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Characterization of viruses associated with garlic plants propagated
from different reproductive tissues from Italy and other geographic

regions
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Summary. Garlic is an important crop cultivated worldwide and several different viruses have been associated
with propagative material. Garlic is propagated from bulbs and/or from vegetative topsets of the inflorescences
known as bulbils. The effects of the geographic origin and the type of the propagative material on the phylogenetic
relationships and genetic variability of the coat protein genes of four allium viruses are presented here. Onion yel-
low dwarf virus (OYDV), Leek yellow stripe virus (LYSV), Garlic virus X (GVX), and Garlic common latent virus (GCLV)
were detected in single and mixed infections in plants grown either from bulbils and/or bulbs originating from
Italy, China, Argentina, and the U.S.A. OYDV and LYSV fell into five and three well supported clades respectively
whereas isolates of GVX and GCLV all clustered into one well-supported clade each. Some of the OYDV and LYSV
clades presented evidence of host tissue selection while some phylogenetic structuring based on the geographic
origin or host was also observed for some virus clades. Unique haplotypes and novel coat protein amino acid
sequence patterns were identified for all viruses. An OYDV coat protein amino acid signature unique to Chenopo-
dium quinoa, an uncommon host of the virus, was of particular interest. The type of propagative material affected
the population dynamics of all of the viruses. The virus populations in plants propagated from bulbs were more

diverse than in plants propagated from bulbils.
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Introduction

Garlic (Allium sativum L.) is an ancient crop that
was originally domesticated in Central Asia. Garlic
is one of the most important allium crops cultivated
throughout the world and global production has
been consistently increasing in recent decades. For
example, 2.98 million tons were produced in 1972
which increased to 15.8 million tons by 2007 (Etoh
and Simon, 2002; FAO, 2009). However, significant
reductions in quality and yield have been document-
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ed for garlic production due to the many viral dis-
eases associated with this crop (Walkey, 1989; Conci
et al., 2003; Cafrune et al., 2006).

Commercial garlic is vegetatively propagated
from cloves of bulbs and/or from vegetative topsets
of the inflorescences (bulbils). In many cases the
plant material used for garlic propagation is not
tested for viruses, which results in garlic plants in
crops that are often infected with two or more vi-
ruses (Pooler and Simon, 1994; Verbeek et al., 1995;
Takaichi et al.,1998; Shiboleth et al.,2001). The most
common viruses that have been associated with
garlic worldwide are members of the Potyviridae
and Flexiviridae families. The potyviruses Onion yel-
low dwarf virus (OYDV) and Leek yellow stripe virus
(LYSV) have been the most common and important
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allium viruses around the world (Takaichi et al.,1998;
Dovas et al., 2001). Within the Flexiviridae family, the
allexivirus Garlic virus X (GVX) and the carlavirus
Garlic common latent virus (GCLV) have been com-
monly detected infecting garlic plants (Takaichi et
al., 1998; Tsuneyoshi et al., 1998a; Dovas et al., 2001;
Pappu et al., 2008).

Reports of effects of geographic origin and host
type on the phylogenetic and/or genetic relation-
ships of the allium viruses have been variable. Re-
ports for OYDV and LYSV have suggested both no
and partial correlation between geographic locali-
zation and host type of germplasm (Tsuneyoshi et
al., 1998b; Chen et al., 2002; Takaki et al., 2005). In a
study focused on the classification of allexiviruses
in China, Chen et al. (2004) concluded that isolates
from one region occasionally had similar sequences
but there was a weak relationship between sequence
type and geographical origin. In the case of carla-
viruses, two studies suggested that the probability
of geographic variants was greater than for host- or
plant-induced sequence variations (Tsuneyoshi et al.,
1998a; Chen et al., 2002).

In addition to physical or geographical barriers
that separate virus and host populations, several
factors can affect the genetic composition of a virus
population at the intrahost level. Susceptibility of dif-
ferent tissues, systemic vs. localized infections, and
invasion of young organs can all affect the genetic
composition of a virus population (Magome et al.,
1999; French and Stenger, 2003; Sacristan et al., 2003;
Li and Roossinck, 2004; Jridi et al., 2006). Previous
reports on the distribution of allium viruses within
a individual garlic plants have indicated uneven
dispersal in different organs, suggesting that bulbils
may be the best organ for the propagation of virus-
free garlic plants (Ebi ef al., 2000; Ramirez-Malagén
et al., 2006). However, the effects of these factors on
the phylogenetic and/or genetic variability of spe-
cific garlic viruses has not been examined.

In the present study, garlic plants grown from
different types of propagative material (i.e. bulbils
or bulbs) collected from different garlic production
regions were tested for the presence of OYDV, LYSV,
GCLV, and GVX using different diagnostic protocols.
The coat protein gene of the identified viruses was
characterized to determine genetic variability and
phylogenetic relationships among the detected virus
species as affected by geographic origin and/or type
of propagative material.
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Materials and methods
Garlic material

Bulbils from inflorescences of two Italian garlic
varieties, ‘Bianco Piacentino’ and ‘Rosso di Sulmo-
na’ (100 bulbils each) were imported under a USDA-
APHIS-PPQ permit from the germplasm collection
of the Department of Plant Production at the Univer-
sity of Tuscia, Viterbo. Additionally, commercially
available bulbs from China, Argentina, and three
California (CA) cultivars (CA-organic, CA-non-or-
ganic, and ‘Elephant’) were also used in this study
with a total of 12 bulbs from each variety tested for
viruses.

The commercially available garlic bulbs were ger-
minated during the spring of 2008 in 16.5x16.5x17.5
cm plastic pots in a potting soil of 1:1 mixture of
commercial peat-and soil and a sand based UCR
mix. The potted plants were maintained in a temper-
ature-controlled greenhouse at 25-28°C with no sup-
plemental light, and were fertilized once per week
with a nutrient solution made with Peters Excel 21-
5-20 water soluble fertilizer.

Since the disease status of the imported garlic
bulbils was unknown, as a precaution they were not
grown in the greenhouse. The bulbils were surface
sterilized in a sodium hypochlorite solution (10%,
v/v) for 5 min, washed with ethanol (95%), and
rinsed with sterile distilled water. They were then
germinated in vitro on water agar substrate (10%) in
a temperature-controlled incubator at 25°C using a
16/8 h (day/night) photoperiod of 1000 lux. After
34 d, seedlings were transplanted in 11x11x12 cm
plastic pots in the potting mix described above, and
grown in the laboratory under natural light at 25°C.

Plant indicators

Biological activity and host range of the viruses
was assessed via mechanical inoculation of 2-3 plant
indicators each of tobacco (Nicotiana tabacum ‘Xanthi’
and ‘Turkish’), tomato (Lycopersicon esculentum), and
chenopodium (Chenopodium quinoa). Indicator plants
were grown in a temperature-controlled greenhouse
in 11x11x12 cm plastic pots using the potting mix as
described above. For mechanical inoculation of the
indicator plants, a total of 1.0-1.5 g of fresh garlic leaf
tissue was collected from individual plants of each
variety and were combined together and macerated
in a mortar in 500 uL of sodium phosphate buffer (0.1



M) at pH 8.0. The plants were inoculated by gently
rubbing the macerated solution onto carborundum-
dusted leaves. Indicator plants were monitored daily
for symptom development for a period of 16 weeks.

Reverse Transcription Polymerase Chain Reaction
(RT-PCR) and Enzyme Linked Immunosorbent Assay
(ELISA)

Approximately 500 mg of combined leaf samples
from individual plants of the different garlic varie-
ties were homogenized in a mortar and pestle using
liquid nitrogen in 1 mL Buffard buffer (0.1 M NaCl,
2% SDS, 10 mM EDTA, 50 mM Tris-HCI, pH 9.0).
The supernatant was collected after 5 min centrifu-
gation at 16,000 xg (Zimmermann et al., 1998). Total
RNA was extracted from the supernatant using a
phenol-chloroform protocol (Sambrook and Russell,
2001). The nucleic acids were resuspended in dieth-
ylpyrocarbonate (DEPC)-treated sterile distilled H,O
(dH,O), and RNA yield was estimated by spectro-
photometry at Agg nm.

Primers for detection and subsequent charac-
terization of the coat protein genes of OYDV, LYSV,
GCLV, and GVX were designed with the program
Gene Runner v3.05 using conserved regions of se-
quences available in GenBank (Table 1). Repre-
sentative full-length coat protein gene sequences

Viruses associated with garlic propagative materials

of the viruses detected in the present study were
deposited in the GenBank (OYDV, GQ475358-60;
LYSV, GQ475411-18; GCLV, GQ475419-23; and GVX,
GQ475424-26).

Reverse transcription (RT) was carried out us-
ing SuperScript Double-Stranded cDNA Synthesis
Kit (Invitrogen, Carlsbad, CA, USA) in 20 pL reac-
tion volumes in two stages as directed by the manu-
facturer. The initial RT reaction consisted of 3 pL of
RNA extract (300-500 ng per reaction) or water for
control, 1 uL of 10 mM dNTPs (Invitrogen), 2 pL
of gene specific reverse complementary primer (5
nmole), and 7.8 puL of DEPC dH,O heated to 65°C
for 5 min and then incubated on ice for at 1-2 min. In
the second stage a master mix consisting of 4 pL of
5x First-Strand Buffer, 1 uL of (40 U uL"') RNaseOUT
Recombinant Ribonuclease Inhibitor (Invitrogen), 1
uL (0.1 M) DTT, and 0.2 pL of SuperScript III RT (200
U pL") (Invitrogen), was added to the initial mixture
and incubated at 45°C for 60 min.

The RT produced ¢cDNA was amplified by PCR
using the primers listed in Table 1 in a 20 pL vol-
ume containing 2 uL cDNA template, 10 pL Go Taq
Hot Start Master Mix (Promega, Madison, WI), 2 x
0.8 uL of each primer (5 nmole), and 6.4 uL of DEPC
dH,O. PCR cycling parameters included one cycle of
95°C for 2 min, followed by 34 cycles of 95°C for 10
s, 58°C for OYDYV, 63°C for LYSV, and 57°C for GVX

Table 1. Newly designed primers based on unique sequences of the coat protein gene of different allium viruses used in the

reverse transcription and polymerase chain reactions.

Virus® GenBank®  Nucleotide

Designation Orientation®

Product
Sequence (5'to 3') Size
(bp)*

OYDV NC_005029 9552-9573 1-OYDV F
10281-10261 2-OYDV R
LYSV  AF071525  31-54 1-LYSV F
440-417 2-LYSV R
GVX  NC_001800 6875-6894 1-GVX F
7606-7586 2-GVX R
GCLV AF228416 1-22 1-GCLV F
960-940 2-GCLV R

GCG GGG GAA GGA GAAGAT GCAG 730
CCG CAG CTGTGT GTCTTT CCG

ACAAGT AAG AAA CAGAAG GACAGC 409
GAG GTT CCATIT TCA ATG CAC CAC

ATG GGC GAT CGG AAC CAA GG 732
TCA GAATGT GAG CAT AAG GGG
ATG TCA GTG AGT GAAACA GAG G 960

CTA GTC TGC ATT GTT GGA TCC

*OYDV, Onion yellow dwarf virus; LYSV, Leek yellow stripe virus; GVX, Garlic virus X, and GCLV, Garlic common latent virus.

PSequence accession numbers.
F, Forward; R, Reverse.
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and GCLV for 10 s, and 72°C for 1 min, and a final
extension cycle at 72°C for 5 min. The PCR products
were analyzed by electrophoresis in 1.2% agarose
gels stained with ethidium bromide and visualized
under UV light.

PCR products were excised from 0.5% TBE aga-
rose gel and purified by the PureLink™ Quick gel
extraction kit (Invitrogen). Purified amplicons were
cloned into pGEM-T Easy vector (Promega). Nucleo-
tide sequences of the cloned PCR products were de-
termined using forward and reverse primers by the
Core Instrumentation Facility of the Genomic Insti-
tute at the University of California, Riverside.

Commercially available DAS-ELISA diagnostic
kits for OYDV, LYSV, and GCLV produced by BIORE-
BA AG (Reinach, Switzerland) were used following
the manufacturer’s instructions. ELISA plates were
read using a Spectra Max 340 PC spectrophotometer.
Positive reactions were accepted at three times the
OD value of the negative controls.

Phylogenetic and population genetics analyses

The sequences were edited using BioEdit (ver-
sion 5.0.9) and aligned using Clustal X (version 1.81)
(Thompson et al., 1997; Hall, 1999). BLAST searches
were performed for all viruses identified and rep-
resentative sequences were downloaded from the
NCBI website so that comparisons could be made be-
tween the viruses found in this study with similar vi-
ruses found in garlic from other geographic regions.
The alignments were manually edited in MacClade
4.03 (Maddison and Maddison, 2001) with ambigu-
ous sites removed, and were subjected to neighbour
joining (NJ) analyses and maximum parsimony (MP)
analysis using the heuristic search procedure with
100 random-addition-sequence replicates and tree-bi-
section-reconnection branch swapping using PAUP*
(version 4.0 beta 10) (Swofford, 2002). Gaps were
treated as missing data. Confidence in tree topology
was examined using bootstrap with 1,000 replicates
for NJ and 1,000 replicates under the fast step-wise
addition option. Protein amino acid sequence simi-
larities were analyzed using the program GeneDoc
v2.6.002 (Nicholas and Nicholas, 1997).

The population genetics parameters, number of
polymorphic sites (S), nucleotide diversity per site
(r), number of unique haplotypes, and haplotype
diversity (H) were used to describe the genetic vari-
ation of virus populations from bulbils and bulbs.
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All parameters were calculated with equations from
Nei (1987) using the DNA Sequence Polymorphism
(DnaSP) software version 3.50 (Rozas and Rozas,
1999). DnaSP was also used to determine haplotypes
in which gaps were treated as missing data. The cat-
egorical data for polymorphic sites and unique hap-
lotypes were tested for significant differences using
x? and Fisher’s Exact Test when counts were fewer
than five. Nucleotide and haplotype diversity were
analyzed using t-tests. All statistical tests were ap-
plied at 0.05 probability level using the SigmaStat
3.00 software (Copyright 1992-2003 SPSS Inc).

Results

Symptom observations and laboratory testing of
garlic and plant indicators

The bulbil germination rate of the Italian varie-
ties ‘Bianco Piacentino” and "Rosso di Sulmona” was
9 and 13%, respectively. All garlic plants grown from
bulbils developed general yellowing leaf symptoms
with deformed growth (Figure 1, a and b). The bulb
germination rate ranged from 50% (China) and 66%
(Argentina) to 91% (CA-organic) and 100% (‘Ele-
phant’ and CA-non-organic). All garlic plants grown
form bulbs developed leaf symptoms with yellow to
light green stripes with streaks and yellow mottling
(Figure 1, c-e).

RT-PCR detected different viruses in mixtures
and single infections in garlic plants growing from
the two types of propagative tissues tested. The vi-
ruses OYDV, LYSV, and GVX were detected in the
Italian varieties growing from bulbils as well as
from the CA-non-organic bulbs. The viruses OYDV,
GVX, and GCLV, were detected from plants growing
from bulbs of the Chinese and CA-organic varieties.
OYDV and LYSV were detected as single infections
of Argentinian and ‘Elephant’ varieties respectively
(Table 2). The ELISA tests for LYSV gave erratic re-
sults even for the positive controls. Therefore, no
reliable serological data could be presented. On the
other hand, ELISA results for OYDV and GCLV were
reliable and consistent with RT-PCR (Table 2).

The tobacco and tomato indicators inoculated
mechanically with crude garlic plant extracts did not
express any symptoms and tested negative with RT-
PCR and ELISA for all the targeted allium viruses.
On the contrary, C. quinoa developed local lesions
and/or tested positive for at least one allium virus
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Figure 1. a, ‘Bianco Piacentino’, and b, ‘Rosso di Sulmona’ Italian varieties grown from bulbils, expressing yellowing and
inhibited growth. ¢, yellow stripes observed in plants growing from bulbs originating from California (non-organic). d, yel-
low streaks in plants growing from bulbs originating from China, Argentina, and California (organic). e, yellow mottling
observed in plants growing from bulbs originating from California (‘Elephant’).

for all garlic samples (Table 2). Of particular inter-
est was the detection of OYDV from symptomatic
C. quinoa inoculated with extracts of the Argentin-
ian garlic variety, since C. quinoa has been classified
as non-susceptible to OYDV (Table 2) (Biichen-Os-
mond, 2006).

Molecular characterization of the coat protein gene
of the detected viruses

Onion yellow dwarf virus (OYDV)

NJ and MP analyses produced similar trees for all
viruses. Therefore, only the MP analysis is presented.
OYDV phylogenetic analysis was based on 74 coat
protein gene sequences. In total, 730 characters were
analyzed which had 48 parsimony-uninformative
and 244 parsimony-informative characters. Figure 2
shows one of the 192 parsimony trees found with a
length of 904, Consistency Index (CI) = 0.462 and a
Retention Index (RI) = 0.873.

Overall, five terminal clades were found that con-
sisted of OYDV viruses that were detected from gar-
lic in this study. Clade A was well supported (97%)

and consisted of bulbil isolates from the Italian “Bi-
anco Piacentino’ variety. A total of seven unique hap-
lotypes were found with five consisting of singletons
and two that were recovered four times each (total,
n = 13). Clade B did not have any bootstrap support
but consisted of isolates from California non-organic
garlic, and all were found to be unique haplotypes
(n=6). Clade C was well supported (89%) and all vi-
ruses were from the Italian “Rosso di Sulmona’ vari-
ety. Three unique haplotypes were found; two were
singletons and the other was recovered four times
from different samples (total, n = 6).

Clade D was moderately supported (64%) and
formed a sister group with clade C that was support-
ed by 100% bootstrap support. All viruses in clade D
were from the Argentina samples and a total of four
unique haplotypes were found. Two were singletons
and the other two consisted of two and three recov-
ered isolates (total, n = 7). Clade E was well support-
ed (100%) and consisted of viruses from the Italian
‘Rosso di Sulmona’ variety (bulbil) and from bulb
material obtained from China and California organ-
ic samples. A total of nine unique haplotypes were
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Table 2. Symptom observations and results of biological and laboratory tests for the detection of allium viruses in garlic

plants propagated from different types of reproductive tissues.

Garlic plants Indicator plants®
Garlic variety RT-PCR/ELISA® RT-PCR/ELISA
Symptoms*© Symptoms©
OYDV?  LYSV GVX GCLV OYDV  LYSV GVX GCLV

Bulbil

‘Bianco Piacentino’ Y & IG +/+e 4/t +/8 -/- - -/- +/¢ +/! -/-

‘Rosso di Sulmona’” Y & IG +/+ + + -/- - -/- + + -/-
Bulb

China YSK +/+ - + +/+ LL -/- - + +/+

Argentina YSK +/+ - - -/- LL +/+ - - -/-

Californi-organic YSK +/+ - + +/+ - -/- - + +/-

Califo.rni-non- YSP +/+ + + -/- - -/- + + -/-

organic

“Elephant’ YM -/- + - -/- LL -/- + - -/-

“Results presented only for Chenopodium quinoa. Nicotiana tabacum ( “Xanthi” and “Turkish”) and Lycopersicon esculentum did not express
any symptoms and tested negative with RT-PCR and ELISA for all the targeted allium viruses.

PRT-PCR, Reverse Transcription Polymerase Chain Reaction/ ELISA: Enzyme Linked Immunosorbent Assay.

‘Symptoms: Y & IG, yellowing and inhibited growth; YSK, yellow streaks; YSP, yellow stripes; YM, yellow mottling, and LL, local lesions.

YOYDV, Onion yellow dwarf virus; LYSV, Leek yellow stripe virus; GVX, Garlic virus X, and GCLV, Garlic common latent virus.

¢ Positive (+) or negative (-) virus detection with RT-PCR, on the left, and ELISA, on the right, of the slash, respectively.

fLYSV ELISA results were erratic for the positive controls, no valid test.

8No ELISA diagnostic kit was commercially available for GVX detection.

found with eight being singletons and the remaining
haplotype consisting of 12 recovered viruses found
from all thee garlic sources.

The minimum similarity of the coat protein nu-
cleic and amino acid sequences of the detected OYDV
in comparison to GenBank deposits was 80 and
86% respectively (OYDV from this study, GenBank:
GQ475358-60 and OYDV from The Netherlands, Gen-
Bank: AB000836), falling within the demarcation lim-
its for the genus (Fauquet et al., 2005). The amino acid
alignment of the coat protein revealed a total of 36 var-
iable sites. The majority (29/36 or 80%) were located in
the N-terminal region while the core (around residue
130) and C-terminal regions appeared conserved.

The number of polymorphic sites and the nucleo-
tide diversity of the OYDV bulb isolates were signifi-
cantly greater (P<0.001) than the bulbil isolates. No
significant differences were observed for the num-
ber of haplotypes or the haplotype diversity of the
OYDV bulbil and bulb isolates (Table 3).
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OYDV isolates from Chenopodium quinoa

Chenopodium quinoa has been generally reported
as a non-susceptible host for OYDV (Bos et al., 1978;
Marys et al., 1994; Biichen-Osmond, 2006). How-
ever, OYDV was detected from C. quinoa inoculated
with extracts of the Argentinian variety (Table 2).
Full length cDNA clones of the OYDV coat protein
gene from the Argentinian garlic (OYDV 5) (Gen-
Bank: GQ475372-78 and GQ475386) and the C. quinoa
(OYDV 12) inoculated with the Argentinian garlic
extracts (GenBank: GQ475379-85 and GQ475387-88)
were analyzed. The nucleotide sequence homology
between the consensus sequence of OYDV recovered
from garlic and C. quinoa was 81% and a total of 142
mutations occurred throughout the 769-771 nucleo-
tides of the coat protein gene. From the nucleotide
mutations monitored, the majority were silent since
only 22 major mutated sites were monitored in the
amino acid sequence comparison of garlic and C.
quinoa isolates (Figure 3).
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Figure 2. Maximum parsimony analyses of the coat protein gene for Onion yellow dwarf virus (OYDV) isolates obtained
in this study, as well as sequences from GenBank. Bootstrap support of 50% and above is indicated above nodes based
on 1,000 replicates. 198-391: Serial numbering of OYDV cDNA clones, BP: ‘Bianco Piacentino’, RdS: ‘Rosso di Sulmona’,
CA: California, O: Organic, and NO: Non-organic. Sequences have been deposited in GenBank under accession numbers
HQ873761-3806 and GQ475362-69.
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Table 3. Estimation of coat protein gene nucleic acid sequence polymorphism and diversity for detected allium viruses in

garlic bulbils and bulbs.

Coat protein gene OoYDV? LYSV GVX
polymorphism and
diversity Bulbil Bulbs Bulbil Bulbs Bulbil Bulbs
Nucleotide sites
Total 730 776 410 410 732 732
Polymorphic 130 192+ 34 47 9 16
Nucleotide diversity 7.5+0.66° 9.1+0.88*** 4.1+£0.54 5.8+0.72*** 0.1+0.05 0.2+0.04***
Haplotypes
Total 26 28 15 11 19 29
Unique 14 18 4 7 7 13
Haplotype diversity 92.6+2.80° 91.5+4.40 69.5+8.10 89.1+7.40%* 54.4+1.36 70.2+9.60***

*OYDV, Onion yellow dwarf virus; LYSV, Leek yellow stripe virus, and GVX, Garlic virus X.

"Mean and standard deviation (square root of the variance) of the nucleotide and haplotype diversity multiplied by 100.

e*** Significant difference at P< 0.001. Polymorphic sites and unique haplotypes were tested for significant differences using x* and
Fisher’s Exact Test when counts were fewer than five. Nucleotide and haplotype diversity were analyzed using t-test.

The majority of the amino acid mutations (66.7%
or 14/21) were located in the first 105 residues of the
N-terminal region. A single OYDV clone recovered
from C. quinoa (573-OYDV12, GenBank: GQ475381)
had a distinctively different amino acid sequence
between residues 3 and 13 in comparison with the
other clones recovered from the same host. The resi-
dues 130-180 of the amino acid sequence was con-
served among the different clones recovered from
both hosts. A single OYDV clone recovered from
garlic (565-OYDV5, GenBank: GQ475386) acquired
the same mutations on 19 out of the 22 mutated sites
of the OYDV C. quinoa isolates. Of the three remain-
ing mutated sites only one (Kg) was common to the
garlic isolates (OYDV5) while two (A3, and Ky) were
unique to the 565-OYDV5 (GenBank: GQ475386)
clone (Figure 3).

Leek yellow stripe virus (LYSV)

LYSV phylogenetic analysis was based on 44
coat protein sequences. In total, 410 characters were
analyzed which had 64 parsimony-uninformative
and 142 parsimony-informative characters. Figure 4
shows one of the 40 parsimony trees found with a
length of 351, CI = 0.746, and RI = 0.907. Three well
supported (94-100%) clades were found that con-
sisted of LYSV isolates identified in this study. Clade
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A contained isolates from the Italian cultivars Rosso
di Sulmona and Bianco Piacentino, which was most
closely related to an Israeli isolate (accession No.
AF071525) but significantly different from this virus
sequence based on 93% bootstrap support. Two hap-
lotypes were found in this clade with one consisting
of a singleton (isolate 224 from Italian ‘Bianco Piacen-
tino’). The other five sequences belonged to a single
haplotype that contained isolates from both Italian
bulbil cultivars. Clade B (97%) consisted of isolates
from California non-organic bulb samples as well as
LYSV isolates from Japan and New Zealand. How-
ever, the California isolates clustered by themselves,
but this subclade did not have any bootstrap sup-
port. Four haplotypes were found in this clade from
the isolates identified in this study; three consisting
of singletons and the other containing three isolates.

Clade C (100%) contained isolates from the two
Italian bulbil cultivars and from California ‘Elephant’
garlic samples. Three haplotypes were found in this
clade with the largest consisting of ten isolates with
this same haplotype identified from all three hosts.
Two haplotypes were singletons from California ‘El-
ephant’ garlic and the other consisted of two isolates
(379 and 401) from the Italian cultivar ‘Rosso di Sul-
mona’. All of the isolates were most closely related
to two additional viruses, one from The United Arab
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Figure 3. Amino acid sequence of the coat protein of Onion yellow dwarf virus (OYDV) isolates from Argentinian garlic
(OYDV5), and Chenopodium quinoa (OYDV12) mechanically inoculated with crude extract of the Argentinian garlic. Twenty
two major mutated sites are highlighted. The three mutations distinguishing the 565-OYDV5 clone from the garlic and C.
quinoa isolates are capped. 559-582: Serial numbering of OYDV cDNA clones. Sequences have been deposited in GenBank

under accession numbers GQ475372-88.

Emirates (GenBank: AB000839) and the other from
Indonesia (GenBank: AB000841). However, these
two isolates clustered by themselves in a subclade at
the 90% bootstrap support level.

The minimum similarity of the coat protein nucleic
and amino acid sequences of the detected LYSV in com-
parison to GenBank deposits was 76 and 79% respec-
tively (LYSV from this study, GenBank: GQ475411-18
and LYSV from Japan, GenBank: AB194638), falling
within the demarcation limits for the genus (Fauquet
et al., 2005). The amino acid alignment revealed a total
of 60 variable sites. The majority (45/60 or 75%) were
located in the N-terminal region while the core and
C-terminal regions appeared conserved.

The nucleotide and haplotype diversity of
the LYSV bulb isolates were significantly greater
(P<0.001) than the bulbil isolates. The LYSV num-
ber of polymorphic sites and haplotypes were not
significantly different for both types of propagation
material (Table 3).

Garlic virus X (GVX)

GVX phylogenetic analysis was based on 65 coat
protein sequences. In total, 444 characters were ana-
lyzed which had 38 parsimony-uninformative and 140
parsimony-informative characters. Figure 5 shows one
of the three parsimony trees found with a length of
358, CI=0.603, and RI = 0.777. A single well supported
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Figure 4. Maximum parsimony analyses of the coat protein gene for Leek yellow stripe virus (LYSV) isolates obtained in this
study, as well as sequences from GenBank. Bootstrap support of 50% and above is indicated above nodes based on 1,000
replicates. 224-402: Serial numbering of cDNA LYSV clones, BP: ‘Bianco Piacentino’, RdS: ‘Rosso di Sulmona’, CA: Cali-
fornia, NO: Non-organic, and EG: ‘Elephant’ garlic. Sequences have been deposited in GenBank under accession numbers

HQ873735- 60.
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Figure 5. Maximum parsimony analyses of the coat protein gene for Garlic virus X isolates obtained in this study as well as
sequences from GenBank. Bootstrap support of 50% and above is indicated above nodes based on 1,000 replicates. 253-428:
Serial numbering of GVX cDNA clones, BP: ‘Bianco Piacentino’, RdS: ‘Rosso di Sulmona’, CA: California, O: Organic, and
NO: Non-organic. Sequences have been deposited in GenBank under accession numbers HQ873807-51 and GQ475424-26.
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(99%) clade was detected that contained all of the GVX
isolates identified in this study which were isolated
from Italian cultivars Rosso di Sulmona and Bianco Pi-
acentino (bulbils) and from bulb samples from China
and organic and non-organic samples from California.

Figure 5 is based on a 444 character dataset from
all of the sequences used in the analysis. Initially,
the dataset was trimmed to 444 bp because all of the
AJ5515XX sequences downloaded from GenBank
did not possess an additional 288 bp of data that was
sequenced from the isolates identified in this study.
Therefore, the analysis was redone on the larger data
set (adding the 288 bp) so that haplotypes could be re-
solved since polymorphisms were found within this
288 bp region. This clade is superimposed on Figure 5
to the right. A total of 19 haplotypes were found, with
17 consisting of singletons. One haplotype contained
the isolates 415 and 424 from a California organic sam-
ple and from a Chinese sample, respectively. The last
haplotype consisted of 29 isolates, and this haplotype
was isolated from all of the hosts in which the GVX
viruses were found. The GVX isolates identified in
this study were not closely related to any of the GVX
sequences found in GenBank which were from China
(GenBank: AJ292229 and AJ5515XX), Korea (GenBank:
NC001800) and South Korea (GenBank: U89243).

The minimum similarity of the coat protein nu-
cleic and amino acid sequences of the detected GVX
in comparison to GenBank deposits was 90% and
79% respectively (GVX from this study, GenBank:
GQ475424-26 and GVX from South Korea, GenBank:
U89243), falling within the demarcation limits for the
genus (Fauquet et al., 2005). The amino acid align-
ment revealed a total of 17 variable sites. The major-
ity (11/17 or 65%) of the variable sites was located in
the N-terminal region. However, 15-20 amino acid
residues for both N- (start) and C- (end) terminal re-
gions appeared conserved. The core of the protein
acquired a small number of mutations, but approxi-
mately 80 residues in the area appeared conserved.

The nucleotide and haplotype diversity of
the GVX bulb isolates were significantly greater
(P<0.001) than the bulbil isolates. The GVX number
of polymorphic sites and haplotypes were not sig-
nificantly different for both types of propagation ma-
terial (Table 3).

Garlic common latent virus (GCLV)

GCLV phylogenetic analysis was based on 23
coat protein sequences. In total, 965 characters were
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analyzed which had 157 parsimony-uninformative
and 138 parsimony-informative characters. Figure 6
shows the single most parsimonious tree found with
a length of 433, CI = to 0.801 and RI = 0.780. A single
clade was found with high bootstrap support (100%)
that included all of the GCLV viruses identified in
this study, which were all isolated from bulbs from
China or from California organic bulb samples. A to-
tal of 14 haplotypes were found with 12 consisting of
singletons. One haplotype consisted of the isolates
336 and 341 from China and California organic sam-
ples, respectively, and the other consisted of isolates
368 and 370 from California organic garlic and iso-
late 334 from China. The closest GCLV sequence in
GenBank to the isolates identified in this study was
from Japan (GenBank: AB004566) but the sequence
was highly divergent. The other GCLV sequences
from various countries that were identified in Gen-
Bank were also highly divergent from the GCLV iso-
lates found in this study (Figure 6).

The minimum similarity of the coat protein nu-
cleic and amino acid sequences of the detected GCLV
in comparison to GenBank deposits was 93% and
92% respectively (GCLV from this study, GenBank:
GQ475419-23 and GCLV from Germany GenBank:
X81138), falling within the demarcation limits for
the genus (Fauquet et al., 2005). The amino acid se-
quence analysis revealed a total of 28 variable sites
for GCLV. All these sites were distributed within 110
residues from the two terminal regions of the pro-
tein. The majority (18/28 or 64%) was located in the
N-terminal region while the core was conserved.

Discussion

A variety of different garlic tissues, such as mer-
istem tips, shoot apices, stem discs, cloves, and bul-
bils, have been used and evaluated as sources of spe-
cific plant material for the production of virus-free
propagation material (Ramirez-Malagoén et al., 2006).
The use of inflorescence-produced bulbils in thera-
peutic protocols has been controversial. It has been
reported that there is no difference in virus content
between bulbs and bulbils, and therefore there is no
advantage on using bulbils over cloves for the pro-
duction of virus-free propagation material (Verbeek
et al., 1995). However, virus elimination and growth
habits of in vitro culture of bulbils were superior to
bulbs and comparable with that of meristem tips (Ebi
et al., 2000; Shiboleth et al., 2001). The present study
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Figure 6. Maximum parsimony analyses of the coat protein gene for Garlic common latent virus (GCLV) isolates obtained
in this study as well as sequences from GenBank. Bootstrap support of 50% and above is indicated above nodes based on
1,000 replicates. 195-370: Serial numbering of GCLV cDNA clones, CA: California, and O: Organic. Sequences have been
deposited in GenBank under accession numbers HQ873852-63 and GQ475419-23.
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revealed mixed infections at levels of 86% for OYDYV,
57% for LYSV, 71% for GVX, and 29% for GCLYV, for
either the bulbil or bulb propagative tissues. This
indicates that the inflorescence-produced bulbils
carry virus infections similarly to bulbs, which have
been repeatedly reported to be infected with multi-
ple allium viruses (Takaichi et al., 1998; Pappu et al.,
2008). Even though it is possible that the laboratory
manipulations (i.e. surface sterilization and agar
germination) impacted negatively the rate of bulbil
germination, it appeared that the triple virus infec-
tion severely restricted the initial bulbil growth and
subsequent garlic development, making the direct
use of bulbils as propagative material an even less
attractive option.

The phylogenetic and genetic analysis of the de-
tected viruses in the two types of propagative mate-
rial presented evidence of potential host tissue selec-
tion, depending upon the virus type and/or geog-
raphy. For example, sequences of OYDV from clade
A and clade C were only found in bulbils from Italy.
In contrast, the OYDV sequences in clade E were de-
tected both in bulbils from Italy and bulbs from Chi-
na and California. A similar situation was also found
for LYSV, in that one clade (A) was specific only to
isolates found in Italian bulbils whereas LYSV iso-
lates from clade C were found in bulbils from Italy
as well as in bulbs from California. The type of the
garlic propagative material also affected the popu-
lation dynamics of the coat protein gene of all the
detected viruses. With the exception of the OYDV
haplotype diversity, both nucleotide and haplotype
diversity (measurements independent of the sample
size and applicable to haploid organisms) indicated
that the virus populations in the bulbs were more di-
verse than those in the bulbils.

The phylogenetic relationships identified in our
study indicated that only a part of the OYDV and
LYSV isolates were related to the type of germplasm
and the geographical origin, which is in agreement
with previous reports (Chen et al., 2002). In addi-
tion, both the phylogenetic and genetic variability
findings fall within one of the fundamental selection
mechanisms for plant virus and subvirus RNA path-
ogens. The differentiation and adaptation of natural
virus populations according to host plant, the het-
erogeneous distribution of virus variants from a sin-
gle virus population at different locations within the
same host, and the severe selection bottlenecks on
virus populations during events of systemic infec-
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tion and invasion of young organs, have been well
documented for plant viruses (Magome et al., 1999;
Garcia-Arenal et al., 2001; French and Stenger, 2003;
Sacristan et al., 2003; Li and Roossinck, 2004; Jridi et
al., 2006). The bottlenecks of systemic infection and
colonization of different tissues (i.e. sieve elements
or companion cells) and organs (i.e. photosynthetic
or and sink tissues) may result in a very small num-
ber of virus variants that arrive and finally invade
the newly formed bulbils at the top of the inflores-
cence. This process generates a founder effect that
may explain, at least partially, the reduced genetic
variability identified in the virus populations of gar-
lic plants grown from bulbils (Jridi et al., 2006).

Coupled with potential host tissue and/or geo-
graphic specificity, it was also found that some of
the viruses had more phylogeographic signal than
others, and some were phylogenetically much more
diverse than others. For example, isolates of OYDV
from clades A and C were only found in samples
from Italy and isolates from clades B and D were
only found in samples from California and Argen-
tina, respectively. In contrast, clade E isolates were
identified from California, China, Italy, United Arab
Emirates, and Indonesia, but the latter two isolates
were also supported by a 90% bootstrap value sug-
gesting they are phylogenetically more divergent
than the other isolates identified in this study. A sim-
ilar situation was observed for LYSV; clades A and
a subclade of B were unique to Italy or California,
whereas isolates from clade C were found in both
geographic locations.

The effects of geographic origin on the phyloge-
netic and/or genetic relationships of the potyviruses
have been variable. Correlation of coat protein gene
variability and geographical regions has been report-
ed for LYSV and Papaya ringspot potyvirus (Bateson et
al., 1994; Takaki et al., 2005). On the other hand, coat
protein sequence variation for some garlic isolates
of the OYDV had no or partial correlation with geo-
graphic localization (Tsuneyoshi et al., 1998b; Chen et
al., 2002). Our results captured all the aspects of the
geographic origin effects on allium potyvirus evolu-
tion, that according to previous observations can be
independent but similar through a unique process de-
pendent on the garlic host (Tsuneyoshi et al., 1998Db).

OYDV and LYSV were both found to be phylo-
genetically diverse, with virus isolates falling into
five and three clades, respectively. However, most of
the virus sequences were unique, based on BLAST



searches coupled with closely related sequences in-
cluded into the analysis. For OYDV, no closely re-
lated sequences were found that fell into clades A,
B, and C, and only two deposited sequences fell into
clade E, but they were unique based on high boot-
strap support. Similarly for LYSV, do deposited se-
quences were identified with affinities to clades A
and C but isolates from Japan and New Zealand
fell within clade B (97% support), but the sequences
were variable and some additional signal was found
within this clade.

In contrast to OYDV and LYSV, less diversity
was found in GVX and GCLYV, in which all recov-
ered viruses fell into a single well-supported clade
for each virus. Isolates from the same clade of GVX
found in this study were from Italy, California, and
China, and GCLV was from California and China.
Previous reports on the phylogenetic relationships
of allexi- and carla-viruses are in agreement with the
presented phylogenetic relationships. These stud-
ies suggested that there is little overall relationship
between sequences and geographical origin, while
no apparent sequence variations were related to the
host plant species (Tsuneyoshi et al., 1998a; Chen et
al., 2004). Since these two viruses have distinct bio-
logical features (e.g. aphid vs. mite transmission)
their “cosmopolitan nature” suggests that they have
mostly been distributed with vegetatively propagat-
ed planting material.

Novel as well as previously reported mutational
patterns in the amino acid sequence of the coat pro-
teins were identified for the detected viruses. The
sequence variability of the N-terminal region of
OYDV and LYSV is in agreement with previous re-
ports for potyviruses (Bateson et al., 1994; Moury et
al., 2002; Takaki et al., 2005), similar to that of GCLV
as typical carlavirus (Wegener et al., 2006; Singh et
al., 2007). However, the data for GCLV indicated a
variable C-terminal region as well as a highly con-
served core region (0 out of the 28 variable sites). In
agreement with previous reports for allexiviruses,
the mutations detected in the GVX coat protein were
clustered in the N-terminal regional, while the core
region was conserved (Lu et al., 2008). However, the
data from the present study indicate that conserved
amino acid sequences exist both in the core region of
the protein and at the C-terminal region as well. The
novel coat protein mutational patterns reported here
did not affect the efficacy of the ELISA test utilized
for OYDV and GCLV.

Viruses associated with garlic propagative materials

Chenopodium quinoa has been reported as a non-
susceptible host for OYDV (Bos et al., 1978; Marys et
al., 1994; Biichen-Osmond, 2006). A single report (Bos
1976), however, indicated that local lesions were ob-
tained with some OYDV isolates in C. quinoa. In the
present study, the OYDV coat protein gene sequence
of a C. quinoa isolate was identified. The comparison
of the coat protein of the OYDV-Chenopodium with
the original OYDV-garlic inoculum revealed 21 amino
acid mutations, that may play an important role for
chenopodium infectivity. More importantly, however,
the OYDV-garlic population contained a haplotype
that shared all but three amino acid substitutions of the
coat protein of the OYDV-Chenopodium. Without dis-
regarding the potential role of other virus genes these
findings provide a first insight to a “coat protein signa-
ture” that may play a critical role for the infectivity of
OYDV to C. quinoa. Additional studies are required to
investigate the association of the identified OYDV coat
protein signature with infectivity to other Chenopodium
species such as C. amaranticolor or C. murale.

In conclusion, the results of this study indicated
that the virus status of garlic bulbils is not different
from that of bulbs. Furthermore, while it is possible
that our analyses were biased due the limited num-
ber of geographic locations, bulbil isolates, or viral
sequences analyzed, our results clearly highlight the
distinct responses of poty-, carla- and allexi- virus-
es to the selection pressures of tissue specialization
and/or geographic origin, as this may be related to
alternative hosts, environmental conditions, and /or
vector transmission.
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