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Abstract
Severe winter wheat yield losses due to infestations of wheat curl mite, Aceria tosichella Keifer, and mite-transmitted viruses 
occur in wheat production areas of the United States and Canada. Mite infestation alone causes stunted, chlorotic plants in 
susceptible wheat varieties, and mites transmit Wheat Streak Mosaic (WSMV), High Plains Wheat Mosaic (HPWMoV), 
and Triticum Mosaic Virus (TriMV). Wheat curl mites were collected from 25 sites in Kansas, Missouri, Nebraska, Texas, 
North Dakota, and South Dakota in 2014 and 2015. At each site, mite virulence was determined to wheat plants harboring 
the Cmc2-, Cmc3-, or Cmc4 mite resistance gene; or Cmc4 plus the Wsm2 WSMV resistance gene. Mites collected from 
92%, 36%, and 24% of sites were virulent to susceptible Jagger wheat plants (no Cmc), Cmc2, and Cmc3, respectively. The 
mega-population consisting of all 25 mite sub-populations was avirulent to 80% of plants containing Cmc4 + Wsm2 or Cmc4. 
WSMV, HPWMoV, or TriMV was present in mites at 76%, 16%, and 8% of the 25 sites, respectively. Our results will enable 
breeders to increase the efficiency of wheat production by releasing wheat varieties containing wheat curl mite resistance 
genes that reduce wheat yield losses.
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Introduction

The wheat curl mite, Aceria tosichella Keifer, an impor-
tant arthropod pest of winter wheat, Triticum aestivum L., 
is the only known vector of several viruses that significantly 
reduce wheat yields. A. tosichella transmits Wheat streak 
mosaic virus (WSMV, family Potyviridae, genus Tritimo-
virus) (Orlob 1966; Slykhuis 1955); High Plains wheat 
mosaic virus (HPWMoV, genus Emaravirus, formerly High 

Plains virus; www.ictvo nline .org/propo sals-15/2015.018aP 
.A.v3.Emara virus _sp.pdf) (Seifers et al. 1997); and Triticum 
Mosaic Virus (TriMV, family Potyviridae, genus Poacevirus) 
(Seifers et al. 2008, 2009b).

Yield losses from infection by WSMV, the most promi-
nent of the three viruses, have averaged from 2.5 to 5% over 
the past 25 years (Christian and Willis 1993; French and 
Stenger 2003) depending on wheat cultivar (Martin et al. 
1984). However, past outbreak WSMV infections in Canada 
and Kansas demonstrate that yield reductions of > 10% can 
occur (Atkinson and Grant 1967; Sim et al. 1988). Aggre-
gate yield losses from single or multiple viral coinfections 
are prevalent in the central United States wheat production 
area (Mahmood et al. 1998; Byamukama et al. 2016).

Effective A. tosichella population control is difficult for 
several reasons. While prediction of infestations is possible 
if pre-harvest volunteer wheat or green corn are near win-
ter wheat emerging in the fall, such predictions are compli-
cated because many species of range grasses are mite hosts 
(Slykhuis 1955; Connin 1956; Skoracka et al. 2012). Delay-
ing wheat planting until volunteer wheat is removed also 
is problematic because the uniformity of volunteer wheat 
destruction by producers varies widely. In reality, planting 
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dates are normally determined by availability of soil mois-
ture. In addition, delayed planting is not feasible for growers 
using wheat for winter livestock forage (Martin et al. 1984; 
Velandia et al. 2010). Finally, no effective acaricides exist 
for A. tosichella management (Townsend and Johnson 1996; 
Morgan et al. 2005; McMechan and Hein 2016).

Thus, wheat plant resistance is likely to be the most via-
ble, economical, and environmentally-safe and eco-friendly 
approach to wheat curl mite population reduction (Smith 
1999). Andrews and Slykhuis (1956) were the first to iden-
tify mite resistance in tall wheatgrass, Agropyron elonga-
tum (Host.) P. Beaur., and Agropyron intermedium (Host.) 
P. Beaur. Harvey and Livers (1975) determined that genes 
from rye, Secale cereale L., suppress mite populations more 
than genes from wheat, and Martin et al. (1976) showed that 
Salmon, a wheat cultivar carrying a segment of rye chromo-
some 1R, was highly resistant to wheat curl mite but suscep-
tible to WSMV. Soon after, Martin et al. (1984) highlighted 
that resistance to wheat curl mite in Salmon reduced the 
occurrence of WSMV by 58%. Harvey and Martin (1980) 
and Harvey et al. (1990) found that cultivars with increased 
trichome density had reduced wheat curl mite populations. 
Numerous wheat cultivars with genetic resistance to mites 
have been used successfully to suppress mite populations 
and lower the level of infection of mite-vectored viruses by 
inhibiting mite reproductive capacity (Harvey and Martin 
1988; Harvey et al. 1994, 2005; Conner et al. 1991).

Four cereal genes that express resistance to wheat curl 
mite have been deployed in commercial varieties in North 
America. The gene Cmc1 from Tausch’s goatgrass, Aegilops 
tauschii (Coss.). Schmal. (syn. Ae. squarrosa L.; Triti-
cum tauschii) was introgressed to wheat chromosome 6D 
(Thomas and Conner 1986; Whelan and Thomas 1989); 
in wheat cultivar Radiant (Thomas et al. 2012). The gene 
Cmc4 in wheat cultivars MT06X424 (Hofer et al. 2011) 
and OK05312 (Carver et al. 2016), also from Ae. tauschii, 
was shown to segregate independently of Cmc1 on wheat 
chromosome 6D by Malik et al. (2003). The gene Cmc2 
(PI52452) originated from A. elongatum and was identified 
by Martin et al. (1976) and Whelan and Hart (1988); and 
Cmc3, the rye gene in wheat cultivars Salmon and TAM107 
(Martin et al. 1983; Schlegel and Kynast 1987), was mapped 
and named by Malik et al. (2003). The Wsm1, Wsm2, and 
Wsm3 WSMV resistance genes have been identified (Triebe 
et al. 1991; Liu et al. 2011; Lu et al. 2011), but no HPWMoV 
resistance genes have been identified. Currently, no known 
commercial wheat varieties contain combined resistance to 
wheat curl mite and WSMV (Graybosch et al. 2009; DeWolf 
et al. 2014).

The term virulence in studies of plant resistance to arthro-
pods is defined as the ability of an arthropod to overcome a 
plant resistance gene (Smith 2005; Kobayashi 2016; O’Neal 
et al. 2018) or conversely, the loss of a resistant plant’s 

capability to distinguish the presence of the arthropod, due 
to mutation in an arthropod avirulence gene(s) (Smith and 
Clement 2012). The limitation of using any Cmc gene is 
that virulent wheat curl mite populations may preexist or 
develop to overcome resistance (Harvey et al. 1995, 1997, 
1999). Thus, new sources of mite resistance must be avail-
able to wheat breeding programs to manage wheat curl mite 
virulence effectively.

Although mite virulence patterns in North America have 
not been examined since 1998, the fact that no major mite 
outbreak infestations have occurred indicates that mite 
populations have remained avirulent to Cmc4 (Cmc4 has 
remained resistant), and that mite virulence to Cmc2 and 
Cmc3 (Cmc2 and Cmc3 susceptibility) reported by Har-
vey et al. (1995, 1999) remains. However, studies of Cmc4 
field resistance have been limited to Oklahoma and Mon-
tana (Carver et al. 2016; Hofer et al. 2011). Therefore, we 
hypothesized that mite virulence responses to Cmc2, Cmc3, 
and Cmc4 may have changed in locations other than these 
in the U.S. Great Plains and further, that virulence may be 
related to the distribution of mite-transmitted viruses. The 
goals of this study were to assess the virulence status of mite 
populations in wheat from 25 different geographic locations 
in the U.S. Great Plains to mite resistance genes in wheat; 
and to determine the incidence of WSMV, HPWMoV, and 
TriMV in mites collected from each location.

Materials and methods

Collection of A. toschiella populations

Wheat curl mites were collected from grain heads of wheat, 
Triticum aestivum L., at 25 locations in the U.S. Great Plains 
from May 21 to July 10, 2014 and June 25 to July 12, 2015 
(Supplemental Table 1). The selection of locations was 
based on results of Harvey et al. (1995, 1997, 1999) and on 
reference data describing areas of high U.S. wheat produc-
tion (USDA NASS 2013). Thirty wheat heads were sampled 
randomly from each of three fields at each location (distance 
between fields was ~ 500 m). The resulting total of 90 heads 
per location provided an adequate representation of the mite 
population at each location. Ten wheat heads, each contain-
ing ~ 1000 mites/head, were selected at random from the 90 
heads collected at each location and used to establish a mite 
colony for each population. 100 mites from heads at each 
location were placed separately on each of 100 suscepti-
ble Jagger plants in 45 × 45 × 75 cm cages (BioQuip, Ran-
cho Dominguez, CA, USA) covered with 35-micron mite-
proof mesh (Elko Filtering Co., Miami, FL USA; Item # 
03-35/16). In all experiments, Sungrow METRO-MIX 360 
soil was used (Hummert International, Topeka, KS, USA) 
to grow wheat varieties and planted one seed per pot. Each 
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colony was checked 21 days post-establishment under the 
microscope to make ensure successful mite transfers. An 8 h 
recess was observed between transfers with each population 
to prevent cross-contamination of colonies (Orlob 1966). 
After colonies were established, DNA was extracted from 
mites in each colony and PCR amplified with a nuclear ribo-
somal internal transcribed spacer 1 (ITS1) using protocols 
of Malik (2001) to verify that each colony contained only 
A. tosichella and free of contamination of other Aceria spp.

A. tosichella virulence to mite resistance genes

Experiments were conducted to assess differences in mite 
population increase and mite-related leaf rolling on plants 
containing different wheat curl mite resistance genes. All 
known commercial wheat varieties lack combined resist-
ance to WSMV and wheat curl mite (DeWolf et al. 2014; 
Graybosch et al. 2009). Three wheat genotypes with differ-
ent Cmc genes were assessed for wheat curl mite virulence: 
PI52452, which contains Cmc2; TAM 107, which contains 
Cmc3; and advanced Kansas breeding line KSU2R-2, con-
taining Cmc4 and Wsm2. The pedigree of KSU2R-2 is RonL/
U5287//KS06O3A ~ 58. The cultivars Jagger and OK05312, 
containing Cmc4 (Carver et al. 2016) were included as sus-
ceptible and resistant controls, respectively. Plants of all 
these wheat genotypes tested in all experiments were main-
tained in the greenhouse at 24:20 °C day/night and a 14:10 
[L:D] h photoperiod.

Individual experiments were conducted with each of the 
25 mite populations collected from the locations described 
in Supplemental Table 1. Each experiment contained a total 

of 25 plants, consisting of five two-leaf-stage seedlings (rep-
lications) of each of the three test genotypes, the OK05312 
resistant cultivar and the Jagger susceptible control. Each 
seedling was infested in the second leaf stage with a piece 
of wheat leaf containing 10 wheat curl mite adults and all 
25 plants were placed in a completely randomized design 
in a 45 × 45 × 75 cm cage (BioQuip, Rancho Dominguez, 
CA, USA) covered with 35 micron mite-proof mesh (Elko 
Filtering Co., Miami, FL USA) in a manner that prohib-
ited leaf-to leaf contact (Fig. 1). Each cage was rotated 90° 
southward daily to ensure that each caged plant had an equal 
opportunity to receive sunlight and airflow. This process was 
repeated for each of the 25 mite populations.

Each caged plant was assessed for mite-induced leaf fold-
ing using protocols of Chuang et al. (2017) at 14 days post 
infestation, and all plants were then cut just above the soil 
level and their leaves were folded and spread on adhesive 
5 × 9 cm gridded blue paper sheets. Each sheet was then 
stored in a 50 mL Falcon tube (Fisher Scientific, Waltham, 
MA, USA) for 4–5 days or until the leaves dried at room 
temperature) and placed in a tube holder at a 45° angle to 
prevent mites from falling into the bottom of the tube (Muru-
gan et al. 2011). Mites migrated from leaves to the adhe-
sive and were counted using a Nikon SMZ-645 stereo zoom 
microscope at × 50 magnification.

Comparison of virus infections in A. tosichella 
populations

To determine the degree of infection in each mite popu-
lation by WSMV, HPWMoV, or TriMV, 15 two-leaf-stage 

Fig. 1  Flow chart of methodology used to assess mite population 
growth. Left: 2-leaf seedlings infested with a piece of wheat leaf con-
taining 10 mite females; Center: cage containing 25 plants, consisting 

of 5 plants (replicates) of each of 3 wheat test genotypes and 2 con-
trols. Right: plant processing for mite population counts
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seedlings of the mite-susceptible cultivar Jagger were each 
infested in the second leaf stage with a piece of wheat leaf 
containing 10 mites from each of the 25 populations. Plants 
were caged for 21 days to allow virus infection symptoms 
to occur using protocols of Chuang et al. (2017). Each cage 
represented an individual experiment with each mite popu-
lation. Five plants from each group of 15 infested seedlings 
and two negative control plants of the susceptible cultivar 
Jagger were subjected to ELISA for each virus using proto-
cols of Seifers et al. (2009a, b). Briefly, viruses were detected 
using Agdia virus-specific ELISA kits SRA 47001/0096, 
SRA 17200/0096, and RS 21300/0096 for WSMV, HPWMo, 
and TriMV, respectively. Each virus was assayed by coat-
ing reader plate wells with carbonate coating buffer/capture 
antibody mixture and incubating overnight in a humid box 
at 4C, according to manufacturer’s instructions. Plant leaf 
tissue was homogenized in 1:10 (g/v) ratio in PBST buffer 
and diluted 1:100 in PBST for further processing. Diluted 
plant extracts were dispensed in 100 ul aliquots/well and 
each assay was completed as instructed by the manufacturer.

Absorbance values at 405 nm were then measured after 
60 min, using a Vmax kinetic microplate reader (Molecular 
Devices, San Francisco, CA, USA) and used to calculate 
virus infection rates in plants fed on by mites from each 
location. Samples were determined to be positive for a 
virus if they contained 3× the average absorbance values 
of uninfected Jagger leaves (Fahim et al. 2012; Rotenberg 
et al. 2016). All ELISA values are shown in Supplemental 
Table 2.

The rate of infection of each virus from mites in each 
population was determined using an ELISA ratio calcu-
lated as:  OD405 nm value of one leaf of an infected plant/
OD405 nm value of one leaf of an uninfected control plant. A 
high ELISA ratio indicates high virus infection and a low 
ratio indicates comparatively reduced- or no infection. Seif-
ers et al. (2009a) used the ELISA ratio to describe GHVs 
(Greater than Healthy plant Values), as the number of times 
greater an ELISA ratio is than the ELISA value of the 
healthy control. Mite populations infesting plants exhibit-
ing ELISA ratios significantly higher than plants infested 
by other mite populations were considered to have a signifi-
cantly greater infection capacity.

Statistical analyses

Data for mite-induced leaf folding, mite numbers. and mite 
virus infection were analyzed independently for each of 
the 25 mite populations. Leaf folding data were analyzed 
by comparing each mite-resistant genotype (Cmc2, Cmc3, 
Cmc4 + Wsm2) to resistant- and susceptible control cultivars 
using the χ2 Fisher’s Exact Test (Fisher 1954). If the χ2 
test was significant at P < 0.05 for the complete experiment, 
individual statistical treatment differences were displayed 

as significant (0.05), highly significant (0.01), or non-sig-
nificant at 0.05.

Mite numbers and ELISA virus ratio infection data were 
subjected to one-way ANOVA using PROC GLIMMIX 
(SAS 2008). These data did not follow assumptions of nor-
mality and homogeneity of variances as indicated by the 
Shapiro–Wilk test of normality and the Brown–Forsythe 
and Levene tests of homogeneity of variances (Shapiro and 
Francia 1972). Both mite number data and ELISA virus 
ratio data were fit to gamma distributions for analysis after 
log transformation. Mean ± 95% CI numbers of mites and 
mean ± 95% CI ELISA ratios were separated by Tukey’s 
HSD (honestly significant difference) test or least signifi-
cant difference (LSD) test if the type III test for fixed effect 
was significant at P < 0.05. The LSD test, recommended for 
exploratory studies by Milliken and Johnson (2004) such as 
these, was conducted when the Tukey’s HSD test was too 
conservative. Mite virulence (Fig. 2) was visualized using 
the computation tool Circos 0.69–4 (Krzywinski et al. 2009) 
by comparing the mean numbers of mites from each geo-
graphic population on each wheat genotype containing the 
mite resistance genes Cmc2, Cmc3, Cmc4, and Cmc4 plus 
Wsm2. Color bands represent numbers of mites from each 
population on plants of each genotype; with narrow bands 
indicating avirulence and wide bands indicating virulence.

Results

Plant leaf folding responses

Mites within each of the 25 populations caused variable 
responses in phenotypic leaf folding to mite-resistant and 
susceptible control plants. Feeding by mites from 15 of the 
17 locations resulted in 0–20% leaf folding on OK05312 
resistant control plants and 80–100% leaf folding on suscep-
tible Jagger control plants (Table 1). Exceptions to this pat-
tern occurred in mites from Dickinson, Finney and Geary co. 
Kansas, which caused 40–60% leaf folding on the suscepti-
ble control; and in mites from Pettis and Pike co. Missouri 
which caused 0–40% leaf folding on the resistant control and 
60–80% folding on the susceptible control.

Plants containing Cmc4 and Wsm2 sustained significantly 
less leaf folding than susceptible Jagger control plants when 
infested with mites from Barton, Ellis, Ellsworth, Greeley, 
and Saline co. Kansas (Table 1). However, there were no 
statistical differences between resistant and susceptible con-
trols and any test genotype fed on by mites from Dickin-
son, Finney, and Geary co. Kansas. Plants containing Cmc2 
demonstrated significantly less leaf folding than susceptible 
Jagger control plants when infested with mites from Gree-
ley co., and plants containing Cmc3 demonstrated a similar 
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response when infested with mites from Barton and Greeley 
co.

In Missouri, the Cooper co. population caused signifi-
cantly less folding to plants containing Cmc2, Cmc3, or 
Cmc4 + Wsmv2 than susceptible control plants (Table 1). 
Feeding by populations in Cape Girardeau and Stoddard 
co. also caused significantly less folding in Cmc4 + Wsmv2 
plants than in susceptible control plants (Table 1). The 
Barton co. population caused significantly less folding in 
Cmc3 plants, but not to plants containing Cmc2  or Cmc4  
+Wsmv2. There were no significant differences in leaf fold-
ing between resistant- and susceptible control plants or 
plants containing any of the resistance genes infested with 
mite populations from Pettis and Pike counties, Missouri.

Leaf folding by all Nebraska and South Dakota mite pop-
ulations was significantly less on plants containing Cmc4 
and Wsm2 than on susceptible plants and folding was no 
different than that on resistant plants (Table 1). Leaf fold-
ing caused by mites in Hughes co. South Dakota was sig-
nificantly less on plants containing Cmc2 and Cmc3 than 
the susceptible plants; and folding caused by mites in Tripp 
co. South Dakota was significantly less on plants containing 

Cmc3 than on susceptible plants (Table 1). Mite populations 
in North Dakota and Texas caused significantly less fold-
ing to plants containing Cmc4 + Wsmv2 than the susceptible 
(Table 1), and both North Dakota populations caused signifi-
cantly less folding to plants containing Cmc3.

Mite population counts

The mean mite populations on Cmc4 resistant- and suscep-
tible control plants differed significantly when infested with 
mites from 20 of the 25 mite populations (Table 3, Sup-
plemental Table 2). The five locations where there were 
no differences were Dickinson and Greeley co. Kansas; 
Cape Girardeau and Cooper co. Missouri; and Ward co. 
North Dakota. However, populations of mites from Cape 
Girardeau, Cooper, and Greeley co. on susceptible control 
plants were 3- to 10-fold higher than on Cmc4 resistant con-
trol plants (Table 2). Populations of mites from Dickinson 
co. Kansas did not differ on any plant genotype and were 
relatively reduced (16.6–68.6 mites/plant) (Table 2). The 
numbers of mites from Cape Girardeau and Cooper co. Mis-
souri were significantly less on plants containing Cmc3 than 

Fig. 2  Virulence of A. tosichella 
on wheat genotypes contain-
ing Cmc2, Cmc3, or Cmc4 A. 
tosichella resistance genes, the 
Wsm2 Wheat Streak Mosaic 
Virus resistance gene plus 
Cmc4, the OK05312 Cmc4 
mite-resistant control and the 
susceptible Jagger control at 14 
dpi by A. tosichella populations 
collected from 25 counties in 
six U.S. Great Plains wheat 
producing states. Color bands 
represent A. tosichella numbers 
from each population on plants 
of each genotype. Narrow bands 
indicate avirulence, wide bands 
indicate virulence
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susceptible controls, and populations of mites from Cape 
Girardeau were significantly lower on plants containing 
Cmc3 or Cmc4 + Wsm2 than susceptible controls (Table 2). 
Mites from Ward co. North Dakota exhibited a unique 
response (no differed significantly between Cmc4 resistant- 
and susceptible control). Finally, mite populations on plants 
containing Cmc4, Cmc4 + Wsm2 and the susceptible control 
did not differ, and all were significantly less than those on 
plants containing Cmc2 or Cmc3 (Table 2).

The gene Cmc2 was the least resistant of the Cmc genes 
assessed, with mites from only 6 of 25 locations (24%) 
exhibiting populations on Cmc2 plants significantly lower 
than those on susceptible control plants. Resistance in Cmc3 
plants was comparatively broader. Mites from 14 of the 25 
locations (56%) exhibited populations on Cmc3 plants sig-
nificantly lower than those on susceptible control plants 
(Table 2). However, Cmc3 resistance was overcome by 
populations at two locations (Finney co. Kansas, Ward co. 
North Dakota), where mite populations were significantly 

higher on Cmc3 plants than on susceptible control plants. 
Plants containing the Cmc4 or the Cmc4 + Wsm2 combina-
tion displayed the broadest level of mite resistance. Counts 
of mites from 20 of 25 locations (80%) on Cmc4 plants or 
on Cmc4 + Wsm2 plants were significantly lower than those 
on susceptible control plants. The study found 17 of these 
20 locations were identical (Table 2). The responses of mites 
from all populations to Cmc4 showed no indication of wide-
scale mite virulence to Cmc4 (Table 3, Fig. 2). However, 
mite counts from Greeley and Dickinson co. in Kansas, 
and Cape Girardeau and Cooper co. in Missouri were no 
different on resistant- and susceptible controls, suggesting 
the potential existence of virulence to Cmc4. Nevertheless, 
the overall pattern of mite virulence was very similar to the 
trends in mite population abundance shown in Table 2.

Table 1  A. tosichella leaf 
folding in plants of wheat 
genotypes containing the Cmc2 
or Cmc3 mite resistance genes, 
Cmc4 plus the Wsm2 Wheat 
Streak Mosaic Virus resistance 
gene, a Cmc4 resistant control 
and susceptible control at 14 
days post infestation by mites at 
25 locations

a Cmc2 =PI525452; Cmc3 = TAM 107; resistant control = OK05312 (Cmc4); susceptible control = Jagger
*Significant at P < 0.05; **Significant at P < 0.01; ns = non-significant at P > 0.05

Location Control plant leaf folding 
(%)

χ2 comparison of % leaf folding in 
control plants and Cmca plants

Cmc2 Cmc3 Cmc4 + Wsm2

State County Resistant Susceptible R S R S R S

Kansas Barton 0 100 ns ns ns ** ns **
Dickinson 0 40 ns ns ns ns ns ns
Ellis 0 100 * ns ns ns ns **
Ellsworth 0 100 ns ns ns ns ns **
Finney 0 60 ns ns ns ns ns ns
Geary 0 40 ns ns ns ns ns ns
Greeley 20 40 ns * ns * ns **
Saline 0 80 ns ns ns ** ns *

Missouri Barton 0 80 ns ns ns * ns ns
Cape Girardeau 0 80 ns ns ns ns ns *
Cooper 0 100 ns * ns * ns **
Pettis 0 60 ns ns ns ns ns ns
Pike 40 80 ns ns ns ns ns ns
Stoddard 0 100 ns ns ns ns ns **

Nebraska Saunders 0 100 ns ns ns ns ns *
Hayes 0 100 ns ns ns ns ns **
Furnas 0 100 ns ns ns ns ns **
Cheyenne 0 100 ns ns ns ns ns **

North Dakota Bottineau 0 100 ns ns ns ** ns **
Ward 0 100 * ns ns ** ns *

South Dakota Hughes 0 100 ns ** ns ** ns **
Tripp 0 80 ns ns ns * ns *
Lake 0 80 ns ns ns ns ns *

Texas Dallam 0 80 * ns ns ns ns *
Randall 0 80 ns ns ns ns ns *
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Virus infection

WSMV was the most prevalent virus detected in mites in all 
25 mite populations and was present in 75% of the popula-
tions (Supplemental Table 4). The HPWMoV and TriMV 
were much less prevalent, present in only 16% and 13% of 
the populations, respectively. The WSMV was also present 
at significantly greater levels than HPWMoV or TriMV in 
mites collected from 18 of the 25 locations (Table 4, Supple-
mental Table 4). There few multiple infections transmitted 
by mites from the 25 different locations sampled, although 
WSMV/HPWMoV coinfections and WSMV/TriMV coin-
fections were detected in occurred in 11% and 12% of all 
sample locations, respectively (Supplemental Table  4). 
The WSMV/HPWMoV coinfection occurred only in South 
Dakota (53%), North Dakota (40%), and at a much lower 
incidence of 3% in Missouri (Supplemental Table 4). The 
WSMV/TriMV coinfection occurred at 50% of the Missouri 
sample sites, 20% of Nebraska sample sites, at only 3% of 

the sites sampled in Kansas. No HPWMoV/TriMV coinfec-
tions or triple WSMV/HPWMoV/TriMV coinfections were 
detected in plants infested with mites from any sample site 
in our experiments (Supplemental Table 4). In addition, 
WSMV infection and HPWMoV infection in mites collected 
from Bottineau co. North Dakota occurred at significantly 
greater levels than TriMV infection. Finally, WSMV and 
TriMV infections in mites from Barton and Pike co. Mis-
souri occurred at significantly greater levels than infection 
by HPWMoV (Table 4, Supplemental Table 2).

ELISA ratios of the three viruses differed significantly in 
plants infested by mites from 22 of these locations (Table 4). 
At the remaining three locations there no significant differ-
ences in the ELISA ratios of plants infected by mites from 
Geary co. Kansas, Pettis co. Missouri, or Saunders co. 
Nebraska. The WSMV ELISA ratio was significantly greater 
than the HPWMoV or TriMV ELISA ratios in plants infected 
by mites in six of the seven counties in Kansas and all other 
counties in Missouri and Nebraska. The HPWMoV ELISA 

Table 2  Mean ± CI (95%) number A. tosichella on plants of wheat 
genotypes containing Cmc2 or Cmc3 A. tosichella resistance genes; 
the A. tosichella Cmc4 resistance gene plus the Wsm2 Wheat Streak 
Mosaic Virus resistance gene; the OK05312 Cmc4 resistant con-

trol and the Jagger susceptible control at 14 days post infestation 
by A. tosichella populations from 25 counties in Kansas, Missouri, 
Nebraska, North Dakota, South Dakota, and Texas

Means within a row followed by the same letter are not significantly different (P  > 0.05, Tukey’s mean separation test)
*Means within a row followed by a different letter differed significantly based on LSD mean separation test (α = 0.05)

Sample location Mean ± CI (95%) number of A. tosichella on plants with mite resistance gene(s)

State County None Cmc2 Cmc3 Cmc4 + Wsm2 Cmc4

KS Barton 50.2 ± (28.3, 72.0)ab 33.8 ± (11.9, 55.6)abc 58.0 ± (36.1, 79.8)a 9.0 ± (− 12.8, 30.8)bc 5.8 ± (− 16.0, 27.6)c
Dickinson 68.6 ± (23.3, 201.9)a 68.4 ± (23.2, 201.3)a 43.6 ± (14.8, 128.3)a 16.6 ± (5.6, 48.8)a 17.2 ± (5.8, 50.6)a
Ellis 156.8 ± (109.5, 204.0)a 98.8 ± (51.5, 146.0)ab 30.4 ± (− 16.8, 77.6)b 9.8 ± (− 37.4, 57.0)b 27.6 ± (− 19.6, 74.8)b
Ellsworth 687.6 ± (243.6, 1940.4)a 46.8 ± (16.5, 132.0)b 244.6 ± (86.6, 690.2)ab 59.0 ± (20.9, 166.5)b 55.4 ± (19.6, 56.3)b
Finney 27.6 ± (15.8, 47.9)b 60.6 ± (34.8, 105.3)ab 91.1 ± (52.4, 158.5)a 7.4 ± (4.2, 12.8)c 3.2 ± (1.8, 5.5)c
Greeley 206.2 ± (72.4, 587.0)a 12.4 ± (4.3, 35.3)c 120.4 ± (42.2, 342.7)ab 23.6 ± (8.2, 67.1)bc 29.4 ± (10.3, 83.7)abc
Geary 246.0 ± (109.5, 552.3)a 69.0 ± (30.7, 154.9)ab 46.1 ± (20.5, 103.7)bc 12.4 ± (5.5, 27.8)c 10.8 ± (4.8, 24.2)c
Saline 50.2 ± (28.4, 71.9)ab 33.8 ± (12.0, 55.5)abc 58.0 ± (36.2, 79.7)a 9.0 ± (− 12.7, 30.7)bc 3.6 ± (− 18.1, 25.3)c

MO Barton 617.4 ± (320.6, 1188.7)a 530.8 ± (275.6, 1022.0)ab 66.7 ± (34.6, 128.6)c 86.2 ± (44.7, 165.9)c 153.6 ± (79.7, 295.7)bc
Cape Girardeau 473.6 ± (311.6, 635.5)a 255.2 ± (93.2, 417.1)ab 16.0 ± (− 145.9, 177.9)b 130.2 ± (− 31.7, 292.1)b 153.6 ± (− 8.3, 315.5)ab
Cooper 404.8 ± (143.4, 1141.9)a 87.6 ± (31.0, 247.1)ab 25.8 ± (9.1, 72.7)b 153.2 ± (54.3, 432.1)ab 108.4 ± (38.4, 305.8)ab
Pike 1510.6 ± (1068.1, 2136.3)a 1091.0 ± (771.4, 1542.9)a 284.6 ± (201.2, 402.4)b 244.6 ± (172.9, 345.9)b 264.8 ± (187.2, 374.4)b
Pettis 227.4 ± (123.3, 419.2)a 10.4 ± (5.6, 19.1) b 4.3 ± (2.3, 8.1) bc 2.0 ± (1.0, 3.6) c 1.8 ± (0.9, 3.3) c
Stoddard 228.8 ± (105.2, 497.4) a 168.8 ± (77.6, 366.9) a 17.8 ± (8.1, 38.6) b 8.6 ± (3.9, 18.6) b 33.9 ± (15.6, 73.9) b

NE Cheyenne 457.2 ± (199.4, 1048.3) a 113.6 ± (49.5, 260.4) abc 193.6 ± (84.4, 443.9) ab 31.2 ± (13.6, 71.5) c 59.2 ± (25.8, 135.7) bc
Furnas 1616.2 ± (665.6, 3924.0) a 653.2 ± (269.0, 1585.9) a 338.2 ± (139.3, 821.1) ab 98.0 ± (40.3, 237.9) b 72.4 ± (29.8, 175.7) b
Hayes 1034.6 ± (417.2, 2565.4)a 39.0 ± (15.7, 96.7)b 497.6 ± (200.6, 1233.8)a 6.2 ± (2.5, 15.3)b 17.0 ± (6.8, 42.1)b
Saunders 2567.4 ± (1648.6, 3998.0)a 2393.0 ± (1536.6, 3726.5)a 559.4 ± (359.2, 871.1)b 218.0 ± (139.9, 339.4)c 155.0 ± (99.5, 241.3)c

ND Bottineau 141.6 ± (58.6, 341.9)a 30.8 ± (12.7, 74.3)ab 3.4 ± (1.4, 8.2)c 8.8 ± (3.6, 21.2)bc 7.4 ± (3.0, 17.8)bc
Ward* 98.6 ± (− 50.0, 247.2)c 379.2 ± (230.5, 527.8)a 312.4 ± (163.7, 461.0)ab 109.4 ± (− 39.2, 258.0)bc 81.6 ± (− 67.0, 230.2)c

SD Hughes 63.8 ± (37.0, 110.0)a 7.4 ± (4.2, 12.7)b 8.6 ± (4.9, 14.8)b 5.0 ± (2.8, 8.6)b 9.0 ± (5.2, 15.5)b
Lake 94.2 ± (43.0, 206.0)a 4.6 ± (2.1, 10.0)b 13.8 ± (6.3, 30.1)b 3.4 ± (1.5, 7.4)b 3.2 ± (1.4, 6.9)b
Tripp 183.8 ± (77.4, 436.3)a 35.0 ± (14.7, 83.0)ab 4.0 ± (1.6, 9.4)c 9.8 ± (4.1, 23.2)bc 28.4 ± (11.9, 67.4)b

TX Dallam 1187.8 ± (619.0, 2279.2)a 696.6 ± (363.0, 1336.6)ab 524.6 ± (273.9, 1006.6)abc 248.2 ± (129.3, 476.2)bc 151.6 ± (79.0, 290.9)c
Randall 468.0 ± (255.7, 856.5)a 386.2 ± (211.0, 706.8)a 325.6 ± (177.9, 595.9)a 86.0 ± (46.9, 157.3)b 46.2 ± (25.2, 84.5)b
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ratio was significantly greater than WSMV or TriMV ratios 
in plants infected by mites in Saline co. and Ward co. North 
Dakota. Finally, WSMV and HPWMoV ELISA were ratios 
significantly greater than TriMV ratios in plants infected by 
mites from Lake and Tripp co. South Dakota. HPWMoV was 
only present in plants infected by mites in North and South 
Dakota and TriMV was only present in plants infected by mites 
in Barton and Pike co. Missouri, and Furnas co. Nebraska 
(Supplemental Table 4).

Discussion

The presence of a wheat curl mite biotype with the ability 
to overcome antibiosis resistance controlled by the Cmc3 
gene in wheat cultivar TAM107 was documented > 20 years 
ago (Harvey et al. 1999). This plasticity in mite physiol-
ogy has since served as a reminder that a thorough knowl-
edge of mite virulence patterns is an essential element of 

effective mite management in the U.S. Great Plains. Our 
results demonstrated that Cmc4 resistant plants exhibit only 
0–20% leaf folding at the regional level, suggesting that 
Cmc4 remains effective in the Great Plains. Similarly, plants 
of the KSU2R-2 breeding line containing Cmc4 and Wsm2 
also showed significantly less leaf folding than susceptible 
Jagger plants in response to all mite populations except those 
in three counties in Kansas and three counties in Missouri 
(Table 1). These responses are similar to those determined 
by Chuang et al. (2017) with KSU2R-2. Mite population 
reductions resulting from feeding on breeding line KSU2R-2 
paralleled leaf folding scores on KSU2R-2 plants, where 
mite populations were significantly lower than those on sus-
ceptible plants in 20 of 25 populations sampled (Table 2).

Interestingly, plants containing Cmc2 from PI52452 and 
Cmc3 from TAM107 displayed significantly less leaf fold-
ing to mite populations from Greeley co. Kansas, Cooper 
co. Missouri, and Hughes co. South Dakota, suggesting 
that these genes remain effective sources of mite resistance 

Table 3  Virulence of A. 
tosichella in Kansas, Missouri, 
Nebraska, North Dakota, South 
Dakota, and Texas to wheat 
genotypes containing Cmc2, 
Cmc3, or Cmc4 A. tosichella 
resistance genes, the Wsm2 
Wheat Streak Mosaic Virus 
resistance gene plus Cmc4, the 
OK05312 Cmc4 mite-resistant 
control and the susceptible 
Jagger, based on numbers of A. 
tosichella per plant at 14 days 
post infestation

V (virulent) mean # mites on treatment plants significantly ≥ # mites on susceptible Jagger control plants, I 
(intermediate) no significant differences between # mites on treatment, resistant control or susceptible con-
trol plants, AV (avirulent) mean # mites on treatment plants significantly ≤ # mites on resistant OK05312 
control plants

State County Genotype and resistance gene(s)

Jagger (none) PI525452 
(Cmc2)

TAM107 
(Cmc3)

KSU2R-2 
(Cmc4 + Wsm2)

OK05312 
Cmc4

Kansas Barton V I V I AV
Dickinson I I I I I
Ellis V I AV AV AV
Ellsworth V AV I AV AV
Finney V V V AV AV
Geary V V AV AV AV
Greeley V AV I AV I
Saline V I V I AV

Missouri Barton V I AV AV AV
Cape Girardeau I I AV AV I
Cooper V V AV V V
Pike V V AV AV AV
Pettis V AV AV AV AV
Stoddard V V AV AV AV

Nebraska Cheyenne V I I AV AV
Furnas V V I AV AV
Hayes V AV V AV AV
Saunders V V I AV AV

North Dakota Bottineau V I AV AV AV
Ward V V V V V

South Dakota Hughes V AV AV AV AV
Lake V AV AV AV AV
Tripp V I AV AV AV

Texas Dallam V V I AV AV
Randall V V V AV AV
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in some locations (Table 1). Plants containing Cmc3 also 
displayed significantly less leaf folding in response to feed-
ing by mites from Tripp co. South Dakota, and Bottineau 
and Ward co. North Dakota (Table 1). Taken together, these 
results demonstrate that Cmc2- and Cmc3—based resistance 
also remains effective against several mite populations in the 
U.S. Great Plains.

The lack of widespread occurrence of additional A. 
tosichella virulence since 1996 may also be related to the 
genetic content of wheat varieties planted in the Great 
Plains. Since the occurrence of virulence to Cmc3, several 
varieties with A. tosichella- or WSMV resistance have been 
developed and currently constitute from 30 to 60% of the 
varieties grown in Colorado, Kansas, Oklahoma and Texas 
(Hunger et al. 2018; Neely et al. 2018; Pachl et al. 2017). 
During this same ~ 20 year period, new varieties containing 
Cmc4 have also been released and are now grown in Kansas 
and Oklahoma (OK052312), and in Montana (Yellowstone) 
(Hofer et al. 2011; Carver et al. 2016).

The WSMV was predominant among all mite popula-
tions, occurring at a rate of 75%, compared to HPWMoV 
or TriMV, which were transmitted by mites from only 16% 
and 13% of all locations, respectively. Viral infection rates 
in wheat plants collected in the Spring of 2008 in Kansas, 
Nebraska, and South Dakota were also previously reported 
by Burrows et al. (2009) and by Byamukama et al. (2013) 
for plants collected in the Spring of 2011 and 2012. How-
ever, their results were based on ELISA data from field-
collected plants and derived from much greater numbers of 
samples (~ 750 in 2008, ~ 5000 in 2011 and 2012), compared 
to the 125 plant samples in our viral transmission experi-
ments. Nevertheless, WSMV infection rates in Kansas and 
Nebraska in 2008, 2011 and 2012 were similar to our results, 
ranging from 50 to 75% in Kansas and from 39 to 50% in 
Nebraska. In contrast, our experiments detected a 93% rate 
of WSMV infection in plants transmitted by mites from 
South Dakota, compared to only 28% plant infection in 2008 
(Burrows et al. 2009) and 18% plant infection in 2011 and 
2012 (Byamukama et al. 2013).

Table 4  Mean ± CI ELISA 
 ratiosa for Wheat Streak 
Mosaic Virus (WSMV), High 
Plains Wheat Mosaic Virus 
(HPWMoV) and Triticm Mosaic 
Virus (TriMV) contained in A. 
tosichella populations from 25 
counties in Kansas, Missouri, 
Nebraska, North Dakota, South 
Dakota, and Texas after 21 
days of feeding on plants of A. 
tosichella susceptible Jagger 
wheat

Means within a row followed by the same letter are not significantly different (P  > 0.05, Tukey’s LS mean 
test)
a ELISA ratio = OD405 value of infected leaf/OD405 value of healthy uninfected leaf

State County Virus

WSMV HPWMoV TriMV

Kansas Barton 50.4 ± (43.9, 57.8)a 0.6 ± (0.1, 2.1)b 1.4 ± (0.6, 3.2)b
Dickinson 47.9 ± (45.4, 50.3)a 2.0 ± (− 0.3, 4.5)b 2.4 ± (0.0, 4.8)b
Ellis 44.1 ± (38.1, 51.1)a 1.7 ± (0.8, 3.5)b 1.0 ± (0.4, 2.7)b
Ellsworth 47.7 ± (29.5, 77.1)a 0.9 ± (0.3, 2.8)b 1.5 ± (0.6, 3.6)b
Finney 56.0 ± (49.2, 63.8)a 1.4 ± (06, 3.2)b 2.3 ± (1.2, 4.4)b
Geary 1.5 ± (0.7, 2.3)a 1.0 ± (0.7, 1.4)a 1.3 ± (1.1, 1.5)a
Greeley 44.2 ± (43.8, 44.6)a 0.9 ± (0.5, 1.3)c 1.8 ± (1.4, 2.2)b
Saline 1.0 ± (0.7, 1.3)b 2.3 ± (2.1, 2.6)a 1.0 ± (0.7, 1.2)b

Missouri Barton 28.0 ± (24.3, 31.9)a 0.4 ± (0.3, 0.5)c 12.1 ± (12.0, 12.2)b
Cape Girardeau 29.1 ± (28.7, 29.5)a 2.0 ± (0.2, 3.8)b 1.0 ± (0.6, 1.3)b
Cooper 24.8 ± (20.4, 30.2)a 1.0 ± (0.4, 2.7)b 0.7 ± (0.2, 2.2)b
Pettis 0.9 ± (0.3, 2.5)a 1.8 ± (0.9, 3.8)a 1.0 ± (0.3, 2.6)a
Pike 30.3 ± (25.4, 36.1)a 0.2 ± (0.0, 1.7)c 8.5 ± (6.1, 11.9)b
Stoddard 29.3 ± (24.4, 35.1)a 1.4 ± (0.6, 3.2)b 3.9 ± (2.4, 6.5, 1.5)b

Nebraska Cheyenne 47.6 ± (41.3, 54.8)a 1.3 ± (0.5, 3.0)b 2.2 ± (1.1, 4.3)b
Furnas 1.0 ± (0.8, 1.1)a 0.7 ± (0.6, 0.8)c 3.8 ± 3.4, 4.3)b
Hayes 26.7 ± (22.1, 32.2)a 1.5 ± (0.6, 3.3)b 0.4 ± (0.0, 1.8)b
Saunders 1.0 ± (0.3, 2.6)a 1.0 ± (0.4, 2.7)a 1.8 ± (0.9, 3.8)a

North Dakota Bottineau 45.6 ± (39.5, 52.7)a 41.6 ± (35.8, 48.4)a 0.9 ± (0.3, 2.5)b
Ward 1.0 ± (0.4, 2.7)b 43.6 ± (37.7, 50.6)a 0.6 ± (0.1, 2.1)b

South Dakota Hughes 28.3 ± (17.3, 46.1)a 0.9 ± (0.3, 2.8)b 1.1 ± (0.4, 3.1)b
Lake 29.0 ± (18.2, 46.1)a 16.7 ± (10.2, 27.3)a 1.2 ± (0.4, 3.2)b
Tripp 23.5 ± (14.9, 37.2)a 22.1 ± (13.9, 35.0)a 1.7 ± (0.7, 4.0)b

Texas Dallam 29.1 ± (28.5, 29.8)a 1.7 ± (1.0, 2.4)b 1.4 ± (0.7, 2.1)b
Randall 27.0 ± (26.7, 27.4)a 1.6 ± (1.2, 2.0)b 1.1 ± (0.7, 1.5)b
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Burrows et al. (2009) and Byamukama et al. (2013) also 
determined lower overall rates of HPWMoV or TriMV 
infection than WSMV, but there was considerable variation 
between our results for these viruses and those of Burrows 
et al. (2009) and Byamukama et al. (2013). Our experiments 
detected 60% HPWMoV infection in plants infested with 
mites from South Dakota, whereas Burrows et al. (2009) 
and Byamukama et al. (2013) detected < 1% infection. In 
contrast, our results and those of Byamukama et al. (2013) 
detected < 10% HPWMoV infection in Kansas, compared to 
38% HPWMoV infection detected by Burrows et al. (2009).

Our results also differed from those of Burrows et al. 
(2009) and Byamukama et al. (2013) in detection of double- 
and triple coinfections of the three viruses. Mites collected 
from Kansas and Nebraska in our experiments transmitted 
no WSMV/HPWMoV coinfections or a very low incidence 
of WSMV/TriMV coinfections (Supplemental Table 4). 
In contrast, Burrows et al. (2009) and Byamukama et al. 
(2013) detected these coinfections at rates ranging from 5 to 
15% WSMV/HPWMoV and 18 to 30% WSMV/TriMV. Our 
experiments also detected a significant rate of 53% WSMV/
HPWMoV coinfection in South Dakota in 2016, compared 
to > 10% coinfection in 2008, 2011 or 2012 (Burrows et al. 
2009, Byamukama et al. 2013).

Single infection rates for WSMV (93%) or HPWMoV 
(60%) that we observed from mites collected in South 
Dakota in 2016 (Supplemental Table 4) were much higher 
than those observed in 2008 by Burrows et al. (2009) (28% 
WSMV, 7% HPWMoV) or those observed in 2011 and 
2012 by Byamukama et al. (2013) (18% WSMV, < 1% 
HPWMoV). Thus, it is tempting to suggest this major 
increase in the presence of both WSMV and HPWMoV 
in South Dakota over a recent 12-year period to be related 
to global temperature increase. This conclusion is prema-
ture; however, until improved geo-temporal-spatial mod-
els are available that incorporate information on virus 
infection rates, vector presence, vector virus competency, 
wheat variety, and vegetative ground cover at the local and 
regional levels.

Our results provide no evidence to support the conten-
tion that virulence is correlated to a greater incidence of 
WSMV, HPWMoV, or TriMV. The populations from Cop-
per co. Missouri and Ward co. North Dakota were both 
virulent to Cmc2, Cmc4, and Cmc4 + Wsm2 (Table 3), 
yet each population vectored a completely different virus. 
Mites from Copper co. transmitted a significantly greater 
level of WSMV than those from Ward co. and mites from 
and Ward co. transmitted a significantly greater level of 
HPWMoV than those from Copper co. (Table 4).

Wheat curl mite populations in our study were taken 
in each of the same eight counties in Kansas sampled by 
Harvey et al. (1999) in 1997. Comparisons of previous 
and current responses of mites at these locations indicate 

that virulence to Cmc2 increased or remained the same 
in six of eight counties and diminished from virulence to 
intermediate (not different from resistant or susceptible 
control plant response) in two counties (Table 3). Viru-
lence to Cmc3 has increased only in mites from Finney 
co., remained the same in Barton, Ellis, and Saline cos., 
and diminished from virulent to intermediate in mites from 
all other Kansas counties. Taken together, our results dem-
onstrate wheat curl mite virulence to Cmc3 in Kansas has 
diminished since 1997 and increased slightly to Cmc2.

In general, our results suggest that wheat varieties con-
taining Cmc4 or Cmc4 + Wsm2 are strong sources of mite 
resistance with excellent potential for use in U.S. Great 
Plains wheat breeding programs. However, the intermedi-
ate levels of avirulence to Cmc4 in four mite populations 
sampled in Kansas, Missouri, and Nebraska reinforce the 
need for continued mite virulence monitoring in areas of 
chronically high wheat curl mite populations. Results of 
our experiments represent the first survey of the U.S. Great 
Plans wheat production area since 1999 for A. tosichella 
virulence and the first to assess the incidence mite-trans-
mitted infection of wheat by Wheat streak mosaic virus; 
High Plains wheat mosaic virus; and Triticum Mosaic 
Virus since 2008.
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