
 

 

ABSTRACT 

FRITZ, BRADLEY JACOB. Field and Greenhouse Evaluation of Soybean Genotypes for 

Resistance to the Exotic Invasive Kudzu Bug, Megacopta cribraria Fabricius. (Under the 

direction of Dr. Dominic D. Reisig). 

 

Initially discovered in northeast Georgia in 2009, the exotic invasive kudzu 

bug, Megacopta cribraria Fabricius, has quickly spread throughout the southeastern U.S. in 

the past six years.  While M. cribraria primarily feeds on kudzu (Pueraria spp.), it has also 

become a serious pest of soybean, Glycine max (L.) Merrill, capable of causing economic 

losses to soybean growers.  The primary means of managing M. cribraria in soybean 

involves the application of broad-spectrum insecticides, carrying the unintended 

consequences of eliminating beneficial arthropods, environmental contamination, and 

increasing the possibility of secondary pest outbreaks.  Soybean host plant resistance 

represents an alternative to insecticide based management of M. cribraria, without the 

negative side effects associated with broad-spectrum insecticide use.  Currently, there are no 

commercially available soybean cultivars with known host plant resistance to M. cribraria.   

The first chapter of this thesis details field experiments conducted during the summer 

of 2013 and 2014, where over 40 soybean breeding lines were tested for resistance to M. 

cribraria in a randomized split-plot design under natural insect infestation.  Soybean 

genotypes included in the study varied by maturity group (time to flowering and senescence), 

pubescence type, leaf shape, drought tolerance, protein content, and insect and nematode 

resistance.  Megacopta cribraria egg masses, nymphs, and adults were counted during the 

growing season to identify potentially resistant soybean genotypes.  Soybean yield 

parameters were measured in insecticide protected and unprotected conditions to determine 

whether any soybean genotypes displayed tolerance to M. cribraria feeding.  In both 2013 



 

 

and 2014, results indicate the fewest M. cribraria adults and nymphs were found on narrow- 

leaf, small-seeded soybean cultivars N7103 and Vance, as well as the non-nodulating 

soybean cultivar Nitrasoy.  Soybean yield did not differ statistically in protected versus 

unprotected conditions in either 2013 or 2014.   

The second chapter of this thesis examines whether selected soybean genotypes 

negatively impact the growth and development of M. cribraria in no-choice feeding 

bioassays conducted under greenhouse conditions.  A total of 19 soybean genotypes were 

initially evaluated for resistance to M. cribraria in the greenhouse, including eight soybean 

genotypes from 2013 and 2014 field experiments, and 11 soybean genotypes with known 

resistance to soybean aphid, Aphis glycines Matsumura, an economically devastating pest of 

soybean in the Midwestern U.S.  Of these initial 19, four promising soybean genotypes were 

selected for further no-choice screening, including two narrow-leaf genotypes (N7103 and 

Vance) and two soybean plant introductions with moderate resistance to A. glycines (PI 

567336A and PI 567352B).  Our results indicate that M. cribraria reared on aphid resistant 

soybean genotypes PI 567336A and PI 567352B suffered greater mortality, lower adult mass, 

and lighter coloration when compared to M. cribraria reared on susceptible check soybean 

genotypes.  While M. cribraria reared on N7103 and Vance experienced similar mortality to 

susceptible check soybean genotypes, females reared on these genotypes weighed 

significantly less than females reared on susceptible control cultivars.  Lower female weight 

has been linked to decreased fecundity and survivorship in other insects, and may explain the 

non-preference of N7103 and Vance observed in our 2013 and 2014 field studies.  These data 

provide new insight for soybean breeding programs that aim to develop soybean cultivars 

with resistance to M. cribraria. 
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CHAPTER 1 – Field Evaluation of Soybean Genotypes for Resistance to the Invasive 

Kudzu Bug, Megacopta cribraria (Fabricius) 

Introduction 

Commonly known as the kudzu bug throughout its invasive range, Megacopta 

cribraria (Fabricius) (Hemiptera: Plataspidae) has become a new pest of economic 

importance in soybean [Glycine max (L.) Merrill] within the southeastern U.S. (Ruberson et 

al. 2013).  Native to China, Japan, southeast Asia and the Indian subcontinent (Eger et al. 

2010, Hosokawa et al. 2007, Hosokawa et al. 2014), M. cribraria feeds with piercing-

sucking mouthparts on plants primarily in the legume family, obtaining nutrients from stems, 

petioles, and occasionally leaves, ultimately resulting in reduced plant vigor, biomass, and in 

the case of crop plants, yield (Suiter et al. 2010, Thippeswamy and Rajagopal 2005, Zhang et 

al. 2012).  Megacopta cribraria has been documented as a sap feeder on kudzu (Sun et al. 

2006) and is suspected of feeding on phloem in soybean, although the specific type of 

vascular tissue this insect feeds on remains poorly understood.  Replicated field trials of 

soybean in GA and SC have measured an average of 18% yield loss associated with M. 

cribraria feeding (Greene et al. 2012), while cage studies in SC have documented yield loss 

as much as 59.6% under high-density M. cribraria populations (Seiter et al. 2013a).  The 

presence of M. cribraria has been confirmed in thirteen states, predominately in the southern 

Atlantic and south central regions of the U.S. (Gardner 2015).  Over 5.5 million hectares of 

soybean were planted in the southern U.S. in 2014, representing 16% of soybean hectares 

planted nationally (USDA NASS 2014a).  Soybean hectares planted within these southern 
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states (AL, AR, FL, GA, KY, LA, MS, NC, SC, TN, VA, WV) increased by 526,000 

hectares collectively from 2013 to 2014, following the national trend of increasing soybean 

production over this same time period (USDA NASS 2014a).  Soybean production within 

these southern states is estimated at 4.15 billion dollars (USDA NASS 2014b), and provides 

seed-oil for processed foods and biofuels, high-protein meal for livestock feeds and to a 

lesser extent, traditional foods such as tofu, miso and soy sauce (Hymowitz 2008).   

Large aggregations of M. cribraria adults were first discovered in northeast GA in 

2009 on the siding of homes adjacent to patches of kudzu, Pueraria montana Lour. (Merr.) 

variety lobata (Willd.), and were initially regarded as nuisance pests (Eger et al. 2010).  As 

of 2015, M. cribraria has expanded its invasive range to include nearly all counties in AL, 

GA, NC, and SC, and can now be found as far north as northern VA, MD and DE, and west 

across the Mississippi River into LA, as well as Crittenden county, AK (Fig 1.1).  Megacopta 

cribraria adults are attracted to light-colored structures (Horn and Hanula 2011), a 

phenomenon which is particularly pronounced when photoperiod lengthens and temperatures 

increase in the spring, and again as temperatures cool and photoperiod shortens in the fall 

when adults search for suitable overwintering habitat.  When disturbed, both adult and 

immature M. cribraria emit a foul smelling odor similar to stink bugs in the family 

Pentatomidae, causing homeowner complaints regarding both the presence of large numbers 

of the insect and the unpleasant smell.  Inadvertently crushing M. cribraria adults or nymphs 

on exposed skin can cause irritation, discoloration and staining, raising concern for 
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individuals frequently working near infested kudzu patches or soybean fields (Ruberson et al. 

2013).   

The distribution of M. cribraria within the United States is closely linked to the 

distribution of its primary reproductive host, the leguminous invasive kudzu vine, which was 

first introduced to North America in the late 19th century as an ornamental and later utilized 

for livestock fodder and erosion control (Mitich 2000).  Megacopta cribraria could be 

considered a beneficial insect if its feeding were restricted solely to kudzu, where 32.8% 

reduction in kudzu biomass has been measured from M. cribraria feeding (Zhang et al. 

2012).  Several counties in AK, southern MO, IL, IN and OH are known to be infested with 

kudzu vine (EDDMapS 2015), suggesting that M. cribraria may be able to expand its 

northern range to these areas, where large-scale soybean production occurs.  Ecological niche 

modeling has predicted that M. cribraria has the potential to spread into these regions as well 

(Zhu et al. 2012), complicating soybean pest management.  While it was previously thought 

that kudzu vine was an obligate, early-season host for M. cribraria, it has since been 

demonstrated that soybean can serve as a reproductive host for this insect prior to feeding on 

kudzu (Del Pozo-Valdivia and Reisig 2013), suggesting that M. cribraria may become a pest 

of soybean beyond the range of kudzu vine in the U.S.   

Current management practices to control M. cribraria populations in soybean in both 

the U.S. and Asia involve broad-spectrum insecticidal sprays, generally of the pyrethroid 

class (Wang et al. 2004, Seiter et al. 2013b).  Within the U.S., the preliminary threshold used 

to initiate an insecticide spray for seedling to vegetative soybean is 5 adults or nymphs/plant, 
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while the threshold for vegetative to reproductive soybean is 1 nymph/sweep, using a 

standard 37.5 cm diameter sweep net (Greene et al. 2012).  From 2012 to 2013, soybean 

hectares infested with M. cribraria in the southeast U.S. increased from 148,000 to 233,600 

hectares, while the area actually treated for M. cribraria rose nearly six-fold within the same 

time frame (Musser et al. 2014).  Soybean hectares infested with M. cribraria increased to 

359,000 hectares in 2014 (Musser et al. 2015), while hectares treated for M. cribraria 

decreased dramatically from 2013, likely from M. cribraria overwintering mortality 

associated with abnormally low winter temperatures (NOAA 2014).  These reported areas of 

infestation and treatment are actually underestimates, given that the states of GA and SC 

were not included in these reports, and are likely the regions of greatest M. cribraria 

infestation.  Applying one broad-spectrum insecticide treatment to soybean to manage M. 

cribraria populations is estimated to cost growers $15-22 dollars per hectare (Ruberson et al. 

2013), without accounting for the negative impacts of pesticides in the environment and the 

loss of beneficial arthropod predators and parasitoids.  Indeed, a complex of native generalist 

predators has been documented preying upon M. cribraria in soybean fields, measured by the 

presence of M. cribraria DNA within the guts of these predatory species (Greenstone et al. 

2014).  Use of these broad-spectrum insecticides to control M. cribraria in soybean will not 

only disrupt these natural enemies, but may also carry the unintended consequence of 

contributing to secondary pest outbreaks (Hardin et al. 1995).   

Developing thresholds to trigger insecticide spray treatments represents one tactic in 

an IPM framework to suppress M. cribraria populations in soybean.  Host plant resistance 
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(HPR) to insect attack embodies an additional level of IPM integration (Kogan 1998) which 

is preventative, rather than remedial in nature.  Benefits of using pest resistant crop plants 

include the preservation of beneficial arthropods, eliminating or reducing the number of 

insecticide spray applications, and simplification of management and scouting for growers 

(Kenkel 2007).  Host plant resistance has been investigated to combat several economically 

damaging arthropod pests of soybean, including potato leafhopper, Empoasca fabae (Harris) 

(Johnson 1935), soybean aphid, Aphis glycines (Matsumura) (Ragsdale et al. 2011), 

lepidopteran and coleopteran defoliators including corn earworm, Helicoverpa zea (Boddie), 

soybean looper, Pseudoplusia includens (Walker), and Mexican bean beetle, Epilachna 

varivestis (Mulsant) (Van Duyn et al. 1971, Warrington et al. 2008), as well as a complex of 

stink bug species (McPherson et al. 2007, Silva et al. 2013).  While some of this research has 

led to development and release of commercial cultivars for control of soybean aphid in North 

America (McCarville et al. 2012), stink bugs in South America (Carrao-Panizzi and 

Kitamura 1995), and soybean defoliators (Boethel 1999), many resistant genotypes have not 

been commercially released or widely adopted due to low yield or other unfavorable 

agronomic traits. 

Plants that exhibit resistance to insects are defined as being less damaged or less 

infested in the field than susceptible plants (Painter 1951, 1958).  The three categories of 

plant resistance to insects include antibiosis, antixenosis (or non-preference) and tolerance 

(Painter 1951, 1958), although these categories are not mutually exclusive.  Several 

definitions of these resistance categories have been offered, but most recently antibiosis has 
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been described as encompassing adverse effects on pest life history, while antixenosis results 

in adverse effects on pest behavior, and tolerance is defined as the ability for the plant to 

recover after arthropod injury (Stout 2013).  To our knowledge, only one study has been 

published regarding soybean host plant resistance to M. cribraria, where the degree of black 

mildew on stems and purple spots on leaves was used to characterize resistance in China 

(Xing et al. 2006).  While the aforementioned study focused on external plant damage in 

response to M. cribraria feeding (i.e. tolerance), the degree to which the insects colonized 

different soybean genotypes was not factored into resistance classification.  Hence, the 

objectives of this study were to 1) determine whether selected soybean genotypes adapted to 

conditions in the southeast U.S. display antixenotic resistance toward M. cribraria, and 2) 

quantify reduction in soybean yield associated with M. cribraria feeding as a measure of 

tolerance across these genotypes.   

Materials and Methods 

Plot establishment.  Soybean germplasm from maturity groups (MG) V to VIII were 

obtained from the USDA Nitrogen Fixation Unit in Raleigh, NC.  A total of 40 soybean 

genotypes were field-tested during the summer of 2013 at North Carolina State University’s 

Sandhills Research Station, Jackson Springs, NC (35.186N, -79.679W).  Four additional 

soybean genotypes were added for summer 2014 field testing at the same location.  Some of 

the soybean genotypes were selected for M. cribraria resistance screening based on known 

resistance to other soybean pests, including nematodes, stink bugs, and defoliating insects.  

Insect resistance genes from plant introduction (PI) 229358 (‘Soden-daizu’) have been 
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incorporated into the elite soybean cultivar ‘Benning’, leading to the development of several 

near isogenic breeding lines with insect resistance genes at various quantitative trait loci 

(QTL) (Rector et al. 2000, Zhu et al. 2006, Zhu et al. 2007).  Several of these near isogenic 

breeding lines (NILs) with insect resistance on soybean chromosomes E, G, H, and/or M 

were evaluated for cross-resistance to M. cribraria.  Two soybean genotypes, PI 227687 

(‘Miyako White’) and PI 171451 (‘Kosamame’), were previously designated as highly 

resistant  and resistant to M. cribraria, respectively (Xing et al. 2006), and were included in 

our resistance screening in NC as well.  Additionally, soybean lines resistant to drought were 

also included in the test, as well as genotypes with modified protein and fatty-acid content, 

pubescence, leaf shape and seed size (Table 1.1).   

Previous observations indicated that planting soybean in April in North Carolina 

increases the likelihood the field will be infested by M. cribraria as they emerge from 

overwintering.  We exploited this observation by planting full season soybean earlier than 

usual in order to intentionally attract M. cribraria for resistance screening.  Sandhills 

Research Station was selected for the planting location in both 2013 and 2014 due to 

previous years M. cribraria pressure, deep, uniform Candor sandy soils, and irrigation 

control.  In 2013, soybeans were planted on 18 April in a randomized split-plot design with 3 

replicates, with spray treatments assigned to whole plots and the 40 genotypes assigned to 

subplots (Table 1.1).  In 2014, soybeans were planted on 22 April in a randomized split-plot 

design with 4 replicates, with 44 genotypes per replicate.  Insecticidal spray treatment was 

used to compare soybean yield in both protected and unprotected conditions where M. 



8 

 

 

 

 

cribraria was allowed to feed all season.  In both 2013 and 2014, soybeans were planted 

using a John Deere MaxEmerge™ planter (Deere & Company, Moline, IL) in 3 row plots 

with 91 cm row spacing at 45.5 seeds per row meter.  Plot dimensions were 3.05 m in width 

and 5.49 m in length with a 61 cm alley between plots.  Fields were fertilized prior to 

planting with 18-0-31 (N-P-K) at 504 kg*ha-1 in 2013, and 13-0-33 (N-P-K) at 672 kg*ha-1 in 

2014, to replace potassium lost through heavy rainfall in 2013.  Fields were cultivated prior 

to planting in both years and followed a cotton-soybean rotation.  Buccaneer Plus® (Tenkoz, 

Inc., Alpharetta, GA) and Prefix 5.29® (Syngenta Crop Protection, Inc., Greensboro, NC) 

pre-emergent herbicides were applied prior to planting to control weeds, while a combination 

of field cultivation and hand pulling were used to control weeds after soybeans had been 

planted.  The bifenthrin product Bifenture EC ® (United Phosphorus Inc., King of Prussia, 

PA) was applied at 0.47 L/ha on 3 June, 25 June, and 16 August in 2013 to control M. 

cribraria adults and nymphs within treated soybean plots.  In 2014, the same insecticide was 

applied on 2 July and 31 July at the previously mentioned rate within treated soybean plots. 

Megacopta cribraria monitoring.  Soybean plots were naturally infested by M. 

cribraria adults as they emerged from overwintering in May and moved into the soybean 

plots while plants were at the V4-5 vegetative growth stage (Fehr et al. 1971).  As soybean 

plants reached the V7-8 vegetative growth stage in early June, we used a 37.5 cm diameter 

sweep net to monitor M. cribraria adult and nymph abundance using 10 pendulum sweeps 

per plot, sweeping only one row within each plot.  All M. cribraria adults and nymphs within 

the net were counted and returned to each respective plot.  Other economically important 
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pests of soybean were monitored throughout the season (Helicoverpa zea (Boddie), 

Pseudoplusia includes (Walker), and the stink bug complex) to ensure thresholds for these 

insects were not exceeded.  All plots were swept on a weekly basis for 11 consecutive weeks 

from early June to early September; rows one, two, and three of each plot were sequentially 

swept each week to avoid possible damage to the middle, harvest row due to continuous 

sweep net sampling.  Cumulative insect days (CID) (Ruppel 1983) were calculated to 

measure the intensity and duration of M. cribraria attack on soybean genotypes within 

untreated plots.   

Monitoring for M. cribraria egg masses began in late May in both 2013 and 2014 

when plants were at the V5-6 vegetative growth stage and only when egg masses were noted 

on plants.  Samples initially were taken from 10 randomly selected plants per plot within a 

1.2 m section of row in the middle row of each plot, and all M. cribraria egg masses were 

counted on each plant.  As plants grew larger, in early June, egg mass sampling switched 

from whole plant to trifoliolate sampling, where the adaxial and abaxial leaf surfaces of 10 

fully expanded trifoliolate leaves within the upper canopy of the middle row of each plot 

were examined for M. cribraria egg masses.  For both whole plant and trifoliolate sampling, 

only unhatched egg masses (operculum intact) were counted, to avoid double counting egg 

masses sampled in the prior week.  Four top-trifoliolate egg mass sampling dates occurred 

from 11 June to 10 July in 2013, while only three sampling dates were conducted during this 

same time period in 2014.  Two additional top-trifoliolate sampling dates were conducted in 

2013 from 6 August to 14 August, as we noticed an increase in egg masses on plants during 
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this time, while one additional sampling date occurred in 2014 on 5 August, for reasons 

previously described.  The number of egg masses counted on each soybean genotype, using 

both whole plant and top-trifoliolate sampling methods, were analyzed separately to measure 

ovipositional preferences of M. cribraria within untreated plots. 

Soybean harvest.  Prior to harvest, all plots were end-trimmed to a length of 3.7 m to 

standardize harvest area.  Soybean harvest was accomplished through two methods to 

accommodate the range of soybean maturity groups and the shatter susceptibility of some 

breeding lines.  For earlier maturing (MG V) and shatter susceptible genotypes (PI 416937, 

PI 471938, Miyako White, Kosamame), the middle row of each plot was hand harvested at 

maturity (99% of pods at mature pod color) by cutting plants close to the soil surface.  Seed 

were then threshed using a stationary machine thresher.  The middle rows of remaining plots 

were harvested with a 1-row experimental plot combine at 199 days after planting (2013) and 

209 days after planting (2014).  Harvested seed were kept in paper bags in a greenhouse, 

where total yield and 100-seed weight were measured using an electronic balance to the 

nearest 0.1 gram.  Percent moisture was measured via Dickey John ® GAC 2100 Agri 

Moisture Tester (Auburn, IL) which was used to adjust yield for all plots to 13.5% moisture 

according to the equation mass13.5% = 1.135*mass*[(100-moisture)/100], where mass = total 

seed mass (g) and moisture = percent moisture of seed.   

Data analysis.  To test the effect of soybean genotype on M. cribraria preference in 

untreated plots, PROC GLIMMIX (SAS Institute, 2011) was used to analyze M. cribraria 

egg masses sampled throughout the season, as well as adult and nymph M. cribraria based 
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on cumulative insect days.  A Poisson distribution was used in analysis to account for the 

typical non-normality associated with count data (Littell et al. 2006).  Fixed effects for the 

model were soybean genotype (nested within maturity group) and maturity group, while 

block was considered a random effect.  Soybean maturity group was dropped from analysis 

of whole plant egg mass counts, as plants were in pre-flowering vegetative growth (V5-6) at 

this point.  Mean separation was conducted using the Tukey-Kramer adjustment for multiple 

comparisons, with a significance level at P ≤ 0.05.  PROC GLIMMIX was also used to test 

the effect of insecticide spray treatment on M. cribraria density in treated versus untreated 

plots, where fixed effects were soybean genotype (nested within maturity group), maturity 

group and spray treatment while random effects were block and block*treatment interaction.   

PROC CORR (SAS Institute 2011) was used to perform a Pearson correlation 

analysis comparing M. cribraria cumulative insect days by soybean genotype in 2013 and 

2014 (n=40).  The same analysis was conducted to compare the number of M. cribraria egg 

masses counted on soybean genotypes during whole plant sampling in 2013 and 2014 

(n=40).  Both cumulative insect days and egg mass counts were log10 transformed to meet 

assumptions of normality, with statistical significance judged at P ≤ 0.05.   

Both soybean yield and 100 seed weight were analyzed using PROC MIXED (SAS 

Institute 2011), where spray treatment, soybean genotype (nested within maturity group), 

soybean maturity group, spray treatment*soybean genotype (nested within maturity group), 

and spray treatment*maturity group were fixed effects, while block and block*spray 

treatment were random effects.  PROC GLIMMIX (SAS Institute 2001) with lognormal 
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distribution was used to analyze percent yield difference of soybean genotypes, where 

genotype (nested within maturity group) and maturity group were fixed effects, while block 

was considered a random effect.  When effects were significant, mean separation was carried 

out as outlined above. 

Results 

Insect density. From 11 sampling dates spanning 17 June to 30 August, a total of 

87,301 M. cribraria adults and 52,841 nymphs were counted via sweep net samples from 

untreated plots during the 2013 field season, while 10,279 adults and 9 nymphs were counted 

during the 2014 field season.  Whole plant sampling in untreated plots for M. cribraria egg 

masses in early June 2013 returned 1,422 egg masses on 1,200 plants sampled, while the 

same sampling method in early June 2014 returned 565 egg masses on 1,320 plants sampled.  

During trifoliolate sampling in 2013, a total of 1,545 unhatched M. cribraria egg masses 

were counted from all untreated plots from 4 sampling dates spanning 11 June to 7 August.  

Trifoliolate sampling in 2014 returned a total of 280 M. cribraria egg masses from untreated 

plots during the same sampling period as in 2013.  Using trifoliolate sampling, peak M. 

cribraria egg production occurred in mid-June as presumed overwintered adults moved into 

the field to feed, mate, and deposit egg masses.  A smaller peak of egg production occurred 

in early August, as adults either 1) moved into the field after completing a generation on 

kudzu, or 2) completed development on soybean and began a new generation within the crop 

field (Fig. 1.2).  
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Peak M. cribraria nymph populations occurred in mid-July 2013 (7.0 ± 1.9 nymphs 

per sweep) (mean ± standard error) across all untreated plots, while peak adult M. cribraria 

populations occurred in late August 2013 (23.1 ± 6.6 adults per sweep).  In 2014, adult M. 

cribraria populations peaked in mid-July (1.0 ± 0.2 adults per sweep) across untreated plots, 

while nymph populations failed to materialize to a level capable of being sampled via sweep 

net.  Insecticide spray treatments reduced M. cribraria populations in treated plots compared 

to untreated plots in both 2013 (F = 150.04; df = 1, 2; P = 0.0066) and 2014 (F = 82.31; df = 

1, 3; P = 0.0028).   

The effect of soybean genotype was a significant predictor of M. cribraria adult and 

nymph densities within the field in both 2013 (F = 7.49; df = 36, 78; P < 0.0001) (Fig. 1.3) 

and 2014 (F = 7.83; df = 40, 129; P < 0.0001) (Fig. 1.4).  In spite of very different M. 

cribraria populations in 2013 and 2014, there was a significant correlation between M. 

cribraria cumulative insect days by soybean genotype for both years (r = 0.7849, P < .0001) 

(Fig. 1.5).  Data from both years indicate that narrow-leaf, small-seeded soybean genotypes, 

N7103 (PI 615695) and Vance (PI 553048), accumulated three to four fold fewer insect days 

than soybean genotypes most susceptible to M. cribraria infestation (Table 1.2).  Nitrasoy 

(PI 642732) displayed similarly low levels of M. cribraria infestation as Vance and N7103 in 

both 2013 and 2014.  Fewer M. cribraria cumulative insect days were recorded on all 

Benning NILs when compared to Benning, although this effect was more pronounced in 

2013 than 2014 (Table 1.2).  Among these NILs, Benning H, Benning MG, and Benning 

MGH were all significantly less susceptible to M. cribraria infestation than Benning in 2013, 
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while the remaining Benning NIL’s were not statistically distinguishable from Benning.  In 

the absence of heavy M. cribraria pressure in 2014, cumulative insect days from all Benning 

NILs were not statistically different than cumulative insect days from Benning.  The highest 

levels of M. cribraria infestation in both 2013 and 2014 were observed on the soybean cyst 

nematode resistant line Manokin (PI 559932), Miyako White (PI 227687), Kosamame (PI 

171451), and soybean aphid resistant Jackson (PI 548657).   

The effect of soybean genotype was also a significant predictor of M. cribraria 

oviposition in 2013 for both whole plant (F = 23.78; df = 36, 195; P < 0.0001) (Fig. 1.6) and 

top-trifoliolate (F = 3.86; df = 36, 78; P < 0.0001) (Fig. 1.7) sampling methodologies.  

Differences in ovipositional choice were also detected in 2014 sampling whole soybean 

plants for egg masses (F = 6.66; df = 40, 215; P < 0.0001) (Fig. 1.8); however, no significant 

differences in M. cribraria oviposition among soybean genotypes were detected in 2014 

using the top-trifoliolate methodology (F = 0.97; df = 37, 71; P = 0.53).  Similar trends in 

ovipositional preference were noted in both years; namely, a strong preference for the dense 

pubescent soybean genotype KY98-2932, while narrow-leaf soybean genotypes N7103 and 

Vance were among the least preferred both years, regardless of egg mass sampling method 

used (Table 1.3).  Oviposition by M. cribraria was also lower on most Benning NILs than 

Benning, with Benning G, Benning H, and Benning MGH having statistically fewer egg 

masses per 10 plants sampled in 2013.  Correlation between average M. cribraria egg masses 

counted on each genotype in 2013 and 2014 using the whole plant sampling method was 

statistically significant (r = 0.3667, P = 0.0200) (Fig. 1.9).   
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The effect of soybean maturity group was also a significant predictor of adult and 

nymph densities in both 2013 (F = 35.35; df = 3, 78; P < 0.0001) and 2014 (F = 6.78; df = 3, 

129; P = 0.0003), with maturity group VII soybeans having lower densities of adult and 

nymph M. cribraria (4409.5 CID ± 365.8) than maturity group V (6851.9 CID ± 668.5), VI 

(5890.1 CID ± 549.6), and VIII (6273.2 CID ± 1443.3) soybeans in 2013, while maturity 

group VII only had lower densities of adults and nymphs (263.5 CID ± 15.7) when compared 

to maturity group VIII soybeans (482.7 CID ± 100.4) in 2014.  Some early maturing (MG V) 

soybean genotypes were flowering (R1-2) during trifoliolate sampling for egg masses from 

June-July of 2013, where there was a measurable effect of maturity group on egg mass 

density (F = 2.78; df = 3, 78; P = 0.0464).  Maturity group VII soybeans had significantly 

fewer egg masses per 30 trifoliolates (7.6 ± 0.48) during these sampling dates than maturity 

group VI soybeans (9.8 ± 1.39), but were no different than maturity group V (9.2 ± 1.63) or 

VIII (7.9 ± 2.71).    

Yield parameters. Although average yield losses varied numerically by 34% (596 

kg*ha-1) in 2013 and by 9% (155 kg*ha-1) in 2014, insecticide spray treatment was not a 

significant predictor of soybean yield in 2013 (F = 5.92; df = 1, 2; P = 0.1354) or 2014 (F = 

8.49; df = 1, 3; P = 0.0618).  Moreover, there were no differences in 100-seed weight 

between insecticide treated and untreated plots in 2013 (F = 17.18; df = 1, 2; P = 0.0536) or 

2014 (F = 3.19; df = 1, 3; P = 0.1719).  Additionally, soybean genotype was not a significant 

predictor of percent yield reduction between treated or untreated plots (2013: F = 0.7; df = 

36, 53; P = 0.873) (2014: F = 1.57; df = 40, 59; P = 0.0571).   
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Considerable variation in both yield and 100-seed weight exists among the 

genetically diverse soybean genotypes included in this study.  In 2013, average yield across 

genotypes was 1443.8 ± 68.8 kg*ha-1, ranging from 2353 ± 318 kg*ha-1 in the highest 

yielding genotype N7003CN, to 378 ± 70 kg*ha-1 in the non-nodulating breeding line, 

Nitrasoy (Table 1.4).  Slightly higher average yield was measured in 2014 (1649 ± 64 kg*ha-

1), where Benning yielded highest at 2376 ± 153 kg*ha-1, while Nitrasoy again yielded lowest 

at 454 ± 148 kg*ha-1.  Nearly all genotypes yielded higher in 2014 than 2013, with the 

exceptions of Benning H, Benning MG, N02-7002, N6202, N7003CN, N7103, PI 471938 

and Vance.  Hundred seed weight ranged from 6.7 ± 0.3 g (small seed) to 17.3 ± 0.7 g (large 

seed) in 2013, and from 6.4 ± 0.1 g to 20.3 ± 0.8 g in 2014, although no apparent trend 

existed between M. cribraria preference and seed size.   

Discussion 

In spite of drastically different M. cribraria populations in 2013 and 2014, narrow- 

leaf, small-seeded soybean genotypes N7103 and Vance consistently displayed the highest 

levels of resistance to both M. cribraria oviposition and adult and nymph colonization when 

compared to other soybean genotypes, likely indicating the presence of antixenotic 

resistance.  Similar levels of resistance observed in these genotypes is not surprising; N7103 

has Vance in its pedigree, while Vance was derived from crossing an unknown wild soybean 

(Glycine soja Siebold and Zucc.) parent with Essex (Carter et al. 2003).  While entirely 

speculative, genes for resistance to M. cribraria measured in N7103 and Vance may have 

been contributed by this wild soybean ancestor.  A third small seeded, narrow-leaf genotype, 
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N8101, was added for evaluation in 2014 (Carter et al. 2009).  While N8101 possessed 

resistance to M. cribraria oviposition (Fig. 1.8), it was among the more susceptible 

genotypes to adult infestation in 2014, accumulating three fold more M. cribraria insect days 

than N7103 and Vance.  This observation suggests that the narrow-leaf, small-seeded 

phenotype is not entirely responsible for resistance to M. cribraria, and that other 

physiological or morphological factors play a role in the resistance measured in N7103 and 

Vance. 

Nitrasoy, a non-nodulating soybean genotype utilized for absorption of nitrogen from 

animal waste applied to fields (Burton et al. 2006), showed levels of resistance similar to 

N7103 and Vance when comparing M. cribraria adult and nymph cumulative insect days, 

but did not differ from most soybean genotypes when comparing M. cribraria egg masses 

deposited on plants.  Megacopta cribraria females may initially recognize Nitrasoy as a 

suitable host for oviposition; however, the effects of low nitrogen availability associated with 

poor root nodulation may impede the growth and development of nymphs, leading to lower 

adult populations later in the season.  As plants grew larger and the season progressed in our 

experiment, Nitrasoy began to exhibit classic symptoms of nitrogen deficiency, as indicated 

by pale green or yellow leaves (IPNI 1997), and may provide negative visual orientation cues 

to M. cribraria adults in search of suitable host plants.   

In spite of similar levels of resistance to M. cribraria adults and nymphs observed in 

N7103, Vance, and Nitrasoy, seed yield of N7103 and Vance was 3-4 fold greater than that 

of Nitrasoy.  In 2013, a year with substantial M. cribraria pressure, N7103 yielded 1550.3 ± 
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255.5 kg*ha-1 while Vance yielded 1460.2 ± 90.1 kg*ha-1; both were higher than the average 

yield of all genotypes tested that year (1443.8 ± 68.8 kg*ha-1), while Nitrasoy only yielded 

378.1 ± 70.4 kg*ha-1.  In 2014, a year with much lower M. cribraria pressure, N7103 yielded 

1382.2 ± 203.6 kg*ha-1 while Vance yielded 1436.8 ± 254.5 kg*ha-1; both were lower than 

the average yield of all genotypes tested (1648.7 ± 63.8 kg*ha-1), but were still much greater 

than Nitrasoy (452.2 ± 148.1 kg*ha-1).  While N7103 and Vance were not the highest 

yielding genotypes in 2013 or 2014, they both possess favorable agronomic traits (shatter 

resistance, lodging resistance, relatively high yield) aside from M. cribraria resistance, and 

consistently yield much greater than the similarly resistant Nitrasoy. 

The resistance to M. cribraria observed in some Benning NILs suggests that genes 

from PI 229358 are detrimental to more than just defoliating insect pests; however, 

expression of these genes may change depending on linkage group association (Zhu et al. 

2006).  In other studies, soybean resistance to defoliating insects has been greatest when 

genes from PI 229358 are associated with QTL-M regardless of genetic background.   

However, these studies have also found that epistatic interactions between QTLs M, G, and 

H can provide additional insect resistance where the same genes at a single QTL do not 

possess equivalent levels of resistance (Zhu et al. 2007, Samuel-Foo et al. 2013).  Data from 

2013 indicate that Benning MG, Benning MGH, and Benning H were most resistant to M. 

cribraria infestation among the Benning NILs, although Benning EM, Benning MH, and 

Benning MG were most resistant in 2014 (Table 1.2).  Perhaps the resistance to M. cribraria 

expressed in these genotypes is most pronounced when nymphs are present as in 2013, rather 
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than adult presence alone.  With the exception of Benning H in 2013, our data generally 

corroborate the finding that epistatic interactions between QTLs M, G, and H provide more 

resistance than a single insect resistant QTL alone.   

  Two soybean plant introductions often studied for resistance to multiple insects, PI 

171451 (Kosamame) and PI 227687 (Miyako White), will likely be poor candidates for 

breeding resistance to M. cribraria, as they were highly susceptible to infestation throughout 

both 2013 and 2014 field seasons and possess traits for low yield, shatter susceptibility and 

field lodging (USDA ARS, 2015ab).  While antibiotic resistance to pod feeding hemipteran 

pests has been documented in these PI’s (Silva et al. 2013), the majority of the arthropod 

resistance measured in these genotypes has been toward defoliators (Clark et al. 1972).  

Because M. cribraria does not feed directly on developing soybean seeds (Seiter et al. 2013a) 

or defoliate soybean plants, it is not entirely surprising that these PI’s do not condition 

resistance toward M. cribraria.  Interestingly, PI 171451 and PI 227687 were previously 

categorized as resistant to M. cribraria feeding damage when characterized by the degree of 

black mold on stems and purple spots on leaves in China (Xing et al. 2006).  These results 

seem to contradict the high susceptibility of PI 171451 and PI 227687 to M. cribraria 

infestation in our study, but can perhaps be explained by differences in genetic and 

phenotypic diversity of invasive versus native populations of M. cribraria (Hosokawa et al. 

2014), or the fact that soybean injury was measured to categorize resistance rather than insect 

densities or yield.  Smaller plant size observed in PI 171451 and PI 227687 within the first 

few months of vegetative growth may have biased egg mass counts in these genotypes, as 
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these PI’s appear somewhat resistant to oviposition by M. cribraria (Fig. 1.9, Table 1.3).  

However, large populations of M. cribraria nymphs were observed on these genotypes in late 

July 2013, where PI 171451 had 178 ± 44 nymphs per 10 sweeps and PI 227687 had 153 ± 

60 nymphs per 10 sweeps, compared to the average across genotypes (62 ± 4 nymphs per 10 

sweeps) on this sampling date, suggesting that these genotypes may be nutritionally superior 

for nymph development compared to others, or that they possibly lack defensive compounds 

that inhibit growth.   

The apparent trend in reduced M. cribraria infestation level on maturity group VII 

soybeans can likely be explained by the composition of soybean genotypes within this 

maturity group, rather than a consistently observable effect of crop phenology on the insect.  

Benning NILs with insect resistance genes constituted 10 out of 18 genotypes within 

maturity group VII, the majority of which had moderately low M. cribraria pressure in both 

2013 and 2014 when compared with other genotypes tested.  Two other soybean genotypes 

least infested by M. cribraria, N7103 and Nitrasoy, also belong to MG VII.  Furthermore, the 

increased M. cribraria density observed on maturity group VIII soybeans is likely an artifact 

of the highly susceptible genotype, PI 227687 (Miyako White), belonging to maturity group 

VIII, and shared with only two other group VIII genotypes (Table 1.1).  Studies involving the 

influence of soybean planting date and maturity group on insect infestation have found that 

stink bugs generally prefer later maturing versus early maturing varieties (Gore et al. 2006, 

Bundy and McPherson 2000), which is likely associated with stink bugs moving to later 

maturing soybean varieties as their non-crop hosts senesce in late summer.  Unlike 
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phytophagous stink bugs which feed primarily on fruiting structures of plants, M. cribraria 

feeds on plant vascular tissue which is available season long, reducing the likelihood that 

adults would time their movements with any particular phenological stage of soybean or 

other host.  Additionally, no consistent relationship has been measured between soybean 

maturity group and M. cribraria infestation level in other replicated studies conducted in 

North Carolina (Del Pozo-Valdivia et al., unpublished). 

We attempted to assess tolerance to M. cribraria feeding among soybean genotypes 

by measuring percent yield loss from infested versus uninfested conditions using plots 

protected by insecticide and untreated plots.  While no significant differences in percent yield 

loss were detected among these genotypes, Vance and N7103 both had low yield reduction 

on average (11 and 13%, respectively) compared to the average of 34% yield reduction 

across soybean genotypes in 2013.  While this appears to be tolerance to M. cribraria 

feeding, lower yield reduction measured in these genotypes is more likely a result of fewer 

M. cribraria colonizing N7103 and Vance throughout the season compared to other 

genotypes tested.  Both field and laboratory bioassays to assess tolerance typically involve 

infesting test plants with a uniform number of insects, a condition rarely, if ever, achieved in 

the field.  Caging several hundred soybean plots and infesting each with equal numbers of M. 

cribraria adults or nymphs at the same physiological stage of development is logistically 

unrealistic; therefore, we compromised by using an insecticide to eliminate M. cribraria from 

treated plots while relying on natural M. cribraria infestation to distribute insects in untreated 

plots.  Recent work has shown that M. cribraria tends to form spatial aggregations within 
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soybean fields, particularly along field edges (Seiter et al. 2013c).  We observed similar 

spatial aggregation patterns of M. cribraria within our test fields in 2013 and 2014; adults 

were more densely concentrated in some untreated replicates than others, subjecting 

estimates of percent yield loss to high levels of variability.  While soybean cultivars 

exhibiting tolerance to M. cribraria feeding would not exert selection pressure on the insects 

to overcome resistance, widespread use of tolerant cultivars could potentially raise the 

equilibrium position of M. cribraria populations in the agroecosystem, leading to more 

damaging future populations (Kennedy et al. 1987).   

Soybean host plant resistance is largely compatible with natural enemies and other 

biological control agents, acting in tandem to suppress pest populations.  While the main 

objective of this study was not to quantify natural enemies of M. cribraria within soybean 

fields, many predatory arthropods were observed feeding on M. cribraria in both 2013 and 

2014.  Adults and nymphs of Geocoris sp. were the dominant arthropod predators of M. 

cribraria eggs and nymphs at our field site, although several other arthropod predators in 

soybean have been documented feeding on M. cribraria nymphs and adults (Ruberson et al. 

2013, Greenstone et al. 2014).  In early July 2014 while soybeans were at the R1 to R2 

reproductive growth stage in untreated plots, Geocoris sp. populations were sampled at 1.8 ± 

0.1 adults per 10 sweeps across soybean genotypes, while nymphs were more abundant at 5.6 

± 0.3 per 10 sweeps (data not presented).  Natural enemies of M. cribraria were incapable of 

significant pest suppression at our field site in 2013; however, the near complete absence of 

M. cribraria nymphs in 2014 suggests that many of these juveniles which emerged from the 
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over 800 M. cribraria egg masses sampled were victims of predation, likely by Geocoris sp.  

While an exotic and highly specific egg parasitoid in the family Platygastridae, 

Paratelenomous saccharalis (Dodd), has been found parasitizing M. cribraria eggs in AL, 

GA, and MS (Gardner et al. 2013), this parasitoid has yet to be found in NC despite efforts of 

many research groups.  Several hundred M. cribraria egg masses were collected from our 

field sites and held in growth chambers to check for parasitism by P. saccharalis; however, 

none of these egg masses displayed the characteristic darkening under the chorion associated 

with parasitism and zero adult P. saccharalis emerged.  Other natural enemies include a 

recently discovered Tachinid fly parasitoid of M. cribraria, Strongygaster triangulifera 

(Loew), as well as an entomopathogenic fungus, Beauveria bassiana (Golec et al. 2013, 

Seiter et al. 2014d).  These important natural enemies can work in concert with resistant 

soybean cultivars and other cultural practices to aid in suppression of M. cribraria 

populations.   

In summary, narrow-leaf, small-seeded soybean genotypes N7103 and Vance 

consistently displayed the highest levels of resistance to M. cribraria oviposition and 

colonization from adults and nymphs under radically different natural infestations in 2013 

and 2014.  Several Benning insect resistant NILs also displayed moderate levels of resistance 

to M. cribraria, although clear trends in which QTL or QTL combinations were most 

resistant to M. cribraria was challenging to discern under field conditions.  Future studies 

should be directed at elucidating the mechanisms of resistance in these soybean genotypes, as 

well as evaluating their susceptibility to other damaging arthropod pests of soybean.  These 
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results can be used by soybean breeding programs wishing to develop cultivars with 

resistance to M. cribraria, and aid in the maintenance of the economic viability and 

ecological sustainability of soybean production within the southern U.S.   
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FIGURES 

Figure 1.1.  Geographic distribution of M. cribraria within the United States.  Data compiled 

by the Megacopta Working Group, map generated by Dr. Wayne A. Gardner, University of 

Georgia.  Accessed January 14th, 2015.  http://www.kudzubug.org/distribution_map.cfm. 
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Figure 1.2.  Mean number of M. cribraria adults, nymphs, and egg masses averaged across 

all untreated soybean plots in 2013 and 2014.  Means represent 3 replicates of 40 soybean 

plots each in 2013 and 4 replicates of 44 soybean plots each in 2014.  Error bars were 

calculated within one standard error of the mean.   
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Figure 1.3.  Average Megacopta cribraria cumulative insect days across the most 

contrasting soybean genotypes in 2013.  Means were generated from 11 weeks of sweep-net 

sampling from 17 June to 30 August from 3 replicates of 40 soybean genotypes each without 

insecticide treatment.  Means with the same letter are not statistically different from one 

another.  Mean separation carried out using Tukey-Kramer mean separation for multiple 

comparisons, α=0.05.  Error bars constructed within one standard error of the mean.  

Untransformed means presented above.  Full data set available in table 1.2. 
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Figure 1.4.  Average Megacopta cribraria cumulative insect days across the most 

contrasting soybean genotypes in 2014. Means were generated from 11 weeks of sweep-net 

sampling from 17 June to 30 August from 4 replicates of 44 soybean genotypes each without 

insecticide treatment.  Means with the same letter are not statistically different from one 

another.  Mean separation carried out using Tukey-Kramer mean separation for multiple 

comparisons, α=0.05.  Error bars constructed within one standard error of the mean.  

Untransformed means presented above.  Full data set available in table 1.2. 
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Figure 1.5.  Correlation between M. cribraria mean cumulative insect days in 2013 and 2014 

by soybean genotype.  Data were log10 transformed to meet assumptions of normality.  

Susceptibility to M. cribraria infestation increases from left to right, with the most resistant 

genotypes in the bottom-left, as measured by cumulative insect days. 
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Figure 1.6.  Average Megacopta cribraria egg masses counted from 10 whole plants per plot 

in late May 2013 from the most contrasting soybean genotypes.  Untransformed means 

represent egg masses counted from 6 replicates of each genotype without insecticide 

treatment.  Means with the same letter are not statistically different from one another.  Error 

bars constructed within one standard error of the mean.  Mean separation was carried out 

using Tukey-Kramer adjustment for multiple comparisons, with α=0.05.  Full data set 

available in table 1.3. 
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Figure 1.7.  Average Megacopta cribraria egg masses counted from 30 top-trifoliolates per 

plot from early June to early July 2013 from the most contrasting soybean genotypes.  

Untransformed means represent egg masses counted from 3 replicates of each genotype 

without insecticide treatment.  Error bars constructed within one standard error of the mean.  

Means with the same letter are not statistically different from one another.  Mean separation 

was carried out using Tukey-Kramer adjustment for multiple comparisons, with α=0.05.  Full 

data set available in table 1.3. 
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Figure 1.8.  Average Megacopta cribraria egg masses counted from 10 whole plants per plot 

in late May 2014 from the most contrasting soybean genotypes.  Untransformed means 

represent egg masses counted from 6 replicates of each genotype without insecticide 

treatment.  Error bars constructed within one standard error of the mean.  Means with the 

same letter are not statistically different from one another.  Mean separation was carried out 

using Tukey-Kramer adjustment for multiple comparisons, with α=0.05.  Full data set 

available in table 1.3. 
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Figure 1.9.  Correlation between M. cribraria mean egg mass counts from whole plant 

sampling in 2013 and 2014 by soybean genotype.  Data were log10 transformed to meet 

assumptions of normality.  Susceptibility to M. cribraria oviposition increases from left to 

right, with the most resistant genotypes in the bottom-left, as measured by egg mass density. 
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TABLES 

Table 1.1.  Soybean genotype, maturity group, description and pedigree for all accessions screened in field trials.  Pedigree and 

description information provided by USDA-ARS GRIN (Germplasm Resources Information Network), National Plant Germplasm 

System (http://www.ars-grin.gov/npgs/) and USDA-ARS soybean breeder and research geneticist, Dr. Thomas E. Carter. 
 

Soybean genotype MG Description Pedigree References 

AG5633 V High yield commercial variety, included in 2014 only Proprietary (Monsanto Company, St. Louis, MO) None 

KY98-2932 V Extra-dense pubescence ‘Macon’ x KY94-3121 Pfeiffer and Pilcher 2006 

KY03-DP-130 V Dense pubescence KY98-2044 X ‘7499’ Dr. T. Pfeiffer, personal comm. 

Manokin V Soybean cyst & root knot nematode resistance L70L-3408 x D74-7824 Kenworthy et al. 1996 

N02-7002 V Soybean cyst nematode resistance ‘Cook’ x ‘Anand’ Dr. T. Carter Jr., personal comm. 

N94-7784 V Slow wilting, Egyptian insect resistant line ‘Celest’ x ‘Crawford’ Dr. T. Carter Jr., personal comm. 

N98-7265 V Slow wilting ‘Hutcheson’ x PI 471938 Dr. T. Carter Jr., personal comm. 

PI 471938 V Slow wilting, low yielding Collected in Nepal USDA-ARS GRIN database 

NCC05-1336 V Stink bug resistance Unknown None 

NCC04-624 V Stink bug resistance, narrow leaves N97-61 x TN96-64 Dr. A. Cardinal, personal comm. 

Vance V Narrow leaves, small seed size ‘Essex’ x G. soja Carter et al. 2003 

AG6132 VI High yield commercial variety, included in 2014 only Proprietary (Monsanto Company, St. Louis, MO) None 

Dillon VI Root knot nematode resistance ‘Centennial’ x ‘Young’ Shipe et al. 1997 

G93-9106 VI Root knot nematode resistance (G80-1515(2) x PI 200538) x G83-559 Luzzi et al. 1996 

Jackson VI Aphis glycines resistance, root knot nematode resistance Volstate(2) x ‘Palmetto’ USDA-ARS GRIN database 

N06-7023 VI Slow wilting N98-7265 x N98-7288 USDA-ARS GRIN database 

PI 416937 VI Slow wilting, corn earworm and Mexican bean beetle resistance Collected in Kanto region, Japan USDA-ARS GRIN database 

N6202 VI High protein, large seed size N6201 x N95-7390 Carter et al. 2010 

Prolina VI High protein ‘Bragg’, ‘Ransom’, and ‘Davis’ Burton et al. 1999 

Satelite VI Altered fatty acid seed composition Soyola x  {Brim(2) x [N88-431(2) x (N90-2013 x C1726]} USDA-ARS GRIN database 

Soyola VI Altered fatty acid seed composition N78-2117-3 x ‘Brim’ Burton et al. 2004 

 

 

http://www.ars-grin.gov/npgs/
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Table 1.1 Continued 

Soybean genotype MG Description Pedigree Reference 

Benning VII Soybean cyst & root knot nematode resistance  ‘Hutcheson’ x ‘Coker 6738’ Boerma et al. 1997 

Benning E VII Benning with insect resistance gene on soybean QTL E  Resistance gene from PI 229358 Dr. T. Carter Jr., personal comm. 

Benning EM VII Benning with insect resistance gene on soybean QTL E & M  Resistance gene from PI 229358 Dr. T. Carter Jr., personal comm 

Benning EMGH VII Benning with insect resistance gene on soybean QTL E, M, G & H  Resistance gene from PI 229358 Dr. T. Carter Jr., personal comm 

Benning G VII Benning with insect resistance gene on soybean QTL G  Resistance gene from PI 229358 Zhu et al. 2007 

Benning H VII Benning with insect resistance gene on soybean QTL H  Resistance gene from PI 229358 Zhu et al. 2007 

Benning M VII Benning with insect resistance gene on soybean QTL M  Resistance gene from PI 229358 Zhu et al. 2007 

Benning MG VII Benning with insect resistance gene on soybean QTL M & G  Resistance gene from PI 229358 Dr. T. Carter Jr., personal comm 

Benning MGH VII Benning with insect resistance gene on soybean QTL M, G, & H  Resistance gene from PI 229358 Zhu et al. 2007 

Benning MH VII Benning with insect resistance gene on soybean QTL M & H  Resistance gene from PI 229358 Dr. T. Carter Jr., personal comm 

Kosamame VII Defoliator resistance, PI 171451 Collected from Kanagawa, Japan USDA-ARS GRIN database 

NC-Raleigh VII High yielding check N85-492 x N88-480 Burton et al. 2006b 

NC-Roy VII Stink bug resistance, narrow leaves ‘Holladay’ x ‘Brim’ Burton et al. 2005 

Nitrasoy VII Non-nodulating D68-0099 x ‘Cook’ Burton et al. 2006a 

NMS4-1-77 VII Glycine max x Glycine soja progeny N7103 x PI 366122 Dr. T. Carter Jr., personal comm. 

NMS4-123-651 VII Glycine max x Glycine soja progeny, included in 2014 only N7103 x PI 366122 Dr. T. Carter Jr., personal comm. 

N07-8059 VII Stink bug resistant NC-Roy x Fukuyataka Dr. T. Carter Jr., personal comm. 

N7003CN VII Soybean cyst nematode resistance ‘Cook’ x ‘Anand’ Carter et al. 2011 

N7103 VII Narrow leaf, small seed size, segregating for root knot nematode NTCPR90-143 x ‘Pearl’ Carter et al. 2003 

TCPR94-5157 VII Slow wilting ‘Davis’ x N73-1102 Dr. T. Carter Jr., personal comm. 

Miyako White VIII Defoliator resistance, PI 227687 Collected in Okinawa, Japan USDA-ARS GRIN database 

N05-7432 VIII Slow wilting N7002 x N98-7264 Dr. T. Carter Jr., personal comm. 

N8101 VIII Narrow leaf, small seed size, included in 2014 only NC114 x N7101 Carter et al. 2009 
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Table 1.2.  Mean M. cribraria cumulative insect days calculated for each soybean genotype 

tested in both 2013 and 2014.  Three untreated replicates were used to calculate means for 

2013 (n=120) while four replicates were used to calculate means for 2014 (n=176).  Errors 

were calculated one standard error from the mean.  Mean separation was carried out using 

Tukey-Kramer adjustment for multiple comparisons, α = 0.05.  Means sharing the same letter 

are not statistically different.  Untransformed means are presented below. 

 

  Cumulative Insect Days (Adults and Nymphs) 

Soybean Genotype 2013   SE   2014   SE   

Benning 6773.3 ± 1812.9 abc 364.5 ± 55.8 a-f 

BenningE 3667.5 ± 697.5 b-h 274.5 ± 53.0 b-h 

BenningEM 3184.2 ± 999.3 c-h 192.5 ± 28.9 d-i 

BenningEMGH 4408.7 ± 1420.1 b-g 230.6 ± 40.8 b-i 

BenningG 3433.8 ± 529.9 b-h 219.1 ± 55.8 c-i 

BenningH 2948.2 ± 1114.8 d-h 219.1 ± 45.1 b-i 

BenningM 4265.3 ± 1068.8 b-g 329.4 ± 67.0 a-g 

BenningMG 2579.0 ± 460.8 fgh 205.1 ± 51.0 c-i 

BenningMGH 2925.2 ± 398.7 e-h 246.5 ± 25.0 b-h 

BenningMH 3218.2 ± 836.4 c-h 202.4 ± 41.9 d-i 

Dillon 6131.7 ± 1576.6 a-f 266.5 ± 59.4 b-h 

G93-9106 6823.2 ± 1446.8 abc 391.8 ± 46.5 a-e 

Jackson 8457.3 ± 2749.0 ab 648.1 ± 197.8 ab 

Kosamame 8792.7 ± 2449.0 ab 472.6 ± 93.2 a-d 

KY03-DP-130 5714.5 ± 1016.9 a-f 343.9 ± 66.1 a-f 

KY98-2932 10055.0 ± 2383.1 a 352.6 ± 83.7 a-f 

Manokin 10801.5 ± 1061.4 a 568.0 ± 23.1 abc 

Miyako White 8154.0 ± 2058.1 ab 908.1 ± 97.0 a 

N02-7002 6073.8 ± 1713.7 a-f 250.1 ± 24.5 b-i 

N05-7432 4392.3 ± 1625.4 b-g 162.0 ± 47.4 e-i 

N06-7023 6390.7 ± 624.5 a-e 320.6 ± 55.4 a-f 

N07-8059 5804.7 ± 1904.3 a-f 232.9 ± 75.0 b-i 
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Table 1.2 Continued 

  Cumulative Insect Days (Adults and Nymphs) 

Soybean Genotype 2013   SE   2014   SE   

N6202 4685.8 ± 1989.7 a-g 215.6 ± 65.4 d-i 

N7003CN 3644.7 ± 545.5 b-h 219.8 ± 37.5 b-i 

N7103 1750.7 ± 526.7 h 121.0 ± 37.6 ghi 

N94-7784 7240.8 ± 2512.7 abc 645.4 ± 134.0 abc 

N98-7265 6747.3 ± 1411.6 a-d 390.1 ± 42.4 a-e 

NCC04-624 2999.0 ± 877.3 c-h 166.0 ± 40.2 d-i 

NCC05-1336 10928.5 ± 1604.9 a 363.0 ± 21.9 a-f 

NC-Raleigh 10124.8 ± 1866.4 a 347.5 ± 16.8 a-g 

NC-Roy 3318.2 ± 1021.2 c-h 127.4 ± 33.6 f-i 

Nitrasoy 2375.0 ± 864.0 gh 87.5 ± 12.7 i 

NMS4-1-77 5051.8 ± 1218.6 a-g 416.1 ± 57.5 a-d 

PI416937 6007.3 ± 2855.0 a-f 222.6 ± 58.3 d-i 

PI471938 5053.5 ± 1568.3 a-g 263.4 ± 38.9 b-h 

Prolina 3353.7 ± 973.8 c-h 265.4 ± 32.8 b-h 

Satelite 6491.8 ± 965.9 a-d 289.4 ± 51.4 b-h 

Soyola 4669.7 ± 247.1 b-g 312.3 ± 74.5 b-h 

TCPR94-5157 5514.7 ± 807.3 a-g 362.6 ± 63.5 a-f 

Vance 2905.2 ± 905.6 fgh 97.3 ± 16.2 hi 

AG5633      166.1 ± 51.9 d-i 

AG6132      367.9 ± 40.8 a-e 

N8101      377.9 ± 30.4 a-e 

NMS4-123-651         287.6 ± 43.3 b-g 

Mean 5362.7       349.4       
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Table 1.3.  Mean Megacopta cribraria egg masses sampled from soybean genotypes.  Six 

replicates per genotype were used to calculate means for egg masses/10 plants for both 2013 

(n=240) and 2014 (n=264), while 3 replicates per genotype (n=120) were used for egg 

masses/30 trifoliolates.  All egg masses were sampled from plots without insecticide 

treatment.  Errors were calculated one standard error from the mean.  Mean separation was 

carried out using Tukey-Kramer adjustment for multiple comparisons, α = 0.05.  Means 

sharing the same letter are not statistically different.  Untransformed means are presented 

below. 

 

  Egg masses/10 plants         Egg masses/30 trifoliolates 

Soybean Genotype 2013   SE   2014   SE   2013   SE   

Benning 17.2 ± 6.9 b-e 8.3 ± 3.3 a-d 9.0 ± 1.5 abc 

BenningE 12.2 ± 5.7 d-h 5.3 ± 3.1 a-h 7.0 ± 2.3 bc 

BenningEM 26.2 ± 9.1 ab 1.8 ± 1.1 e-h 9.3 ± 1.5 abc 

BenningEMGH 10.7 ± 2.7 d-i 1.0 ± 0.7 gh 5.0 ± 1.2 bc 

BenningG 6.3 ± 2.7 h-k 4.7 ± 2.3 b-h 5.0 ± 2.1 bc 

BenningH 4.3 ± 2.1 i-l 4.7 ± 1.5 b-h 5.7 ± 1.5 bc 

BenningM 12.5 ± 8.3 d-h 6.0 ± 2.0 a-f 10.0 ± 4.9 abc 

BenningMG 9.7 ± 3.7 e-i 4.7 ± 2.6 b-h 6.7 ± 2.0 bc 

BenningMGH 8.2 ± 2.8 f-j 5.8 ± 1.8 a-g 7.0 ± 1.0 bc 

BenningMH 14.7 ± 4.9 c-g 4.8 ± 2.2 b-h 7.0 ± 3.2 bc 

Dillon 11.8 ± 6.2 d-h 5.0 ± 1.9 b-h 9.7 ± 0.7 abc 

G93-9106 14.5 ± 6.7 c-g 3.5 ± 1.3 c-h 11.0 ± 3.1 abc 

Jackson 9.7 ± 3.2 e-i 9.2 ± 4.7 abc 19.7 ± 9.9 a 

Kosamame 7.3 ± 2.8 g-k 2.3 ± 0.9 e-h 9.7 ± 2.9 abc 

KY03-DP-130 7.0 ± 3.7 g-k 5.7 ± 2.6 a-g 11.3 ± 5.0 abc 

KY98-2932 37.5 ± 9.6 a 11.8 ± 2.8 a 19.7 ± 0.7 a 

Manokin 8.2 ± 4.2 f-j 3.7 ± 1.1 c-h 6.7 ± 1.8 bc 

Miyako White 1.2 ± 0.7 l 2.5 ± 1.4 e-h 7.3 ± 1.5 abc 

N02-7002 13.2 ± 3.8 c-h 3.8 ± 1.0 c-h 11.3 ± 2.3 abc 

N05-7432 3.3 ± 1.1 jkl 2.3 ± 0.6 e-h 5.0 ± 2.1 bc 

N06-7023 10.5 ± 4.4 d-i 5.8 ± 2.6 a-g 6.7 ± 2.2 bc 

N07-8059 22.5 ± 12.0 bc 3.2 ± 1.4 d-h 10.7 ± 2.8 abc 
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Table 1.3 Continued 

 

  Egg masses/10 plants         Egg masses/30 trifoliolates 

Soybean Genotype 2013   SE   2014   SE   2013   SE   

N6202 15.8 ± 5.9 b-f 4.3 ± 1.5 b-h 10.7 ± 2.6 abc 

N7003CN 6.0 ± 1.8 h-k 3.7 ± 2.3 c-h 7.7 ± 2.6 abc 

N7103 3.3 ± 2.0 jkl 1.2 ± 0.3 fgh 3.3 ± 0.9 bc 

N94-7784 7.5 ± 2.8 g-k 10.3 ± 3.7 ab 9.3 ± 4.1 abc 

N98-7265 8.0 ± 3.3 f-k 1.8 ± 0.5 e-h 1.7 ± 0.3 c 

NCC04-624 4.8 ± 3.5 i-l 1.7 ± 0.8 e-h 7.0 ± 3.1 bc 

NCC05-1336 18.7 ± 8.9 bcd 2.0 ± 0.5 e-h 13.0 ± 2.1 ab 

NC-Raleigh 17.5 ± 7.4 b-e 5.3 ± 1.6 a-h 11.3 ± 6.4 abc 

NC-Roy 6.8 ± 2.2 h-k 3.8 ± 1.6 c-h 9.3 ± 1.7 abc 

Nitrasoy 10.7 ± 6.3 d-i 2.0 ± 0.9 e-h 8.3 ± 2.2 abc 

NMS4-1-77 2.5 ± 0.9 kl 5.7 ± 1.8 a-g 9.3 ± 1.5 abc 

PI416937 6.7 ± 3.6 h-k 4.2 ± 3.2 b-h 6.7 ± 1.8 bc 

PI471938 6.3 ± 2.0 h-k 4.7 ± 2.7 b-h 8.7 ± 2.2 abc 

Prolina 13.2 ± 3.6 c-h 2.8 ± 1.2 d-h 9.7 ± 2.0 abc 

Satelite 12.5 ± 4.9 d-h 6.3 ± 2.3 a-e 9.3 ± 4.4 abc 

Soyola 6.5 ± 1.7 h-k 3.0 ± 1.3 d-h 5.3 ± 2.0 bc 

TCPR94-5157 8.0 ± 4.7 f-k 3.0 ± 0.7 d-h 6.7 ± 0.3 bc 

Vance 1.2 ± 0.8 l 0.7 ± 0.7 h 3.0 ± 1.0 bc 

AG5633      4.0 ± 1.3 b-h       

AG6132      3.7 ± 1.7 c-h       

N8101      1.7 ± 0.8 e-h       

NMS4-123-651         2.3 ± 1.4 e-h         

Mean 10.6       4.2       8.5       
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Table 1.4.  Average soybean yield and 100-seed weight for all genotypes included in 2013 and 2014 testing.  Six replicates were used 

to calculate means for 2013 (n=240) while eight replicates were used to calculate means for 2014 (n=352).  Errors were calculated one 

standard error from the mean.  Mean separation was carried out using Tukey-Kramer adjustment for multiple comparisons, α = 0.05.  

Means sharing the same letter are not statistically different. 

  2013 Yield   2014 Yield    2013 100 seed wt 2014 100 seed wt 

Soybean Genotype kg/ha   SE    kg/ha   SE     g   SE    g   SE   

Benning 1768.1 ± 220.3 a-e 2375.8 ± 152.7 a  14.1 ± 0.6 b-g 16.0 ± 0.6 c-f 

BenningE 1465.2 ± 117.5 a-g 1858.3 ± 202.5 a-g  13.5 ± 0.4 d-i 15.8 ± 0.3 c-h 

BenningEM 1258.5 ± 165.7 b-h 1889.0 ± 179.9 a-g  13.2 ± 0.4 e-i 16.2 ± 0.3 cde 

BenningEMGH 1520.2 ± 262.4 a-g 1992.6 ± 319.0 a-f  13.9 ± 0.4 b-h 16.2 ± 0.7 cde 

BenningG 1706.6 ± 190.2 a-e 1962.8 ± 248.2 a-g  13.6 ± 0.6 c-i 15.3 ± 0.5 c-h 

BenningH 1723.1 ± 161.6 a-e 1650.5 ± 229.8 a-h  14.1 ± 0.3 b-g 16.4 ± 0.7 cde 

BenningM 1731.8 ± 246.9 a-e 1974.2 ± 208.5 a-f  15.7 ± 0.3 abc 17.0 ± 0.6 bc 

BenningMG 1909.2 ± 251.5 abc 1545.0 ± 210.2 a-h  15.4 ± 0.5 a-d 16.6 ± 0.6 cd 

BenningMGH 1742.3 ± 247.6 a-e 1768.3 ± 201.4 a-g  15.4 ± 0.6 a-d 16.8 ± 0.5 bc 

BenningMH 1626.0 ± 277.1 a-e 1953.0 ± 212.1 a-g  14.3 ± 0.4 b-g 15.4 ± 0.5 c-h 

Dillon 1675.0 ± 255.5 a-e 1816.4 ± 278.9 a-g  13.6 ± 0.5 c-i 14.9 ± 0.3 c-i 

G93-9106 996.8 ± 104.6 c-h 1834.6 ± 158.0 a-g  12.2 ± 0.3 g-k 12.7 ± 0.2 ijk 

Jackson 836.1 ± 136.7 d-h 1205.7 ± 224.4 d-i  14.3 ± 0.4 b-g 15.5 ± 0.6 c-h 

Kosamame 614.0 ± 152.8 fgh 665.8 ± 96.0 hi  7.3 ± 0.7 m 9.5 ± 0.1 lm 

KY03-DP-130 1839.9 ± 249.5 abc 1990.8 ± 207.0 a-f  13.4 ± 0.7 d-i 15.7 ± 1.1 c-h 

KY98-2932 1183.7 ± 201.1 b-h 1585.8 ± 206.6 a-h  13.1 ± 1.0 e-j 19.1 ± 0.7 ab 

Manokin 1761.5 ± 203.0 a-e 2247.3 ± 278.8 abc  12.3 ± 0.3 f-j 13.4 ± 0.3 h-k 

Miyako White 551.2 ± 136.6 gh 974.2 ± 93.3 ghi  6.7 ± 0.3 m 7.1 ± 0.2 n 

N02-7002 2057.1 ± 187.4 ab 1892.0 ± 265.4 a-g  12.8 ± 0.6 e-j 15.0 ± 0.5 c-h 

N05-7432 1584.2 ± 334.0 a-f 2143.0 ± 286.6 a-e  13.5 ± 0.6 d-i 14.3 ± 0.4 d-i 

N06-7023 1328.5 ± 156.5 b-h 1354.4 ± 195.3 b-i  12.9 ± 0.9 e-j 15.4 ± 0.3 c-h 

N07-8059 1183.1 ± 336.3 b-h 1348.6 ± 232.6 b-i   15.8 ± 0.7 ab 17.1 ± 0.3 bc 
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Table 1.4 Continued 

  2013 Yield   2014 Yield    2013 100 seed wt 2014 100 seed wt 

Soybean Genotype kg/ha   SE    kg/ha   SE     g   SE    g   SE   

N6202 1650.3 ± 352.2 a-e 1447.1 ± 160.8 a-i  17.3 ± 0.7 a 20.3 ± 0.8 a 

N7003CN 2352.5 ± 318.6 a 2319.4 ± 191.2 ab  15.4 ± 0.6 a-d 16.6 ± 0.3 cd 

N7103 1550.3 ± 255.5 a-f 1382.2 ± 203.6 a-i  7.1 ± 0.3 m 8.2 ± 0.2 mn 

N94-7784 1364.6 ± 175.0 a-h 1706.6 ± 226.3 a-g  11.0 ± 0.3 jkl 13.8 ± 0.3 f-j 

N98-7265 1822.2 ± 227.1 a-d 1248.4 ± 291.9 d-i  12.4 ± 0.7 f-j 14.9 ± 0.6 c-i 

NCC04-624 1428.9 ± 378.3 abc 1715.0 ± 294.0 a-g  11.9 ± 0.6 h-k 13.8 ± 0.4 f-j 

NCC05-1336 1820.9 ± 431.9 abc 1970.0 ± 245.3 a-f  11.6 ± 0.5 i-l 13.5 ± 0.3 g-k 

NC-Raleigh 1848.4 ± 343.8 a-g 1906.5 ± 253.3 a-g  12.7 ± 0.3 e-j 14.9 ± 0.5 c-i 

NC-Roy 1915.4 ± 292.6 a-d 2175.6 ± 263.0 a-d  11.8 ± 0.5 h-k 14.2 ± 0.3 e-j 

Nitrasoy 378.1 ± 70.4 h 454.2 ± 148.1 i  10.1 ± 0.5 kl 11.9 ± 0.2 jk 

NMS4-1-77 790.5 ± 112.2 e-h 1434.1 ± 274.6 a-i  9.5 ± 0.2 l 11.4 ± 0.2 kl 

PI416937 1117.8 ± 177.0 b-h 1164.2 ± 197.2 e-i  12.6 ± 0.6 e-j 15.9 ± 0.5 c-g 

PI471938 1467.2 ± 470.4 a-g 1083.4 ± 159.6 f-i  13.0 ± 0.9 e-j 14.9 ± 0.5 c-i 

Prolina 815.2 ± 129.0 e-h 1256.7 ± 184.8 c-i  14.2 ± 0.6 b-g 16.4 ± 0.4 cde 

Satelite 1125.4 ± 219.3 b-h 1336.0 ± 231.4 b-i  14.4 ± 0.6 b-f 16.6 ± 0.7 c 

Soyola 1502.5 ± 219.8 a-g 1974.7 ± 311.5 a-f  12.6 ± 0.6 e-j 15.4 ± 0.5 c-h 

TCPR94-5157 1278.2 ± 313.4 b-h 1695.8 ± 187.5 a-g  14.7 ± 0.7 b-e 15.9 ± 0.6 c-f 

Vance 1460.2 ± 90.1 a-g 1436.8 ± 254.5 a-i  7.2 ± 0.2 m 8.6 ± 0.2 mn 

AG5633      2060.6 ± 309.6 a-f        15.0 ± 0.5 c-i 

AG6132      1795.4 ± 334.2 a-g        15.5 ± 0.4 c-h 

N8101      1726.9 ± 214.3 a-g        6.4 ± 0.1 n 

NMS4-123-651         1227.0 ± 200.1 d-i           7.8 ± 0.2 mn 

Mean 1443.8     1648.7         12.8       14.4       
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CHAPTER 2 – Greenhouse Evaluation of Soybean Genotypes for Antibiotic Resistance 

to the Invasive Kudzu Bug, Megacopta cribraria (Fabricius) 

 

Introduction 

The production of soybean, Glycine max Merrill (Fabales: Fabaceae), within the US 

is threatened by a complex of phytophagous arthropods, with feeding guilds including 

defoliators, pod feeders, stem feeders, and sap feeders (Kogan and Turnipseed 1987, Way 

1994, Musser et al. 2015).  Within the past 15 years, the introduction of three exotic invasive 

insect species from Asia, the soybean aphid (Aphis glycines Matsumura), the kudzu bug 

(Megacopta cribraria Fabricius), and the brown marmorated stink bug (Halyomorpha halys 

Stål), has complicated soybean pest management in both the Midwestern and southern US 

(Ragsdale et al. 2011, Seiter et al. 2013, Owens et al. 2013).  Of these three, the most severe 

pest of soybean production is A. glycines, capable of causing up to a 75% reduction in yield, 

resulting in dramatic increases in insecticide use for control of this particular insect (Catangui 

et al. 2009, Ragsdale et al. 2011).  While soybean production within the southern US is not 

currently at risk of attack by A. glycines, the establishment of M. cribraria in 2009, and its 

swift geographic expansion in the southern US, has resulted in over 359,000 soybean 

hectares infested with M. cribraria as of 2014 (Musser et al. 2015).  Under severe M. 

cribraria infestation, soybean yield losses have been measured as high as 59.6%, with 

reductions in the number of seeds per pod and individual seed weight (Seiter et al. 2013).    

Soybean host plant resistance represents an ecologically benign alternative to 

insecticidal control of pestiferous arthropods, including M. cribraria, whereby endogenous 
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plant defenses are exploited to reduce or eliminate arthropod attack (Panda and Khush 1995).  

Three nonexclusive categories of host plant resistance exist:  antibiosis, antixenosis 

(nonpreference), and tolerance (Painter 1951, 1958; Kogan and Ortman 1978).  Antibiosis 

encompasses adverse effects on arthropod pest life history, which can manifest in a variety of 

ways, including increased mortality, extended developmental time, diminished fecundity, and 

decreased body size and mass (Smith 2005).  Plants exhibiting nonpreference, or antixenosis 

(Kogan and Ortman 1978), are characterized by having adverse effects on pest behavior, 

leading to reduced colonization of resistant plants compared to susceptible plants (Stout 

2013).  Plants which display tolerance to arthropod attack are able to recover or compensate 

for injury, without negatively impacting the biology or behavior or the pest species in 

question (Stout 2013).  Plants possessing these resistance traits represent a significant 

advantage to the grower, in that much of the pest management costs have been paid for with 

the purchase of resistant seed (Smith 2005).  In contrast, chemical control of pestiferous 

arthropods requires additional inputs in terms of time and capital on the part of the grower, 

and often disrupts or eliminates beneficial arthropods in the field.  Several arthropod 

predators and parasitoids have been documented preying upon M. cribraria eggs, nymphs, 

and adults within soybean fields in the southern US (Gardner et al. 2013, Golec et al. 2013, 

Ruberson et al. 2013, Greenstone et al. 2014).  The service of pest population suppression 

provided by these biological control agents is lost when broad-spectrum insecticides are 

applied for control of M. cribraria, further supporting the need to develop resistant soybean 

cultivars and preserve the existence of beneficial arthropods. 



51 

 

 

 

 

Ideally, host plant resistance to key pests like M. cribraria will also be expressed 

toward other arthropod pests of economic importance (Smith 2005).  In the case of soybean, 

three plant introductions (PIs 229358, 171451, 227687) have been widely studied for 

resistance to multiple arthropod pests (Van Duyn et al. 1971, 1972, Clark et al. 1972, 

Warrington et al. 2008, Niide et al. 2012, Silva et al. 2013).  Replicated field trials in 2013 

and 2014 in NC demonstrated that both PI 171451 (‘Kosamame’) and PI 227687 (‘Miyako 

White’) are highly susceptible to M. cribraria infestation when compared to other soybean 

genotypes, and are not likely to be good candidates for breeding resistance to M. cribraria 

(Fritz et al., unpublished).  While these two insect resistant soybean genotypes seem to lack 

resistance to M. cribraria, recent work involving soybean host-plant resistance to A. glycines 

has led to the discovery of new sources of insect resistant soybean germplasm which could 

be evaluated for cross-resistance to M. cribraria (Hesler et al. 2013).  Soybean genotypes 

with resistance to A. glycines have already been evaluated for susceptibility to defoliating 

insects (Chandrasena et al. 2012, Bruner et al. 2013), but nothing has been published to date 

regarding the susceptibility of these soybean genotypes to hemipteran pests such as M. 

cribraria.  Additionally, Bansal et al. (2013) stress the importance of screening soybean 

germplasm for multiple insects in their review of soybean resistance to hemipteran pests. 

The objectives of the present study are to 1) determine whether soybean genotypes 

with resistance to A. glycines also display antibiosis to M. cribraria, and 2) determine 

whether soybean genotypes which expressed resistance to M. cribraria in previous field 

studies also display characteristics of antibiosis in the greenhouse. 
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Materials and Methods 

Soybean selection and growth conditions.  Nineteen soybean genotypes were 

evaluated in an exploratory study involving antibiotic resistance to M. cribraria in 

greenhouse conditions (29°C average, range 21-37°C; seasonal photoperiod, 14-15:10-9 L:D) 

on the campus of North Carolina State University, Raleigh, NC, from mid-May to mid-July 

2014 (experiment I).  Eleven soybean genotypes ranging in maturity group (MG) were 

selected based on known resistance to A. glycines (Mian et al. 2008, Hesler et al. 2013, 

USDA ARS 2015), while eight more genotypes were selected based on apparent 

susceptibility (positive control) or resistance to M. cribraria in field trials conducted in 2013 

and 2014 (Fritz et al., unpublished) (Table 2.1).  Untreated, “black” cotton seed was used as a 

negative control for M. cribraria development.  Soybean germplasm was provided by the 

USDA Soybean and Nitrogen Fixation Unit, Raleigh, NC, and the USDA Corn, Soybean, 

and Wheat Quality Research Unit, Wooster, OH.  Five soybean seeds were planted per pot 

(25.4 cm height by 25.4 cm diameter) on 16 May 2014 in a randomized complete block 

design with four replicates per genotype.  Potting soil consisted of a 3:1 mixture of Fafard® 

Growing Mix 2 (Fafard Inc., Anderson, SC) and Candor sandy soil collected from Sandhills 

Research Station, Jackson Springs, NC (35.186N, -79.679W) as a source of bacterial 

inoculum for soybean nitrogen fixation.  Miracle-Gro® Shake ‘n Feed® All Purpose 

Continuous Release Plant Food (Marysville, OH) was soil incorporated (7.0 g/pot) prior to 

planting to provide appropriate micronutrients.  Plants were watered as needed to maintain 

soil moisture.  Soybean plants were thinned to one plant per pot at the V1 vegetative growth 
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stage (Fehr et al. 1971).  A second round of antibiosis screening (experiment II) was 

conducted from late-July to mid-September 2014 under the same conditions previously 

described, with the exceptions of temperature and photoperiod (28°C average, range 20-

37°C; seasonal photoperiod, 14-12:10-12 L:D).  The experimental design consisted of eight 

replicates of six soybean genotypes arranged in a randomized complete block design.  Two 

soybean genotypes susceptible to M. cribraria were included in this test (NC-Raleigh, 

Manokin), as well as two narrow-leaf, small-seeded genotypes with putative antixenosis to 

M. cribraria (N7103, Vance), and two genotypes with putative resistance to A. glycines (PI 

567336A, PI 567352B).   

Insect collection and rearing.  Megacopta cribraria egg masses were collected from 

soybean fields located at Sandhills Research Station, Jackson Springs, NC (35.186N, -

79.679W) on 5 June and 4 August 2014 for use in antibiosis screening experiments I and II, 

respectively.  Whole soybean leaves with M. cribraria egg masses were removed from plants 

in the field and placed into a breathable paper bag to avoid oxygen stress to the eggs during 

transport.  Megacopta cribraria egg masses were visually inspected under a stereoscope for 

signs of parasitism (darkening under chorion), and to ensure eggs had not previously hatched.  

The number of eggs per mass was standardized (24 ± 1 eggs per mass) by removing excess 

eggs with a dissecting needle when necessary.  Egg masses were excised from field-collected 

soybean leaves by cutting out a small square (~1.5 x 1.5 cm) of soybean leaf tissue around 

the egg mass using a stainless steel scalpel.  One soybean tissue square (with M. cribraria 

egg mass attached) was affixed with flour-and-water paste to the abaxial surface of one 
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soybean unifoliate leaf per genotype when plants were at the V1 stage of growth in the 

greenhouse (Fig. 2.1).  Flour-and-water paste was used to limit possible negative side effects 

associated with the unknown chemical composition of various commercially available glues.  

Potted soybean plants infested with M. cribraria egg masses were covered with clear, 

cylindrical, plastic cages (PETG, 0.02 thick, AIN Plastics Inc., Kennesaw, GA) to prevent 

interplant movement of M. cribraria, avoid whitefly buildup on plants, and exclude possible 

predators and parasitoids of M. cribraria (Fig. 2.2).  Cage dimensions were 61 cm height x 

25 cm diameter, and the tops were covered with 100 micron screening material (Midwest 

Filter Corp., Highwood, IL) to allow for gas exchange and ventilation.   

Data collection.  For the first antibiosis screening procedure (experiment I), cages 

were removed on 15 July 2014 (41 d post-egg mass introduction) and all M. cribraria adults 

and nymphs were counted and placed in standard 90 mm petri dishes according to their 

respective soybean genotype.  For the second antibiosis screening procedure (experiment II), 

all M. cribraria nymphs were counted on 18 August 2014 (11 d post-egg mass introduction) 

while soybean plants were at the V5 growth stage, to verify the number of nymphs which 

successfully hatched from egg masses and established on plants.  Cages were removed on 16 

September 2014 (43 d post-egg mass introduction), and all M. cribraria adults and nymphs 

were counted on each genotype, placed in petri dishes (90 mm diameter), and held in a 

freezer.  All M. cribraria adults and nymphs from experiment II were removed from the 

freezer, sexed, and weighed using a Sartorius electronic balance (Model 1712 MP 8-1, 0.01 

mg readability, Data Weighing Systems, Inc., Elk Grove, IL).  After obtaining wet weight, 
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adults from experiment II were placed in an oven (Fisher Isotemp® Vacuum Oven, Model 

281, Thermo Fisher Scientific, Inc., Waltham, MA) and dried at 55°C for 48 hours to remove 

water weight, and allowed to cool in a desiccation chamber to avoid water resorption.  Dried 

adults were weighed again using the previously mentioned balance.   

Data analysis.  For experiment I, analysis of variance (ANOVA) was conducted 

using PROC MIXED (SAS Institute 2011) on the total number of live M. cribraria adults 

and nymphs recovered from each soybean genotype after caging material was removed.  The 

lone fixed effect for the model was soybean genotype, while replicate was considered a 

random effect.  Soybean maturity group was not considered in the analysis, as none of the 

soybean genotypes had flowered during the experiment.  When necessary, mean separation 

was conducted using the Tukey-Kramer adjustment for multiple comparisons, with a 

significance level of P ≤ 0.05.   

 For experiment II, percent mortality of M. cribraria reared on each replicate of each 

soybean genotype was calculated based on the equation percent mortality = (1 – (tA+N / tN )) * 

100); where tA+N = total number of live adults and nymphs counted on 16 September 2014, 

and tN = total number of live nymphs counted on 11 August 2014.  Percent mortality data 

were square root transformed to meet assumptions of normality.  PROC MIXED was used to 

conduct an ANOVA test on the square root-transformed percent mortality data.  The lone 

fixed effect for the model was soybean genotype, while replicate was considered a random 

effect.  Mean separation was conducted using the Tukey-Kramer adjustment for multiple 

comparisons, with a significance level of P ≤ 0.05.   
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 Wet body weight of individual M. cribraria adults from experiment II was subjected 

to ANOVA using PROC MIXED (SAS Institute 2011).  Body weight of adult male M. 

cribraria was analyzed separately from female body weight; therefore, soybean genotype 

was the lone fixed effect for the model, while replicate was considered a random effect.  

Adults found dead at the bottom of the cage were not included in weight analysis, as 

decomposition lowered their mass considerably.  Mean separation was conducted using the 

Tukey-Kramer adjustment for multiple comparisons, with a significance level of P ≤ 0.05.   

Total dry weight and total wet weight of all M. cribraria adults was used to calculate 

a dry weight correction factor for each soybean genotype for both males and females, 

following the equation dry weight correction = (tD / tW); where tD = total dry weight of adults 

of a given sex reared on a particular soybean genotype, and tW = total wet weight of adults of 

a given sex reared on a particular soybean genotype.  The dry weight correction factor for 

each sex and genotype combination was multiplied by the wet weight of each individual from 

the same sex and genotype to obtain the approximate dry weight of each individual.  Dry 

weight of M. cribraria adults was subject to the same statistical analysis as wet weight of M. 

cribraria outlined above.   

 Results 

Experiment I.  The effect of soybean genotype was not a significant predictor of M. 

cribraria adult and nymph abundance when reared from egg masses (F = 1.48; df = 18, 54; P 

= 0.1341).  However, two A. glycines resistant soybean genotypes, PI 567336A and PI 

567352B, produced the fewest M. cribraria adults and nymphs on average (4.0 ± 3.3, 2.5 ± 
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1.2; respectively) (mean ± standard error) compared to other soybean genotypes at the 

conclusion of testing (Fig. 2.3).   In contrast, soybean genotype ‘NC-Raleigh’, produced the 

greatest number of M. cribraria adults and nymphs on average (16.0 ± 1.5).  No M. cribraria 

nymphs survived on cotton plants at 10 d post-egg mass introduction. 

Experiment II.  The effect of soybean genotype was a significant predictor of M. 

cribraria adult and nymph percent mortality (F = 20.23; df = 5, 41; P < 0.0001) (Fig. 2.4).  

Percent mortality was greatest when M. cribraria were reared on soybean genotypes PI 

567352B (77.2% ± 5.8) and PI 567336A (68.2% ± 8.9), although these estimates were 

statistically indistinguishable.  Significantly lower percent mortality was measured when M. 

cribraria were reared on soybean genotypes NC-Raleigh (19.2% ± 5.0), Manokin (17.5% ± 

4.7), Vance (14.5% ± 2.8), and N7103 (7.7% ± 3.6), although not statistically different from 

one another.  When all eight replicates of each soybean genotype were combined, soybean 

genotype Manokin produced the most M. cribraria (114 adults, 7 nymphs), followed by 

N7103 (116 adults, 2 nymphs), NC-Raleigh (110 adults, 2 nymphs), Vance (89 adults, 9 

nymphs), PI 567352B (20 adults, 20 nymphs), and PI 567336A producing the fewest M. 

cribraria (3 adults, 32 nymphs) (Fig. 2.5).    

The effect of soybean genotype was also a significant predictor of both male and 

female M. cribraria adult wet weight (males: F = 12.48, df = 4, 193, P < 0.0001; females: F 

= 34.64, df = 4, 220, P < 0.0001) and adult dry weight (males: F = 75.24, df = 4, 193, P < 

0.0001; females: F = 83.25, df = 4, 220, P < 0.0001).  Average adult weight was greatest 

when M. cribraria were reared on soybean genotypes NC-Raleigh (wet weight, males: 15.6 



58 

 

 

 

 

mg ± 0.3; females: 19.8 mg ± 0.5; dry weight, males: 8.3 mg ± 0.2; females: 9.3 mg ± 0.2) 

and Manokin (wet weight, males: 15.3 mg ± 0.3; females: 20.5 mg ± 0.4; dry weight, males: 

7.4 mg ± 0.2; females: 9.8 mg ± 0.2) (Fig. 2.6).  Intermediate adult weight was measured 

from M. cribraria reared on narrow-leaf, small-seeded soybean genotypes N7103 (wet 

weight, males: 13.7 mg ± 0.3; females: 15.8 mg ± 0.4; dry weight, males: 6.7 mg ± 0.2; 

females: 6.8 mg ± 0.2) and Vance (wet weight, males: 13.8 mg ± 0.3; females: 15.4 mg ± 0.5; 

dry weight, males: 6.2 mg ± 0.2; females: 6.1 mg ± 0.2).  Adults weighing the least were 

reared on PI 567352B (wet weight, males: 12.7 mg ± 0.6; females: 13.7 mg ± 1.1; dry 

weight, males: 3.5 mg ± 0.3; females: 4.3 mg ± 0.5); both males and females being less than 

half the mass of their counterparts reared on Manokin and NC-Raleigh.  Mass of adult M. 

cribraria reared on PI 567336A was not considered in analysis, as only one female and two 

males reached adulthood at the conclusion of the testing period.   

Dry weight correction factors calculated for both male and female adult M. cribraria 

reveal that individuals reared on NC-Raleigh and Manokin soybean genotypes were able to 

attain a greater proportion of dry mass (NC-Raleigh males: 53.5% dry weight; females: 

47.0%; Manokin males: 48.6% dry weight; females: 48.1%) than individuals reared on 

narrow-leaf soybean genotypes N7103 and Vance (N7103 males: 48.8% dry weight; females: 

43.0%; Vance males: 45.3% dry weight; females: 39.6%).  Only 28.0% of male weight and 

31.3% female weight could be attributable to dry mass when individuals were reared on A. 

glycines resistant soybean genotype PI 567352B.  
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Discussion 

Our results indicate that M. cribraria suffered significant mortality when reared on 

two soybean breeding lines with resistance to A. glycines, PI 567336A and PI 567352B, 

implying that these genotypes possess antibiotic resistance toward M. cribraria.  Fewer M. 

cribraria reached adulthood when reared on these soybean genotypes in comparison to 

others; those which did reach adulthood on PI 567352B weighed substantially less than 

adults reared on other soybean genotypes.  In addition to imposing increased mortality on M. 

cribraria and reducing weight gain, adults which survived the no-choice bioassay on PI 

567336A and PI 567352B were noticeably lighter in coloration than their counterparts reared 

from N7103, Vance, Manokin, and NC-Raleigh (Fig. 2.7).  Phenotypic expression of insect 

coloration may vary by the quality of dietary protein ingested, with lower quality protein 

leading to decreased melanization and immune function (Lee et al. 2008).  Other studies 

involving M. cribraria and the closely related M. punctatissima have found that removing or 

sterilizing endosymbiont capsules from egg masses results in lighter coloration, decreased 

body size, and higher mortality of adults and nymphs (Fukatsu and Hosokawa 2002, 

Hosokawa et al. 2006).  Whether soybean genotypes PI 567336A and PI 567352B represent 

suboptimal sources of nutrition or whether they negatively impact gut endosymbionts of M. 

cribraria remains unclear; however, great care was taken to ensure that egg masses of M. 

cribraria and associated endosymbiont capsules used in these studies were treated equally 

when infesting soybean genotypes in the greenhouse.   
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Megacopta cribraria reared on narrow-leaf soybean genotypes N7103 and Vance 

exhibited similarly low mortality compared to M. cribraria reared on susceptible soybean 

genotypes NC-Raleigh and Manokin.  However, female adult M. cribraria reared on N7103 

and Vance weighed significantly less than females reared on NC-Raleigh and Manokin, 

possibly implicating antibiotic resistance factors present in N7103 and Vance (Fig. 2.6).  

While no-choice tests such as the present study are often used to screen plant germplasm for 

antibiotic resistance, disentangling antixenosis from antibiosis can be challenging.  Physical 

plant deterrents (i.e. trichomes, cuticular waxes) may change the behavior of test insects, 

causing them to feed less frequently and eventually gain mass at a slower rate than normal.  

However, reduction in weight gain can also be caused by exposure to plant toxins or lack of 

sufficient nutrients in plant tissues or vascular fluids (Panda and Khush 1995).  Regardless of 

the category of resistance in question (antixenosis or antibiosis), the results are clear; rearing 

M. cribraria on these narrow-leaf soybean genotypes resulted in lower adult weight, on 

average, compared to susceptible soybean genotypes.  Lower adult weight has been linked to 

decreased fecundity and survivorship in other insects (Honek 1993, Greenberg et al. 2005); 

however, without empirical evidence we can only speculate as to whether decreased weight 

in M. cribraria would negatively impact survivorship and fecundity. 

The lack of significant differences in M. cribraria survivorship on different soybean 

genotypes in experiment I can likely be explained by unanticipated complications in initial 

bioassay design.  Because M. cribraria egg masses were collected from soybean fields 

without insecticide treatment, predatory arthropods, particularly Geocoris sp., may have 
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previously preyed upon egg masses, reducing viability and increasing variation in overall M. 

cribraria survivors.  In experiment II, counting the number of M. cribraria nymphs which 

successfully hatched and established on plants at 11 d post-egg mass introduction seemed to 

stabilize much of the variation; increasing replication also reduced stochasticity.  

Unfortunately, we were unable to include all 19 soybean genotypes from experiment I for 

testing in experiment II and simultaneously increase replication size, due to logistical 

limitations.  Future researchers who attempt to use no-choice bioassays and field collected 

egg masses of M. cribraria should consider the variable nature of egg hatch rates.    

The 29°C average temperature in the greenhouse where bioassays were conducted 

allowed for rapid development of M. cribraria from egg to adult (Shu-Sen et al. 2014); 41 d 

and 43 d evaluation periods (exp. I and II, respectively) allowed adequate time for M. 

cribraria to reach adulthood, as reported in other studies at similar temperatures (Hosokawa 

et al. 2006, Del Pozo-Valdivia and Reisig 2013).  Shu-Sen et al. (2014) reported that M. 

cribraria nymphs reared at a constant 33°C were unable to complete development on 

soybean.  While the maximum temperature reached as high as 37°C and as low as 21°C in 

the greenhouse, these occasional aberrations did not seem to severely impact M. cribraria 

development on our soybean genotypes, possibly due to a moderated microclimate within the 

plastic no-choice cages.  The possibility exists that the expression of host plant resistance can 

vary with variations in temperature, in which case the test plants and insects should be 

evaluated under different temperature regimes.  Chirumamilla et al. (2014) evaluated the 

stability of A. glycines resistance in four aphid-resistant soybean genotypes and found that 
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soybean aphid resistance was stable across three temperatures (14, 21, and 28°C), while 

resistance slightly increased in one soybean genotype at 28°C.  Light intensity may also 

impact the expression of resistance, which is an important consideration for greenhouse 

studies.  Smith (2005) reported several cases in multiple crops, including soybean, where 

reduced light intensity negatively impacted the expression of plant resistance to various 

arthropods.  If greater light intensity increases the resistance to M. cribraria observed in PI 

567336A and PI 567352B, the antibiosis measured in these soybean genotypes could be even 

greater in the field environment under natural light conditions.  Because of these variable 

environmental factors, further studies involving PI 567336A and PI 567352B should explore 

the roles that temperature and light intensity play in expression of resistance toward M. 

cribraria, including whether the resistance holds up under field conditions. 

In summary, our results indicate that A. glycines resistant soybean genotypes PI 

567336A and PI 567352B cause high mortality in M. cribraria and reduced male and female 

adult weight when reared from egg masses in a greenhouse setting.  Furthermore, M. 

cribraria reared on narrow-leaf soybean genotypes N7103 and Vance experienced lower 

adult weight when compared to M. cribraria reared on susceptible soybean genotypes, 

suggesting that antixenotic resistance to M. cribraria measured in the field may also be 

influenced by antibiotic resistance properties possessed by N7103 and Vance.  These 

findings may be useful to soybean breeders wishing to develop cultivars with resistance to M. 

cribraria for commercial release. 
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FIGURES 

 

Figure 2.1.  Attachment of field collected M. cribraria egg mass with flour-water paste to 

abaxial surface of experimental soybean unifoliate leaf for no-choice antibiosis screening.   
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Figure 2.2.  Experimental arrangement of potted soybean plants within greenhouse 

environment, covered with plastic cage material for assessment of antibiotic resistance to M. 

cribraria after infestation with egg masses.  Pictured above are half the plants for the no-

choice test. 
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Figure 2.3.  Average number of M. cribraria adults and nymphs produced when reared on 

different soybean genotypes in experiment I.  Four replicates were used for each soybean 

genotype.  Error bars were constructed within one standard error of the mean.  NIL = near 

isogenic line; insect resistance gene from PI 229358 located on soybean QTL-H in Benning 

genetic background. 
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Figure 2.4.  Average percent mortality of M. cribraria reared on different soybean genotypes 

in experiment II.  Eight replicates per genotype were used to calculate means.  Error bars 

were constructed within one standard error of the mean.  Mean separation was carried out 

using Tukey-Kramer adjustment for multiple comparisons, with α=0.05.  Means with the 

same letter are not statistically different from one another.   
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Figure 2.5.  Total M. cribraria adults and nymphs reared from eight replicates of each soybean genotype in experiment II; Manokin 

(114 adults, 7 nymphs), NC-Raleigh (110 adults, 2 nymphs), N7103 (116 adults, 2 nymphs), Vance (89 adults, 9 nymphs), PI 567352 

B (20 adults, 20 nymphs), and PI 567336A (3 adults, 32 nymphs).   
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Figure 2.6.  Average weight of adult male and female M. cribraria reared on different 

soybean genotypes from experiment II.  Sample sizes for adult females were 9 (PI 567352B), 

41 (Vance), 64 (N7103), 55 (NC-Raleigh), and 62 individuals (Manokin).  Sample sizes for 

adult males were 11 (PI 567352B), 42 (Vance), 50 (N7103), 54 (NC-Raleigh), and 52 

individuals (Manokin).  Masses of adult M. cribraria reared on PI 567336A were dropped 

from analysis due to small sample size (1 female, 2 males).  Error bars were constructed 

within one standard error of the mean.  Mean separation was carried out using Tukey-Kramer 

adjustment for multiple comparisons, with α=0.05.  Means with the same letter are not 

statistically different from one another.
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Figure 2.7. Differences in coloration of M. cribraria adults reared on PI 567352B versus those reared on Vance in experiment II.  

Adults reared on other soybean genotypes are not pictured above. 
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TABLES 

Table 2.1. List of all soybean genotypes used in no-choice experiments I (*) and II (§) with corresponding maturity group (MG), 

description, and pedigree.  Pedigree and description information provided by USDA-ARS GRIN (Germplasm Resources Information 

Network), National Plant Germplasm System (http://www.ars-grin.gov/npgs/) and USDA-ARS soybean breeder and research 

geneticist, Dr. Thomas E. Carter. 
 

Soybean genotype MG Description Pedigree Reference 

PI 567541B * III Antibiosis to A. glycines, rag1c  Collected in Shandong, China Mensah et al. 2005 

PI 567543C * III Antixenosis to A. glycines, Rag3  Collected in Shandong, China Mensah et al. 2005 

PI 243540 * IV Antibiosis to A. glycines, Rag2  Collected in Akita, Japan Mian et al. 2008 

PI 567301B * IV Moderate resistance to A. glycines, Rag5 Collected in Gansu, China Mian et al. 2008 

PI 567321A * IV Moderate resistance to A. glycines Collected in Gansu, China Mian et al. 2008 

PI 567324 * IV Moderate resistance to A. glycines  Collected in Gansu, China Mian et al. 2008 

PI 567336A *§ IV Moderate resistance to A. glycines  Collected in Gansu, China Mian et al. 2008 

PI 567352B *§ IV Moderate resistance to A. glycines Collected in Gansu, China Mian et al. 2008 

Manokin § V Soybean cyst & root knot nematode resistance L70L-3408 x D74-7824 Kenworthy et al. 1996 

NCC04-624 * V Stink bug resistance, narrow leaves N97-61 x TN96-64 Dr. A. Cardinal, personal comm. 

Vance *§ V Narrow leaves, small seed size ‘Essex’ x G. soja Carter et al. 2003 

Jackson * VI Aphis glycines resistance, root knot nematode resistance, Rag1 Volstate(2) x ‘Palmetto’ USDA-ARS GRIN database 

Benning * VII Soybean cyst & root knot nematode resistance ‘Hutcheson’ x ‘Coker 6738’ Boerma et al. 1997 

Benning H * VII Benning with insect resistance gene on soybean QTL H Resistance gene from PI 229358 Zhu et al. 2007 

NC-Raleigh *§ VII High yielding check N85-492 x N88-480 Burton et al. 2006 

NC-Roy * VII Stink bug resistance, narrow leaves ‘Holladay’ x ‘Brim’ Burton et al. 2005 

N7003CN * VII Soybean cyst nematode resistance ‘Cook’ x ‘Anand’ Carter et al. 2011 

N7103 *§ VII Narrow leaf, small seed size, segregating for root knot nematode NTCPR90-143 x ‘Pearl’ Carter et al. 2003 

PI 200538 * VIII Antibiosis to A. glycines, Rag2  Collected in Shikoku, Japan Hill et al. 2004 

PI 548663 * VIII Antibiosis and antixenosis to A. glycines, Rag1  ‘Semmes’ x PI 200492 Hill et al. 2004 

 

http://www.ars-grin.gov/npgs/

