that a
mixed infection of Garlic virus B, -C, -D, and -X was
successfully transmitted to leek plants by A. tulipae
(Dabrowska et al., 2020). According to our data, mixed
infection with more than one Allexivirus was observed
on mite-inoculated leek plants. ShVX, GarV-B, and
GarV-A were the most transmitted viruses in the mite-
inoculated leaves (Table 5). These viruses are the most
economically important allexiviruses found in the
Czech Republic (F. Mansouri, personal observations).
Although limited data about the concentration of
allexiviruses in infected garlic is available, some reports
indicated that the concentration of allexiviruses in garlic
cloves may depend on the season and that allexiviruses
present in low concentration may be undetectable
(Cafrune et al., 2006; Conci et al., 2002). Therefore,
one can speculate that the transmission of some
allexiviruses from the mixed infection is probably due

Table 4 Transmission efficiency of allexiviruses to healthy leek seedlings by different numbers of Aceria tulipae that were reared on
Allexivirus-infected garlic bulbs’

No. of infected plants/ No. of plants (% transmission)

No. of A. tulipae/ plant Exp. 1 Exp. 2 Exp. 3 mean (%)
1 4/8 (50) 1/10 (10) nt' 22
5 5/9 (55) 4/10 (40) nt 47
10 8/12 (66) 8/10 (80) 4/5 (80) 80
20 10/12 (83) 9/10 (90) 5/5 (100) 89

I Different mite number were transferred into healthy leck seedlings caged and tested 3 weeks post-inoculation
“No: number; Exp: experiment

"nt: not tested
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Table 5 Results of allexiviruses screening of mite-inoculated and infected leek plants

Name of experiment Total infected/ total tested

No. of plants infected by viruses”

(%)™
ShVX GarV- GarV- GarV- GarV- GarV- GarV- GarMbFV
B C D E X

Acquisition access 20/56 (35) 11 9 10 5 3 1 7

period
Inoculation access 43/72 (59) 26 12 10 14 6 2 9

period
Retention period 9/40 (22) 7 3 1 3 0 0 1
Transmission 58/91 (63) 40 26 20 15 4 4 11

Efficiency

" Total number of infected plants on the total tested plants in each experiment.

"Number of samples in which virus was found; No: Number.

ShVX = Shallot virus X, GarV-A = Garlic virus A, GarV-B = Garlic virus B, GarV-C = Garlic virus C, GarV-D = Garlic virus D, GarV-E =
Garlic virus E, GarV-X = Garlic virus X, GarMbFV = Garlic-mite borne filamentous virus.

to the unequal distribution in the bulb tissue. However,
more studies are needed to further understand the distri-
bution and concentration of these viruses in garlic crops.

To investigate A. tulipae’s potential to transmit
allexiviruses in greater detail, acquisition access period,
inoculation access period, virus retention, and transmis-
sion efficiency were studied. Aceria tulipae required a
minimum of a 30 min acquisition access period (AAP)
to acquire allexiviruses and a one-hour inoculation ac-
cess period (IAP) was required for successful transmis-
sion. Transmission efficiency of allexiviruses increased
with increasing acquisition and inoculation access time,
which has also been documented for Wheat streak mo-
saic virus (WSMV, genus Tritimovirus) and Triticum
mosaic virus (TriMV, genus Tritimovirus) (Orlob1966;
Knoell, 2018). Based on the inoculation/acquisition ac-
cess period, the transmission of allexiviruses may be
considered semipersistent. Similar findings reported
the transmission of Pigeon Pea sterility mosaic virus
(PPSMV, genus Emaravirus) and Peach mosaic virus
(PMV, genus Trichovirus) in a semi-persistent manner
by their vector, Aceria cajani ChannaBasavannaand and
Eriophyes Insidiosus Keifer & Wilson, respectively
(Gispert et al., 1998; Kulkarni et al., 2002). Transmis-
sion efficiency of allexiviruses via A. tulipae decreased
as number of mites transferred decreased. Transmission
efficiency was greatest with 10 adult mites transferred
per plant, similar to results observed for PPSMV
(Kulkarni et al., 2002). In contrast, relatively high trans-
mission was observed by a single E. insidiosus mite
compared to when the number of mites was increased
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(Gispert et al., 1998). This can be explained by the fact
that different mite species may have different virus
transmission efficiencies (Seifers et al., 2002).

When newly hatched mites from eggs were trans-
ferred to healthy leek seedlings, symptoms observed on
mite-infested leek plants included twisting and curling
of leaves, which are typical symptoms of mite infesta-
tion (Debnath & Karmakar, 2013). The observed phe-
notypes of leaf deformations are assumed to protect the
free roaming and no gall forming mites from dehydra-
tion. Under suitable environmental conditions, mites
can proliferate to high numbers (Sapakova et al.,
2012). In addition, no leek plants developed mosaic
symptoms and they tested negative for allexiviruses.
Thus, we can conclude that allexiviruses are not
transovarially transmitted. Several studies on eriophyid
mite-borne viruses reported that viruses are not trans-
mitted through the egg of their vector. WSMV was
reported to be transmitted by larvae, nymph, and adults
of Aceria tosichella Keifer, but not through eggs
(Orlob1966; Sanchez-Sanchez et al., 2001). In addition,
PPSMYV and PMV also were not transovarially trans-
mitted by their vectors (Gispert et al., 1998; Kulkarni
et al., 2002).

This study is the first to document transmission char-
acteristics of allexiviruses by their vector eriophyid mite
A. tulipae, enhancing our understanding of the virus-
vector relationship. Characterizing transmission for vi-
ruses infecting Allium crops is critical to better under-
stand eriophyid vector transmission mechanisms and
their influence on the epidemiology of viruses. Finally,
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the determination of the transmission mode is seminal
for designing strategies to prevent virus spread and
dissemination by their vector.
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