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Abstract. Onion thrips (Thrips tabaci Lindeman)—vectored Iris yellow spot virus (IYSV)
causes the disease Iris yellow spot (IYS), which is a major threat to the sustainability of
onion production worldwide. An increase in thrips resistance to various insecticides, high
costs, and the limited efficacy of insecticides under hot and drier conditions found in
various onion-growing regions restrict grower’s options for effective control of thrips
and spread of IYSV. Because cultivars resistant to thrips and IYS are lacking, this study
was undertaken to measure selection progress for IYS resistance after one selection cycle.
In 2009, selections were performed on previously evaluated New Mexico State University
(NMSU) breeding lines that showed some reduced IYS disease symptoms, and the
selected plants self-pollinated the following year. In 2011 and 2012, plants from the
original and selected populations along with a susceptible check, ‘Rumba’, were
evaluated under field conditions when onion thrips and IYSV were present. Plants were
rated for IYS disease severity and the number of thrips per plant was recorded three
times during the study in each year. First-generation material, NMSU 10-776, NMSU 10-
782, NMSU 10-785, NMSU 10-807, and NMSU 10-813, had fewer thrips number per
plant, lower disease severity, and disease incidence than their original breeding lines on
at least one or two rating times in both years. Some first-generation breeding lines
performed better with a lower thrips number and disease severity than their original
population in 1 year or the other. Most entries exhibited fewer thrips, lower 1YS disease
severity, and less incidence than the susceptible check ‘Rumba’ at most rating times.
Overall, some progress was observed in this first-generation material for reduced IYS
disease symptom expression when compared with their original populations.

Iris yellow spot virus (family Bunyavir-
idae, genus Tospovirus) was first reported as
Tomato spotted wilt virus in southern Brazil
in 1981 affecting onion scapes (de Avila
et al., 1981 cited in Gent et al., 2006) but
later confirmed as a new tospovirus after
several research studies on onion bulb and
seed crops (Cortés et al., 1998; Gent et al.,
2006). First report of IYS disease on bulb
onions was confirmed in the southwest
Idaho and Oregon region in the United
States (Hall et al., 1993). Later, IYS dis-
ease has been confirmed in almost all major
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onion-producing states in the United States
(Bag et al., 2009a; Creamer et al., 2004;
Crowe and Pappu, 2005; du Toit et al.,
2004a; Hall et al., 1993; Hoepting et al.,
2007; Miller et al., 2006; Mullis et al., 2004,
Pappu and Matheron, 2008; Poole et al., 2007;
Schwartz et al., 2002). The presence of [YSV
on other members of the genus A/lium such as
Allium altaicum, Allium galanthum, Allium
roylei, Allium schoenoprasum, Allium tuber-
osum, and Allium vavilovii were reported by
Cramer et al. (2011) and on Allium sativum
(garlic) by Bag et al. (2009b).

Onion thrips (T tabaci, Lindeman) are the
main vector to transmit IYSV by acquiring
the virus at their larval stage and then trans-
mitting the virus while feeding on healthy
leaf tissue because adults cannot transmit the
virus unless acquired at the larval stage
(Kritzman et al., 2001; Nagata et al., 1999;
Srinivasan et al., 2012). IYSV has been
reported to naturally infect at least 50 plant
species (Gent et al., 2006). Infected volunteer
onion plants and transplants can act as po-
tential sources of [YSV inoculum to provide
the virus a green bridge to persist on in the
growing region(s) (Gent et al., 2006). In-
creased thrips pressure under hot (>30 °C)
and dry conditions in several onion-growing
regions due to quicker life stages and more

number of generations can intensify the
spread of IYS due to the limited control of
thrips even by the use of various insecticides
more frequently (Cramer et al., 2014). In
addition, an increase in thrips resistance to
various insecticides, such as pyrethroids and
organophosphates, reduces grower’s chemi-
cal options to control onion thrips and IYS
(Cramer et al., 2014; Diaz-Montano et al.,
2011; Gent et al., 2006; Mohseni-Moghadam
etal., 2011).

IYSV-infected onion plants generally ex-
hibit small necrotic lesions at first that later
join together and decrease leaf photosyn-
thetic area, which affects bulb yield and
decreases the number of larger sized bulbs
(Cramer et al., 2014; du Toit et al., 2004a;
Gent et al., 2004; Schwartz et al., 2002;
Shock et al., 2008). A significant decrease
in the number of bulbs of the jumbo and
colossal market classes due to the presence of
IYS in the field has been observed (du Toit
et al., 2004b). For onion seed crops, an
increase in the number and size of lesions
due to IYS often results in the girdling of the
seed scapes and lodging, which can reduce
seed yields (du Toit et al., 2004a; Gent et al.,
2004). Crowe and Pappu (2005) reported
30% to 100% symptomatic and 15% to 95%
lodged plants in an onion field. In the western
United States, an IYS epidemic in an onion
bulb production field can result in a 10% to
15% economic loss, excluding the additional
cost of increased pesticide applications
($7.5-$12.5 million dollars) (W1008: Biol-
ogy and Management of IYSV and thrips in
onions, 2011; Gent et al., 2006), whereas
complete loss of onion bulb crop in Brazil
was reported by Pozzer et al. (1999).

Developing or finding onion germplasm
that exhibits reduced thrips feeding injury,
resistance or both to onion thrips can be
important in developing IYS-resistant culti-
vars (Al-dosari, 1995; Mahaffey, 2006).
Mabhaffey (2006) reported cultivar differ-
ences in thrips-feeding injury and yield at
similar thrips infestations. Differences in leaf
epicuticular waxes among onion cultivars
appear to affect thrips preference and feeding
injury (Coudriet et al., 1979; Damon et al.,
2014; Jones et al., 1934; Molenaar, 1984). In
addition, glossy foliage (plant leaves that
accumulate less epicuticular wax) with a ligh-
ter green color tends to inhibit thrips growth
(Molenaar, 1984) along with a reduction in
egg hatching (Rosingh, 1980 cited in Gent
et al., 2006). Diaz-Montano et al. (2012)
found that bluish foliage cultivars Yankee
and Nebula exhibited a greater number of
thrips larvae as compared with cultivars with
greenish foliage. Similar results of greater
thrips attraction to blue hues as compared
with green hues were reported in other
studies [(Czencz, 1987; Kirk, 1984; and Lu,
1990) cited in Gent et al. (2006)]. Cramer
etal. (2014) suggested that foliage traits, such
as leaf color and epicuticular wax, are not
always the main reasons behind the differ-
ences in thrips number among various culti-
vars. In a field evaluation of various cultivars,
leaf color, and amount of leaf epicuticular
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wax were not consistent factors in determin-
ing the number of thrips per plant (Cramer
etal., 2017).

Several studies reported differences for
thrips number, thrips-feeding injury, and [YS
for screened onion germplasm but no single
onion cultivar has been found to be resistant
or immune to IYS (Boateng et al., 2014;
Cramer et al., 2014; du Toit et al., 2004b;
Gent et al., 2004, 2006; Mohseni-Moghadam
etal., 2011; Multani et al., 2009; Shock et al.,
2008; Singh, 2013). Creamer et al. (2004)
reported differences among three cultivars
for I'YS incidence. Significant differences for
IYS susceptibility and severity were also
observed for 46 onion cultivars (du Toit
et al., 2004b). Schwartz et al. (2005) reported
13% to 100% IYS incidence among onion
cultivars in a 2-year study. Diaz-Montano
et al. (2010) also found differences between
entries for their IYS resistance. Mohseni-
Moghadam et al. (2011) screened 13
winter-sown onion entries and found NMSU
05-33-1 more disease resistant whereas
‘Denali’ and ‘Gelma’ exhibited higher sus-
ceptibility as compared with other entries. In
a study conducted by Cramer et al. (2012),
plants of ‘Cometa’ and NMSU 05-35-1
showed fewer disease symptoms along with
lower levels of IYSV as compared with the
other entries in the study. Singh (2013)
reported that entries NMSU 10-575-1, 10-
577-1, and 10-582-1 showed less disease
severity than their original populations from
which these entries were selected. PI acces-
sions 239633 and 546192 showed fewer [YS
symptoms than most accessions evaluated
(Cramer et al., 2014). In another study,
Cramer et al. (2017) found plants of NMSU
09-58 exhibited less disease symptoms than
other entries when plants were rated early in
the season.

The aforementioned studies suggest that
variation exists in onion germplasm for re-
sistance to onion thrips and I'YS. By perform-
ing selections on this germplasm, it may be
possible to enhance the level of IYS resis-
tance. This study was undertaken to deter-
mine if selected onion populations differ in
their resistance levels to onion thrips and
exhibit reduced IYS symptom expression
after a single selection cycle when compared
with their original breeding lines from the
NMSU onion-breeding program.

Materials and Methods

In 2009, individual onion bulbs that
exhibited reduced 1YS symptoms and less
thrips-feeding damage were selected from
different NMSU onion-breeding lines. These
lines were chosen based on historical knowl-
edge of reduced disease severity and thrips
number from a previous study on IYS
(Cramer et al., 2014, 2017). In addition, the
health and maturity stage of plants were key
determinants when making selections. In
general, plants that are close to maturing tend
to be more IYS susceptible than immature
plants (Cramer et al., 2014) and differentiating
between leaf senescence and IYS symptoms
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can be difficult (Multani et al., 2009). Self-
pollinated seeds were produced in 2010 from
these individually selected plants. Addi-
tional information on the germplasm origin
of the NMSU lines used in this study has
been published in other research articles by
Cramer et al. in 2014 and 2017.

Twenty-six entries that comprised 17
selected lines, eight originating populations,
and a susceptible check cultivar, Rumba
(Nunhems USA, Parma, ID), were evaluated
under field conditions in 2011 and 2012.
Each year, the field experiment was conduct-
ed at the Leyendecker Plant Science Re-
search Center (lat. 32°11'52.2384"N, long.
106°44'33.252”W) Las Cruces, NM, using
a randomized complete block design with
three replications for each entry. Entries were
hand sown in the field on 23 Feb. 2011 and 22
Feb. 2012. The length and width of the plots
were 3 and 0.5 m, respectively with 0.6 m
alleys between two adjacent plots on the
same planting bed. Two rows on each bed
were overplanted at the rate of 1.5 g onion
seed per plot. To ensure proper spacing,
seedlings were thinned to 10 cm spacing
between two adjacent plants within the row.
The thinning of the plants was conducted in
the second week of May in 2011. During
2012, thinning was performed in the last
week of May to the first week of June because
of the slower growth of plants in the second
year of study.

To ensure the presence of viruliferous
onion thrips in the field and to provide
a continuous supply of leaf matter for onion
thrips to feed on and for them to acquire and
spread IYSV, a field design similar to Cramer
et al. (2014) and Singh (2013) was followed
in both years. Bulbs from previous year’s [YS
disease evaluation that showed extreme dis-
ease symptoms, were saved due to the likely
presence of IYSV-infected thrips within the
dry scales of these bulbs. These bulbs were
planted on the first and last bed of the study
along with the front and back borders in Oct.
2010 and Oct. 2011. After every two rows of
the test plots, IYS disease—susceptible culti-
var NuMex Dulce from the NMSU breeding
program was sown in Oct. 2010 and Oct.
2011 to act as disease-spreader rows. Onions
were grown in the field using standard cul-
tural practices recommended by Walker et al.
(2009) for onion production in southern New
Mexico. No insecticides were sprayed to
maintain the thrips population in the field.
Weed control was carried out manually and
chemically to control weeds at various
growth stages.

Plots were rated for leaf color on a scale of
1 to 4, where 1 = light green foliage [Hex
color-7DC896 (Kamal, 2016)], 2 = dark
green (194B19), 3 = blue green (4B967D),
and 4 = blue (4B7D96) at 17 weeks after
planting (WAP). At the same time, plots were
rated for leaf epicuticular waxiness on a scale
of 1 to 4, where 1 = glossy, 2 = semi glossy,
3 = light wax, and 4 = waxy (Cramer et al.,
2014). Data on leaf color and wax were
recorded to see if differences in these traits
relate to any observed differences in thrips

number as reported in many studies (Cramer
et al., 2014, 2017; Damon et al., 2014; Diaz-
Montano et al., 2012). Thrips number (both
adult and larvae) were recorded from 10
arbitrarily selected plants in the center of
each plot at 13, 17, and 21 WAP in 2011 and
at 17,21, and 25 WAP in 2012. Thrips counts
were delayed in 2012 planting by 4 weeks as
plants were not at the same physiological
growth stage (number of leaves) at 13 WAP
in 2012 as compared with 2011. I'Y'S severity
ratings were conducted at 17, 21, and 23
WAP in 2011 and at 17, 21, and 25 WAP in
2012. For measuring symptom severity, 10
arbitrarily selected plants from each plot at
each rating time were rated for IYS severity
on a scale of 0 to 4, where 0 = no symptoms;
1=1-2 small lesions per leaf; 2 =>2 medium
sized; 3 = lesions coalescing on more than
25% of the leaf; and 4 = more than 50% leaf
death (Cramer et al., 2014). All the ratings
and counts were carried out relatively at the
same time of the day on the day of counts and
ratings to mitigate the influence of daytime
on leaf wax, color, and thrips number. Dis-
ease incidence in each plot was calculated as
the ratio of plants that showed I'YS symptoms
to the total number of arbitrarily selected
plants rated for disease severity in that plot.
Bulbs from a plot were harvested when plant
tops of ~80% of the plants in that plot had
lodged or the plant neck tissue had softened
or there was severe necrosis of leaf tissue due
to the presence of IYS. The date of harvest
was recorded for each plot. Plots in which
plants did not produce a bulb or the plants did
not mature by the end of harvest season (mid-
September) were not harvested. In addition,
plants with less thrips-feeding damage and
reduced IYS disease at maturity were se-
lected within plots and saved separately for
future studies.

Leaf tissue samples of 5-7 cm, that may
or may not have had symptomatic tissue,
were collected from the leaf tips of the 10
arbitrarily selected plants from each plot at
each disease severity rating to confirm the
presence of [YSV. Leaf tissue samples from
each plot were put in separate plastic bags
and stored in an ice chest before transfer and
storage at —4 °C. Enzyme-linked immuno-
sorbent assay (ELISA) using the method
developed by Copeland (1998) but with
minor changes carried out by Mohseni-
Moghadam et al. (2011) and Singh (2013)
was used to detect the presence of IYSV.
About 0.5 cm of leaf tissue from the 10 plants
of each plot was placed in a 2-mL Eppendorf
microcentrifuge tube (Eppendorf North
America, Hauppauge, NY) without deliber-
ately checking for the presence of IYS
symptoms. Several leaf tissue samples with
the highest and lowest field IYS severity
ratings were used to develop positive and
negative controls in each year for ELISA
plate readings. By using ELISA plate reader
at 405 nm (Biotron Diagnostics, Inc., Hemet,
CA), optical density (OD) values of plates
were measured to obtain the relative absor-
bance values. Plant samples were considered
positive when their ELISA OD values were
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higher than its respective negative control
plus three times its standard deviation.

Data from both years were analyzed
separately because of differences in various
environmental factors, rating dates, and num-
ber of entries tested in each year. Data were
analyzed by using the Proc General Linear
Models statement in SAS (SAS 9.0; SAS
Institute Inc., Cary, NC) to determine if there
are differences among entries for leaf color,
leaf wax, thrips number, ['Y'S severity ratings,
and incidence. The mean of each character
and ratings for each entry were calculated by
using the “Proc Means” command in SAS.
The “Pdiff” command in SAS was used to
test for mean differences for leaf color, leaf
wax, thrips population, severity rating, and
incidence on a particular date between the
selected breeding lines and their original
populations at probability level of less
than 5%. Original and selected breeding
lines were also compared separately with
the susceptible check, ‘Rumba’, using the
“Pdiff” command for all traits except for OD
at a probability level of less than 5%. The
“Proc Means” statement in SAS was used to
calculate the average ELISA OD values for
each entry by averaging more than three
replications. Mean separation tests were not
performed for OD values because of their
semi-quantitative nature and their relative-
ness to the blank control used in the test. Data
from entries with less than two replications
were not included and plots with less than
five plants were discarded ecarlier in the
season.

Results and Discussion

The comparison of selected lines with
their originating lines did not show any
differences for foliage color at 17 WAP (data
not shown). In addition, few differences were
detected between selected entries and their
original entries for leaf wax ratings and
maturity in both years (data not shown).
These results were not unexpected because
plants were not selected for leaf color, leaf
wax amount, or maturity time. In 2012, onion
plants did not grow quickly and were smaller
in size at the first thrips count at 13 WAP as
compared with 2011. To ensure that plants
were at the right physiological stage as that of
plants grown in 2011, the first count of thrips
number per plant was delayed by 4 weeks in
2012. In 2011 and 2012, selected lines
differed in only a few instances for thrips
number per plant from their respective orig-
inating lines when thrips were counted at
different times (Table 1).

Early in the growing season of both years,
the selected and their original breeding lines
were similar for their number of thrips per
plant (Table 1). No differences in foliage
color and amount of wax ratings were ob-
served between plants of these two lines. In
2011, plants of the selected lines NMSU 10-
775 (5.1), 10-776 (9.3), and 10-777 (7.7) had
fewer thrips than plants of their original
population NMSU 07-30-2 (20.7) at 17
WAP (Table 1). At the other two thrips
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counts, no differences were observed be-
tween these selected and their original lines.
In 2012, differences were not observed for
thrips number between the aforementioned
selected lines and their original line, and this
lack of difference might have been caused by
a lack of thrips buildup on plants of 07-30-2.
At the first and second thrips count, plants of
NMSU 10-807 exhibited a similar number of
thrips as plants from its originator line,
NMSU 07-53-1; however, plants of 10-807
had less thrips buildup from the second to the
third count in 2011 and 2012. These afore-
mentioned results indicate differences be-
tween selected and original lines for the
buildup of thrips populations during plant
growth that could result in a delay in or lesser
leaf'tissue damage due to fewer thrips feeding
on a plant at one time or another and may
contribute toward higher yields. For remain-
der of comparisons in 2011, no differences
were observed between the selected and
original entries with regard to number of
thrips.

In 2012, fewer thrips per plant were
observed on selections NMSU 10-804 (3.7)
and 10-813 (2.1) than their original line
NMSU 07-53-1 (13.8) at 21 WAP. In addi-
tion, plants of NMSU 10-813 (10.2) had less
thrips buildup from 21 to 25 WAP than plants
of NMSU 07-53-1 (23.1). In addition, plants
of NMSU 10-795 (19.1) exhibited fewer
thrips than plants of its original population
NMSU 07-35-1 (32.3) at 25 WAP. No dif-
ferences were observed for leaf color, leaf
waxiness, and plant maturity between the
aforementioned selected lines and the origi-
nal breeding lines (data not shown), making
foliage characteristics and maturity unlikely
explanations for the lower number of thrips
on these selected lines. One likely reason for
the nonpreference thrips feeding could be
that plants of these selected lines still had not
much leaf matter and were growing slower as
compared with other entries and this differ-
ence might have made these plants less
attractive. Unfortunately, plant height was
not measured in the study that could have
accounted for plant size differences. How-
ever, in future works it would be ideal to
express thrips number as per leaf rather than
per plant because it would be expected a plant
with more leaves to have more thrips than
a plant with fewer leaves. These results
suggest that it might be possible to improve
breeding material for thrips resistance in-
dependent of leaf characteristics (Singh,
2013). Cramer et al. (2017) also reported that
lighter green color leaves and a lower amount
of leaf epicuticular wax were not consistent
predictors for the number of thrips on some
plants.

In general, plants did not exhibit IYS
symptoms in the test plots until early June
in 2011 and by mid to late June in 2012.
Typical symptoms such as diamond-shaped,
chlorotic lesions were present on the plants in
the border and spreader rows early in the
seasons in both years and these symptoms
were confirmed to be from IYSV with
ELISA. In 2011, TYS severity ranged from

0.0to 0.3 at 17 WAP, 0.2 to 0.7 at 21 WAP,
and 0.5 to 1.3 at 23 WAP, whereas disease
incidence ranged from 0.0% to 30.0% at 17
WAP, 20.0% to 66.7% at 21 WAP, and
46.7% to 96.7% at 23 WAP (Table 1). In
2012, 1YS symptom expression increased
dramatically over time with mean severity
ratings of 0.3, 1.5, and 2.5 at 17, 21, and 25
WAP, respectively (Table 1). One possible
explanation for the higher I'Y'S severity could
be warmer temperatures in 2012 (New Mex-
ico Climate Center, 2012) that might have
enhanced symptom expression. In addition,
mean disease incidence was higher in 2012
than in 2011 at all times. ELISA was per-
formed as an indirect measure of virus titer to
confirm if plants with or without IYS disease
symptoms had IYSV. Plants of all entries
tested positive for [YSV in both years except
for NMSU 10-785 and 07-56-2, which were
determined to be negative for [YSV presence
at 17 WAP in 2012 (Table 1).

At 17 WAP in 2011, plants of NMSU 10-
775, 10-776, and 10-777 exhibited a lower
disease severity (0.03) and incidence (3.3%)
than plants of their original population
NMSU 07-30-2 (0.3% and 30.0%, respec-
tively) (Table 1). Plants of these entries tested
positive for [YSV at 17 WAP. NMSU 10-776
matured later than NMSU 07-30-2 by 3
weeks (data not shown), which could mean
that plants were at a different physiological
stage and might have contributed for the
delayed symptom expression and lower dis-
ease incidence of NMSU 10-776. Because, it
is likely that plants which are actively grow-
ing might be more tolerant to stress and do
not exhibit symptoms even when IYSV is
present in the plants (Cramer et al., 2014).
However, the other two selected lines from
NMSU 07-30-2 were not different in terms of
maturity. Another possible explanation could
be that after being infected with fewer viru-
liferous thrips due to slower thrips buildup
from 13 to 17 weeks on plants of the selected
lines than on plants of NMSU 07-30-2; plants
of selected lines had less time for IYSV
buildup and symptom expression.

At the other rating times in 2011, IYS
severity and incidence of these selected
breeding lines were not different from their
original line (Table 1). The plants of NMSU
10-775 and 10-777 were not different from
the plants of NMSU 07-30-2 for disease
severity and incidence at any rating time in
2012; however, NMSU 10-776 exhibited
a lower severity at 25 WAP and incidence
at 21 and 25 WAP (Table 1). Differences
observed between years for disease severity
and incidence could be due to variation in
temperatures, plant health, fertility, irriga-
tion, rainfall, or field locations, which can
affect thrips number as well as disease
symptom expression.

At 21 WAP in 2011, plants of selection
NMSU 10-782 exhibited a reduced IYS
symptom expression (0.2) and a lower in-
cidence (23.3%) from plants of its originator
NMSU 07-32-1 (0.7, 63.3%, respectively)
and ‘Rumba’ (0.7, 60.0%, respectively)
(Table 1). A likely reason for the higher

HorTtScieNcE VoL. 53(8) Aucust 2018

$S9008 93l) BIA §Z-60-SZ0Z Je /woo Aloyoeignd-poid-swiid-yiewlayem-jpd-awiid//:sdiy wouy papeojumoq



Table 1. Mean values and comparisons of selected lines with originating lines and ‘Rumba’ for number of onion thrips per plant, Iris yellow spot (IYS) disease
severity rating, IYS disease incidence and enzyme-linked immunosorbent assay (ELISA) optical density (OD) sp values relative to the healthy control
measured at various times throughout the growing seasons during the 2011 and 2012 at the Leyendecker Plant Science Research Center in Las Cruces, NM.

. ELISA
Onion thrips 1YS disease OD values
(no./plant”) Severity rating” Incidence (%)* sp¥
Time after planting (weeks)
Entry” 13 17 21 17 21 23 17 21 23 17 21 23
2011

NMSU 10-775 7.6" 5.1 7.1 0.03 0.4 0.8 33 333 76.7 2.8 28.5 18.2
NMSU 10-776 8.6 9.3 15.5 0.03 0.3 0.7 33 30.0 66.7 3.1 17.7 32.8
NMSU 10-777 8.1 7.7 10.5 0.03 0.4 1.0 33 40.0 833 1.6 26.0 20.9
NMSU 07-30-2 13.1 20.7 9.8 0.30 0.5 0.9 30.0 50.0 733 3.1 11.4 14.5
NMSU 10-782 6.1 7.5 8.6 0.00 0.2 0.8 0.0 23.3 66.7 3.7 7.2 5.7
NMSU 07-32-1 11.0 14.8 6.7 0.20 0.7 1.2 20.0 63.3 86.7 3.8 9.2 13.5
NMSU 10-783 15.3 8.7 8.2 0.20 0.6 1.4 233 50.0 933 3.4 11.5 7.2
NMSU 10-785 19.4 18.0 9.8 0.10 0.3 1.1 6.7 333 76.7 1.7 36.0 9.8
NMSU 07-32-2 9.6 10.0 16.0 0.10 0.7 1.2 133 60.0 86.7 35 6.4 9.9
NMSU 10-793 7.0 10.8 12.2 0.03 0.3 0.8 33 26.7 70.0 9.7 9.9 12.7
NMSU 10-794 8.0 8.2 9.0 0.20 0.5 0.8 16.7 46.7 70.0 32 9.4 12.5
NMSU 07-33-1 8.8 17.5 12.1 0.10 0.4 1.1 10.0 36.7 90.0 3.8 18.8 123
NMSU 10-795 5.4 9.6 7.8 0.00 0.4 0.9 0.0 36.7 833 1.9 15.0 13.2
NMSU 07-35-1 8.8 7.0 11.7 0.03 0.3 0.8 33 30.0 80.0 2.6 12.9 18.7
NMSU 10-799 8.1 8.3 10.9 0.10 0.2 0.6 6.7 20.0 60.0 29 10.7 13.7
NMSU 10-800 5.9 5.5 19.2 0.00 0.3 0.8 0.0 26.7 833 3.0 10.1 4.8
NMSU 07-52-1 6.5 7.5 15.0 0.00 0.4 0.9 0.0 36.7 86.7 4.0 16.3 8.7
NMSU 10-804 6.4 4.6 15.1 0.10 0.3 0.7 10.0 333 73.3 1.5 13.4 12.1
NMSU 10-806 11.1 42 20.5 0.03 0.3 0.7 33 333 70.0 2.8 12.2 11.4
NMSU 10-807 8.2 6.2 3.9 0.10 0.2 0.8 6.7 20.0 76.7 2.6 8.7 19.3
NMSU 10-813 15.2 9.9 83 0.13 0.2 0.5 133 233 46.7 49 36.9 16.3
NMSU 07-53-1 133 4.5 13.4 0.23 0.5 1.0 233 533 833 8.7 16.7 12.0
NMSU 10-820 7.0 13.5 7.7 0.2 0.5 1.0 20.0 50.0 80.0 6.3 17.3 8.9
NMSU 10-833 10.9 9.3 83 0.1 0.3 0.7 13.3 26.7 66.7 3.4 7.3 11.3
NMSU 07-56-2 13.3 14.9 6.5 0.3 0.6 1.3 30.0 60.0 80.0 29 9.8 25.8
Rumba 18.1 9.5 9.0 0.10 0.7 1.2 10.0 60.0 93.3 2.8 3238 25.0
Mean 9.6 10.0 11.1 0.11 0.4 0.9 11.0 39.0 76.1

17 21 25 17 21 25 17 21 25 17 21 25

2012

NMSU 10-775 0.7 9.0 83 0.30 1.9 2.9 30.0 90.0 100.0 8.2 13.9 23.8
NMSU 10-776 0.3 43 14.4 0.10 1.2 2.2 6.7 56.7 86.7 5.8 19.6 252
NMSU 10-777 1.8 10.2 223 0.30 1.9 2.8 26.7 93.3 96.7 42 18.0 21.2
NMSU 07-30-2 4.6 12.7 21.0 0.40 1.8 2.6 333 96.7 100.0 35 17.3 15.4
NMSU 10-782 2.7 9.3 12.1 0.10 1.3 1.9 5.7 73.3 80.0 2.7 11.6 4.0
NMSU 07-32-1 2.8 10.2 21.6 0.30 1.6 2.8 233 90.0 100.0 4.6 10.9 12.2
NMSU 10-783 2.0 8.0 19.2 0.60 1.8 2.8 433 86.7 100.0 4.6 14.3 13.7
NMSU 10-785 1.2 5.4 19.1 0.03 0.8 22 3.3 69.0 93.3 0.5 8.8 12.6
NMSU 07-32-2 3.0 8.4 16.0 0.50 1.8 2.7 40.0 90.0 100.0 4.1 10.9 22.0
NMSU 10-793 17 10.3 213 0.20 1.6 2.6 20.0 86.7 100.0 53 10.5 19.2
NMSU 10-794 3.1 14.9 19.9 0.20 1.7 2.6 13.3 96.7 100.0 9.8 13.7 18.4
NMSU 07-33-1 2.8 12.5 19.8 0.40 1.7 2.9 35.7 89.0 94.3 42 8.2 15.2
NMSU 10-795 19 6.9 19.1 0.60 15 2.6 333 90.0 100.0 7.5 11.8 19.5
NMSU 07-35-1 0.9 5.9 323 0.13 1.4 2.5 13.3 80.0 96.7 35 18.9 27.9
NMSU 10-799 0.8 1.7 15.8 0.00 0.7 1.9 0.0 56.7 90.3 32 18.5 20.8
NMSU 10-800 3.0 10.9 249 0.10 1.2 2.6 10.0 833 100.0 12.1 20.2 21.2
NMSU 07-52-1 0.5 6.6 22.7 0.20 1.8 3.0 15.0 100.0 100.0 43 6.9 183
NMSU 10-804 2.1 3.7 27.9 0.40 1.3 2.4 30.0 833 100.0 3.4 33 30.9
NMSU 10-806 2.4 9.2 15.1 0.20 1.8 22 16.7 933 96.7 83 7.3 17.1
NMSU 10-807 33 10.3 10.0 0.42 1.5 2.6 42.0 75.7 79.0 1.4 14.7 16.6
NMSU 10-813 2.7 2.1 10.2 0.03 0.9 2.0 3.3 70.0 93.3 2.6 12.9 21.6
NMSU 07-53-1 7.4 13.8 23.1 0.23 1.8 2.9 233 93.3 100.0 5.1 12.1 222
NMSU 10-820 0.8 2.5 11.4 0.2 1.3 2.7 233 76.7 96.7 33 12.6 13.2
NMSU 10-833 1.9 6.9 13.6 0.4 1.7 2.7 30.0 86.7 96.7 53 15.8 17.5
NMSU 07-56-2 15 3.7 8.7 0.3 1.6 2.5 20.0 833 100.0 0.9 5.8 16.8
Rumba 8.7 10.6 11.4 0.90 2.4 2.9 50.0 100.0 100.0 4.1 16.7 14.7
Mean 24 8.2 18.6 0.30 1.5 2.5 22.0 84.2 95.4

“The number of thrips (juveniles and adults) per plant were counted from 10 plants arbitrarily selected in the center of each plot.

YTen plants per plot were rated individually for IYS severity on a scale of 0 to 4, where 0 =no symptoms, 1 = I to two small lesions per leaf, 2 = >2 medium-sized
lesions per leaf, 3 = lesions coalescing on more than 25% of the leaf, and 4 = more than 50% leaf death.

*Percentage of plants showing IYS disease symptoms were calculated based on 10 plants per plot.

“Tissue samples were randomly bulked from 10 plants per plot and were analyzed using ELISA to obtain the OD values at 405 nm. Values represent how many
times the OD value for a particular entry is greater than its corresponding healthy control plus three sp of the healthy control. Based on this calculation, values
greater than one would be considered positive for [YSV.

YEntries were tested in three blocks with one replication per block. Plots were 3 m in length and consisted of two equally spaced rows per plot. NMSU 10-775, 10-
776, and 10-777 came from NMSU 07-30-2; NMSU 10-782 came from NMSU 07-32-1; NMSU 10-783 and 10-785 came from NMSU 07-32-2; NMSU 10-793
and 10-794 came from NMSU 07-33-1; NMSU 10-795 came from NMSU 07-35-1; NMSU 10-799 and 10-800 came from NMSU 07-52-1; NMSU 10-804, 10-
806, 10-807, and 10-813 came from NMSU 07-53-1; NMSU 10-820 and 10-833 came from NMSU 07-56-2. ‘Rumba’ was included as susceptible check to thrips
and IYS.

“Ttalics represents that entry mean was significantly different from the susceptible check ‘Rumba’, at P =< 0.05.

‘Entry means highlighted in bold represent that selected lines were significantly different from the mean value of its original line at P < 0.05.

*Bold italics represent selected lines were significantly different from both its originating lines and ‘Rumba’ at P < 0.05.

NMSU = New Mexico State University.
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disease severity and incidence of ‘Rumba’
plants could be higher number of thrips on
plants of ‘Rumba’ early in the season as
compared with plants of NMSU 10-782.
Similarly, plants of NMSU 10-782 exhibited
a lower severity and incidence than plants
of ‘Rumba’ at 17 and 21 WAP in 2012
(Table 1). Early in the growing season, plants
of NMSU 10-782 (2.7) were infested with
fewer thrips than plants of ‘Rumba’ (8.7) that
could have contributed to the reduced symp-
tom expression for plants of NMSU 10-782
(Table 1). This difference could be as a result
of foliage differences as plants of ‘Rumba’
exhibited bluish green foliage whereas plants
of NMSU 10-782 exhibited light green fo-
liage (data not shown).

At 17 WAP in 2011, plants of NMSU 10-
782 rated for IYS severity did not show
symptoms but still tested positive for [YSV
(Table 1). A likely reason for the presence of
IYSV in plants of NMSU 10-782 could be
that leaf samples were arbitrarily collected
from the plants within the plots and not
specifically from the same plants that were
rated for severity. A leaf sample with IYS
disease symptoms might have been selected
and later bulked with other leaf samples
before testing for the presence of IYSV with
ELISA. Alternatively, these plants could be
asymptomatic and still have IYSV as reported
by others (Diaz-Montano et al., 2010; Gent
et al., 2004; Mohseni-Moghadam et al., 2011).
NMSU 10-782 and 07-32-1 were not different
for severity at 17 and 23 WAP in 2011 and at
any of the rating times in 2012, whereas NMSU
10-782 had a lower disease incidence from
NMSU 07-32-1 at 25 WAP in 2012 (Table 1).

At the last rating time in 2011, plants of
NMSU 10-813 exhibited reduced symptom
expression than plants of its original line
NMSU 07-53-1 and 37% fewer plants
exhibited disease symptoms for NMSU 10-
813 (Table 1). At the first and second ratings,
differences for disease severity between
these two lines were not detected and this
lack of difference might be due to slow
disease progression. One possible explana-
tion for a lower disease severity and in-
cidence in the selected lines as compared
with their original lines when other traits
were not different could be the ability of
plants in the selected lines to delay symptom
expression. For example, plants of NMSU
10-813 (0.9) exhibited a reduced severity at
the second rating in 2012 when compared
with plants of NMSU 07-53-1 (1.8). At the
same time, plants of NMSU 10-813 exhibited
a slower buildup of thrips number per plant
from 17 to 21 WAP as compared with plants
of NMSU 07-53-1, which could partially
explain the lower disease severity at 21
WAP (Table 1). Plants of both lines tested
positive for ['YSV with ELISA in 2011 and
2012. As explained earlier, IYS disease
spread more readily in 2012 due to conducive
environmental conditions (high temperatures,
dry weather etc.), which may have made it
more difficult to detect differences between
comparisons by the third rating as most of the
entries exhibited disease symptoms.
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For other comparisons of entries evalu-
ated in 2012, plants of selections NMSU 10-
785 (0.8) and NMSU 10-799 (0.7) exhibited
reduced symptom expression compared with
plants of their original breeding lines NMSU
07-32-2 (1.8) and NMSU 07-52-1 (1.8), re-
spectively, as well as plants of ‘Rumba’ (2.4)
at21 WAP (Table 1). At 17 WAP, NMSU 10-
785 had fewer plants (3.3%) with IY'S symp-
toms than its original line NMSU 07-32-2
(40.0%). In addition, leaf samples of NMSU
10-785 tested as negative for IYSV at 17
WAP (Table 1). At 21 WAP, 57% of the
plants of NMSU 10-799 exhibited disease
symptoms in contrast to all of the plants of its
original line NMSU 07-52-1. As no differ-
ences were observed for foliage characteris-
tics, maturity (data not shown), and thrips
number (Table 1) between plants of NMSU
10-785 and 07-32-2 as well as between plants
of NMSU 10-799 and 07-52-1, one possible
explanation for the lower disease severity and
incidence early in the season could be that
plants of NMSU 10-785 and 10-799 were still
not actively growing yet which made them
unattractive to thrips. Another possible ex-
planation may be the ability of plants of
NMSU 10-785 and 10-799 to delay symptom
expression due to less plant stress or these
plants might have an inherent resistance to
symptom development.

IYS severity and incidence were not
different for the previously mentioned com-
parisons later in the season. One reason for
this lack of difference might be an increase in
IYS symptom expression later in the season
due to conducive environmental conditions,
such as temperature, humidity, heat, and light
intensity. The other possibility could be that
plants were rated 2 weeks later in 2012 at 25
WAP (mid-August) and this date might be
closer to plant maturity; therefore, plants
could have been more susceptible and
showed higher IYS severity. Higher severity
close to maturity or at later rating dates has
been reported previously (Cramer et al.,
2014; Multani et al., 2009; Singh, 2013).

Entries such as, NMSU 10-807 had
fewer number of plants with IY'S symptoms
than its original line NMSU 07-53-1 at 21
WAP in 2011 and 25 WAP in 2012, re-
spectively (Table 1). A likely explanation
could be that plants of NMSU 10-807 had
fewer thrips than plants of NMSU 07-53-1
at the last thrips count in both years.
However, differences in thrips number be-
tween the original and selected population
did not result in differences for disease
severity. One interpretation from these re-
sults could be that NMSU 10-807 might
have had more severe symptoms on a fewer
plants whereas NMSU 07-53-1 may have
had a greater number of plants with a lower
disease severity because disease incidence
was based on the percentage of plants
showing IYS symptoms from a plot.

Among the several plant selections made
of the onion breeding lines from NMSU for
improving the level of IYS resistance, thrips
feeding or both, only a few showed some
degree of enhancement toward fewer thrips

per plant and delayed or reduced symptom
expression. In addition, all of the selections
from NMSU 07-33-1 did not show any
differences for any of the measured traits in
both years (Table 1). A number of factors
might be responsible for the lack of differ-
ences for reduced IYS and fewer thrips. For
IYS, symptom expression depends on the
presence of IYSV and the vector (onion
thrips) in the field, favorable environmental
conditions (such as heat, temperature, light,
and humidity), and many others, which can
induce stress on plants and result in symptom
expression (Cramer et al., 2014). Under un-
stressed conditions, a plant may not show
IYS disease symptoms even when the virus
and vector are present. In addition, a plant’s
inherent ability to tolerate plant stress
(Cramer et al., 2014) can affect the ability
to detect differences for I'YS between differ-
ent germplasms. Selection pressure and field
design used in this study could have been too
severe and reduced the ability to detect
differences for IYS severity and higher thrips
population in the field.

Because bulbs carrying viruliferous thrips
from the previous year’s study were planted
before seeding of test plots and then higher
thrips populations were maintained by not
spraying insecticides, these two factors
could have resulted in a highly stressful
condition for plants. The original NMSU
breeding lines on which selections were
performed in 2009 had also shown more
resistance to I'YS in past studies (Mohseni-
Moghadam et al., 2011); therefore, limited
variability for reduced IYS symptom expres-
sions for the original and selected populations
could have been another reason for not detect-
ing many differences. The other possibility
could be that some of the selections were just
escapes and did not have reduced or delayed
symptom expression at the time of selection.
Yearly differences for thrips number and
growth of plants, single location, and one
selection cycle can also be other factors af-
fected the ability to detect differences.

Conclusion

Overall, no differences were observed for
foliage characteristics and maturity for most
of the comparisons between selected and
original lines. As plants were selected from
the original NMSU breeding lines for re-
duced IYS symptoms and lesser thrips feed-
ing damage, and not on the basis for leaf color
or leaf wax or maturity, the lack of differ-
ences in leaf color, leaf wax, and maturity
between original and selected lines were not
surprising. Plants of the selected lines NMSU
10-776, 10-782, 10-785, 10-807, and 10-813
had fewer thrips, and lower disease severity
and incidence on at least one or two rating
times in both years than plants of their
original breeding line. A decrease in thrips
number may eliminate one or several in-
secticidal applications for the control of
thrips, reduce leaf damage, and reduce [YSV
spread. In addition, a lower disease severity
and incidence can increase bulb yield the
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number of bulbs of larger size, or both, and
generate higher returns for growers. Because
no insecticidal spray was applied on plants to
control thrips number, entries that showed
lower thrips number and IYS severity and
incidence in this study may likely perform
better when plants are grown under actual
field conditions.

Entries, such as, NMSU 10-775, 10-777,
10-782, 10-785, and 10-833 performed
better in 2011, whereas NMSU 10-799
and 10-804 performed better in 2012 from
their original lines for lower thrips number
and IYS severity and incidence at one or
two rating times. A delay in symptom
expression could be advantageous for over-
all higher yield and obtaining a higher
number of bulbs in the larger size market
classes due to less loss of photosynthetic
area. In addition, a slower thrips buildup
would be beneficial for higher returns and
the environment by reducing the number of
insecticide applications required. It would
be interesting to evaluate these entries
again because of yearly differences ob-
served. Most of the entries in the study
had fewer thrips per plant and lower disease
severity and incidence at most of the rating
times when compared with the susceptible
check ‘Rumba’. The aforementioned re-
sults showed an improvement for resis-
tance to thrips and IYS after one selection
cycle and indicate the potential to make
further improvements with additional cy-
cles of selection. For future work, selec-
tions were performed on some of the
promising entries in 2011 and 2012 to
further expand the work on seeing the
progress after second generation material.
In addition, seeds of NMSU lines that
observed to be resistant to IYS disease
and thrips in the present and future studies
will likely be released to the public and
private sector for further testing and in-
corporation of resistant germplasm in the
advanced breeding materials. Overall,
a limited amount of progress was observed
in some of the selected populations from its
original populations.
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