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Abstract: Dectes texanus larvae girdles the stems of soybean and cultivated sunflowers causing
significant yield losses in North America. The soybean Plant Introduction (PI) 165673 exhibits
antibiosis resistance to the larval stage. The objectives of this study were: (1) to determine the
inheritance of D. fexanus resistance in PI165673; (2) evaluate PI165673 antibiosis resistance before 21 d
post infestation; (3) evaluate girdling damage in PI16563 at the end of the season. K07-1544 /PI165673
F, and Fp3 populations were tested for resistance to D. fexanus in 2011 and 2012, and PI165673
antibiosis resistance and girdling damage were evaluated in 2014. Segregation for resistance to
D. texanus and heritability estimates in the F, and F,.3 populations indicated that resistance was
controlled by two genes with dominant and recessive epistasis. Antibiosis evaluations indicated:
(1) PI165673 contained lower number of larvae and eggs relative to the number of oviposition
punctures at 15 d post infestation; (2) the proportion of first-instar larvae was higher in PI165673 at
15 d post infestation; (3) larvae reach the sixth-instar stage in PI165673. None of the PI165673 plants
were girdled at the end of the season. Identification of additional sources of D. texanus resistance is
required to impair larval development in the stem.

Keywords: Dectes texanus; soybean; host—plant resistance; antibiosis; inheritance of resistance

1. Introduction

Soybean, Glycine max (L.) Merrill, is an important agricultural crop supplying an
increasing demand for animal feed and alternative oil/fuel sources due to its high protein
and seed oil content [1,2]. The demand for biodiesel, feed with high protein content and
meat and dairy product substitutes has accelerated the growth of soybean production
worldwide and the development of high yielding soybean cultivars [3]. Soybean is a
widely cultivated crop around the world, and most soybeans were produced in Brazil
(37%), the United States (28%) and Argentina (16%) in 2019 [4]. Soybean yield has increased
in the United States from 1690 kg/ha in 1961 to 3189 kg/ha in 2019 [5,6], and this increase
in yield is the result of multiple breeding programs that are designed to improve yields,
seed composition, pest resistance and tolerance to abiotic stresses [7].

Arthropod pests are a major limiting factor of soybean production worldwide, and
approximately 21.4% of the world soybean yield losses were due to pests in 2017, with 5.7%
attributed to arthropods and nematodes [8]. The Dectes stem borer, Dectes texanus LeConte
(Coleoptera: Cerambycidae), has been a major pest of soybeans and cultivated sunflowers
(Helianthus annuus L.) in the Midwestern United States since 1968 and 1970, respectively [9].
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Dectes texanus larvae damage soybeans and sunflowers when they enter the main stem,
tunnel to the base of the plant and girdle the stem [10,11]. Soybean yield losses occur when
the plant breaks at the girdle point prior to harvest [10-12]. Adults feed on the epidermis
of petioles and stems. Feeding damage for this life stage is not extensive nor is directly
related to yield loss [10,12]. The number of U.S. States reporting D. texanus infestations in
soybean increased from one in 1968 to 18 in 2019, indicating that their pest distribution has
expanded [11,13-17]. Changes in the natural landscape (expansion of soybean production
and reduction in wild hosts) and agricultural practices (from tillage to non-tillage) may
have promoted the use of soybean as a host by D. texanus [10,13]. Harvesting as soon as
possible and spraying insecticides that target the adult stage represent the current practices
to avoid significant borer-related yield losses [13,18].

Host-plant resistance to arthropods is a fundamental component of crop improvement
and integrated pest management [19,20]. Soybean varieties resistant to D. texanus are
sought because the larval stage causes 5-15% yield reductions and 10% physiological yield
loss [13,21], commercial insecticides fail to kill the larvae inside stems and require multiple
applications to effectively manage adults [18], and the cost of D. texanus management
is included in the seed price [20,22]. Identification of soybean genotypes and cultivars
resistant to D. texanus was inconsistent based on the percentage of larval infestation,
tunneling, girdling and lodging until an antibiosis ratio (number of oviposition punctures
(OvP)/number of larvae) was used to assess resistance [23-25]. This antibiosis ratio
corrected for cultivar differences in number of oviposition punctures, and it was evaluated
early in the season when beetles were active in the field [26]. Based on this ratio, the
soybean Plant Introduction (PI) 165673 showed antibiosis resistance to D. texanus that
reduced the number of larvae compared to the susceptible control 93M50 and 93M50—
protected with fipronil systemic insecticide at 21 days post infestation [26]. Antibiosis
resistance is a category of host—plant resistance to arthropods and refers to the adverse
effects of a resistant plant on the survival, development, or fecundity of an arthropod and
its population [20].

In order to develop soybean genotypes resistant to D. texanus, information about the
inheritance of the resistance in PI165673 and the number of genes controlling the resistance
trait(s) are needed in order to establish appropriate breeding strategies. Additionally, it is of
interest to determine if the resistant genotype impacted larval development; assess antibiosis
resistance before 21 d post infestation to reduce the time needed for screening resistance;
evaluate whether larvae survive and girdle the PI165673 at the end of the growing season.
Therefore, the objectives of this research were to determine the inheritance of D. texanus
resistance in PI165673, evaluate antibiosis resistance before 21 d post infestation, and evaluate
stem girdling and tunneling by D. texanus at the end of the season. Information provided
from this research will benefit soybean breeding programs by identifying D. texanus resistant
progeny lines that can be improved for agronomic qualities. These lines can also be used to
locate resistance gene(s) within the genome, and to identify molecular markers linked to the
resistance. Ultimately, this research can contribute to the development of new genotypes that
can be used to increase yields in areas affected by D. texanus.

2. Materials and Methods
2.1. Inheritance Experiments
2.1.1. F; and F,.3 K07-1544 /P1165673 Population Development

Two populations were created using two soybean genotypes, KS5004N and K07-1544,
that were crossed with the D. texanus-resistant genotype PI165673 in a winter nursery in
Costa Rica. These crosses were made with the assumption that KS5004N and K07-1544
had contrasting susceptible phenotypes relative to P1165673. Pollen from PI165673 was
transferred to the stigma of emasculated flowers of both susceptible genotypes, and F;
seeds were harvested and selfed to produce the F, generation for each cross. Hypocotyl
color of F, plants fit a 3 purple:1 green segregation ratio which confirmed that they came
from a cross pollinated female plant flower. Plants from this filial generation were evaluated



Agronomy 2021, 11, 738

30f17

for resistance to D. texanus in summer 2011. Remnant F, seeds were further advanced to
the F3 generation, but only F,.3 families from the cross K07-1544/PI165673 were screened
for resistance in summer 2012 because of limited numbers of cages and logistic constraints
that did not allow for the evaluation of two different Fy.3 populations at the same time.

2.1.2. Field Experiment with F, Populations

F;1 and F; plants from both populations, KS5004N /PI165673 and K07-1544/PI165673,
were evaluated for D. texanus resistance in a field choice test in summer 2011. KS5004N, a
maturity group V cultivar, was an Fy4 plant selection from the cross K§5292 X SC91-2007.
K07-1544, a maturity group IIl experimental line, was an F, plant selection from the cross
IA3023 X LD00-3309. Two 3 x 3 m plots were planted per population at the Kansas State
University North Agronomy Farm in Manhattan, KS. Five F; and 155 F, seeds per cross,
and 10 PI165673 and 10 susceptible parental control seeds were hand planted ~2.5 cm deep
in a completely randomized design per plot. Each plot contained four 2.3 m long rows, and
seeds were spaced 5 cm apart within a row. A total of 104 and 117 F, healthy seedlings
emerged in the KS5004N /PI165673 and K07-1544/PI165673 plots, respectively, which
represented an approximate 70% rate of seedling survival. Survival was likely reduced due
to poor germination, drought, or seedling damage by other arthropods. Nevertheless, this
rate of stand establishment is within the range of normal soybean germination in small
field plot experiments. K07-1544 seeds were sown in rows surrounding the plots. Plots
were irrigated using sprinkler cans due to lack of rainfall and were caged 35 d after planting
with 3 X 3 m canopy tents (Columbia®, Columbia Sportswear, Portland, OR, USA). Canopy
roofs and cage side mesh panels were sealed with duct-tape, and the bottom of the mesh
was anchored to the ground and buried with soil to prevent beetle escape. Dectes texanus
adults were collected from giant ragweed patches and soybean fields in Scandia, Abilene
and the Kansas State University Ashland Bottoms Research Station, near Manhattan, KS,
and released in each cage at a rate of two unsexed beetles per plant, 35 d after planting.
Dectes texanus adults have sexual monomorphism and are distributed in a 1 female:1 male
ratio in the field [12]. The top petiole on each plant was marked on the plant stem when
cages were infested. Plants were cut at the soil level 21 d after infestation and stored in a
4 °C cold room. Oviposition punctures and larvae on each plant were counted on the five
petioles below the infestation mark following recommendations of Niide (2009) [27]. With
this information, the OL antibiosis ratio (number of OvP/number of larvae) was calculated
for each plant to evaluate D. texanus resistance. Plants with an OL antibiosis ratio of one
were considered susceptible, and plants with an antibiosis ratio of zero were considered
missing data because they could have been plants that escaped infestation.

2.1.3. Field Experiment with K07-1544/P1165673 F,.3 Families

One hundred eight K07-1544 /P1165673 F;.3 families and the two parental genotypes
were evaluated for D. texanus resistance in a randomized complete block design with
14 replicates in a field choice test in summer 2012. One seed per Fp.3 family and six seeds
per parent were hand planted in each block (replicate) in a 3 x 3 m plot with four 2.3 m
long rows and 7.6 cm spacing between seeds. Plots were located at the Kansas State
University North Agronomy Farm in Manhattan, KS, were caged 35 d after planting as
mentioned above, and were irrigated with sprinklers due to lack of rainfall. K07-1544
seeds were planted in rows surrounding and between plots. Dectes texanus adults were
collected from the same locations mentioned above and were released in each cage at a
rate of two unsexed beetles per plant, 49 d after planting. Infestation was delayed because
strong winds damaged nine cages, and they needed repairing or replacement. Plants were
cut at the soil level 21 d after infestation and stored in —20 °C and —80 °C freezers. The
numbers of oviposition punctures, larvae and the OL antibiosis ratio were calculated for
each plant as indicated above. Larval head capsule width and body length were measured
from undamaged larvae collected from K07-1544 and PI165673 plants that were preserved
in Pampel’s solution, BioQuip Products Inc. (Rancho Dominguez, CA, USA). Head capsule
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and body length measurements were made using a Leica® MZ APO and a Nikon® SMZ645
stereomicroscope, respectively. Head capsules were measured across their widest point
using the software Leica® Application Suite V.3.4.0 (Buffalo Grove, IL, USA) at 60X. Larval
instar was determined based on the head capsule width range described for each D. texanus
instar by Hatchett et al. (1975) [12].

2.1.4. Statistical Analyses of Field Experiments with F, and F;.3 Populations

Analyses of variances were performed for the numbers of oviposition punctures,
numbers of larvae, and OL antibiosis ratios using a generalized mixed model where the
Fy.3 families and parental genotypes were considered fixed effects, and blocks (cages)
were random effects. F; and F, populations were excluded from the analysis as each
F; and F; seed was considered a unique recombination event. Independent analyses of
variances were performed with the 2011 and 2012 data. Statistical analyses were conducted
using a PROC GLIMMIX procedure (SAS Institute, Cary, NC, USA) with a gamma dis-
tribution and a log link function since data were positively skewed and did not follow
homogeneity of variances. Estimation of degrees of freedom was performed using the
Satterthwaite method [28,29]. When the F-test was significant at p < 0.05, pairwise com-
parisons were conducted with a Fisher’s protected least significant difference test (LSD)
at oc = 0.05 significance level. LSD tests were performed because the number of possible
comparison combinations was large [30].

The broad sense heritability was estimated for the OL antibiosis ratio of the Fj3
families K07-1544/PI165673. The broad sense heritability was estimated as follows:
H? = ((0°F — 0%e)/0F) x 100, where o°F is the phenotypic variance of the Fy.3 plant pop-
ulations, and o”e is the variance of environmental origin [19,31]. The parental genotypes
were used to calculate the 02e variance among the Fy.3 populations, respectively. Their phe-
notypic variance was partitioned into their respective variance components (c>genotype,
o?cage, o’cage*genotype, and o2error) since there were replicates for each parental geno-
types per cage in the experiment [28]. The o%cage, 0*cage x genotype and c?error were used
to calculate the environmental variance. The variance components were calculated using a
PROC MIXED procedure (SAS Institute, Cary, NC, USA) where the parental genotype and
cage were considered as fixed and random effects, respectively.

Analyses of variances using PROC GLIMMIX with a normal distribution were cal-
culated for mean larval head capsule width and mean body length from larvae collected
in K07-1544 and PI165673 plants in 2012. A Pearson’s chi-square test was calculated to
compare the numbers of larvae per instar from K07-1544 and PI165673 plants using a PROC
FREQ procedure (SAS Institute, Cary, NC, USA).

2.2. Field Experiment with K07-1544 and PI165673 Genotypes

K07-1544 and PI165673 were further evaluated for D. texanus resistance at the Kansas
State University Ashland Bottoms Research Station, near Manhattan, KS, in summer
2014. The experiment was conducted in a 12.2 x 12.2 m plot that contained 380 planting
spots, spaced 61 cm apart in every cardinal direction. Three seeds per genotype were
hand planted, about 2.5 cm deep, in a planting spot that was assigned at random to each
genotype. Three seeds were planted to secure at least one plant per spot because PI165673
had <30% seed germination in a moist filter paper assay. Only one seedling per planting
spot was kept after emergence, and only 110 spots had a PI165673 plant. Rows surrounding
the plot were planted with K07-1544 seed.

Each plant was caged with a galvanized tomato frame (0.6 m diam x 1.4 m height)
covered with a mosquito mesh (1 m diam x 2 m height) 21 d after planting. Cages were
held to the ground using a 2 m rebar and 23 cm tent stakes. The bottom and top of
the mesh were buried with soil and tied with a knot, respectively, to prevent the beetles
from escaping and other insects from entering. Thirty days after planting, each cage was
infested with four unsexed D. texanus beetles that were collected from soybean fields in
the research station. Plants were sampled at seven dates (7, 9, 11, 13, 15, 21 and 120 d)
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post infestation, and the number of plants sampled per date are listed in Supplementary
Table S1. Sampling at 120 d after infestation (after the first freeze) was divided into ten
consecutive sampling days (blocks) due to the logistical constraints of sampling all plants
in the same day. Five plants per genotype were evaluated at each sampling day after the
first freeze on 29 October 2014 [32]. About 30% of the plants per each genotype lacked
D. texanus oviposition punctures; most likely because beetles became stuck at the top of the
mesh before oviposition (Supplementary Table S1). These plants were not considered in
the data analyses.

The numbers of oviposition punctures, eggs, larvae, and stem entrance holes; plant
height; stem and tunnel length; girdling damage were counted, measured and evalu-
ated for each plant, respectively. An OEL antibiosis ratio (number of oviposition punc-
tures/[number of eggs + number of larvae]) and an OL antibiosis ratio were calculated for
each sampling date, except at 120 d post infestation, when only the OL antibiosis ratio was
calculated since no eggs were found in plants sampling. Larvae were collected from each
plant, and head capsules were measured across their widest point using a Leica® MZ APO
stereomicroscope at 40X. Larval instar was determined based on the head capsule width
range described for each D. texanus instar by Hatchett et al. 1975 [12]. The Dectes texanus
head capsule width ranges were described until the sixth-instar stage by these authors [12].
Thus, larvae with a head capsule width exceeding this range were considered sixth instar.

2.3. Statistical Analyses of Experiment with KO7-1544 and PI165673 Genotypes

The numbers of oviposition punctures, eggs, larvae, and stem entrance holes; OEL
and OL antibiosis ratios; percentage of stem tunneling, and larval head capsule widths
were assessed for normality and homogeneity of variances at each sampling date using
Kolmogorov-Smirnov [33], Levene [34] and Brown-Forsythe [35] tests (Supplementary
Table S2). When data did not follow normality and homogeneity of variances, a Poisson
or negative binomial distribution was used to analyze the data, after the fitness of both
distributions had been assessed based on a Pearson’s chi-square/DF statistic for conditional
distributions [36,37]. The type of distribution used for each response variable is listed
in Supplementary Table S3. The type III test of fixed effects was used to compare data
of both genotypes with the PROC GLIMMIX procedure [38] and the Kenward—Rogers
approximation [39] for estimation of degrees of freedom. Each sampling date was analyzed
independently, where genotype was considered the fixed effect in the model. Sampling
day after 120 d post infestation was considered a blocking factor and a random effect in
the model [28]. When the F-test was significant (p < 0.05), means were given a different
uppercase letter.

The percentage of larvae per instar, girdled plants and tunnels reaching the plant base
were analyzed using a Pearson’s chi-square test using the PROC FREQ procedure (SAS
Institute, Cary, NC, USA) [40]. When the percentage of larvae per instar was significant
(p < 0.05), Fisher’s exact tests were conducted per instar between genotypes. A chi-square
distribution was used because data convergence failed using a binomial distribution. SAS
v. 9.2 (SAS Institute, Cary, NC, USA) was used to perform all statistical analyses.

3. Results
3.1. Field Experiments with F) and F.3 Populations

The numbers of oviposition punctures and larvae, and the OL antibiosis ratio were
not significantly different between the susceptible parents (KS5004N, K07-1544) and the
resistant genotype PI165673 in 2011 (Table 1). The frequency distributions of the data
for OL antibiosis ratios, numbers of oviposition punctures and numbers of larvae were
continuous, skewed to the right, and extended beyond most of the phenotypic ranges of
the parents for both F, populations (Figures 1-3).
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Table 1. Mean + SEM OL antibiosis ratios, and number of oviposition punctures and number of larvae per plant in F,
soybean populations KS5004N /PI165673 and K07-1544 /PI165673 at 21 d post infestation with Dectes texanus in 2011.

Mean + SEM
F; Population Genoytpe n OL Antibiosis Ratio # Oviposition Punctures # Larvae
KS5004N /PI165673 @ KS5004N 18 19+067 71+£24%2 33£04°2
PI165673 6 21+072 6.7+272 37+£07%
K07-1544/P1165673 ® K07-1544 8 124+032 34+09° 25+£07%
PI165673 6 12+01°2 3.7+£072 3.0+£06%

OL antibiosis ratio = (number of oviposition punctures/number of larvae), SEM: Standard Error of Mean; n: number of plants. Means
followed by a different lower-case letter within a column for each cross are statistically different based on a Fisher’s protected least
significant difference test (LSD) (p < 0.05) means separation test. Means within a column with same uppercase letter are not significantly
different based on an F-test (p > 0.05): * OL antibiosis ratio (Fy,21.15 = 0.12, p > 0.05), # oviposition punctures (Fq, 21 39 = 0.03, p > 0.05), # larvae
(F1,22 = 0.27, p > 0.05). b OL antibiosis ratio (F1,22 = 0.02, p > 0.05), # oviposition punctures (F;, 12 = 0.06, p > 0.05) # larvae (F;, 1 = 0.29,

p > 0.05).
a 30 -
l i ¥ KS5004N / P1165673
20 A
10 A
L *
K
Q.
LI:‘ 0 TT lllll T IITITIV M'Mr%ﬁlm
= 1 2 3 4 5 6 7 8
b E 30 -
E !
> v K07_1544 / P1165673 \
20 A l
Lk
10 A
0 I.I.I I.I III
1 2 3 4 5 6 7 8

OL Antibiosis ratio per plant

Figure 1. Frequency distributions of OL antibiosis ratios per plant in F, soybean populations (a) KS5004N /PI165673 and
(b) K07-1544 /PI165673 at 21 d post infestation with Dectes texanus in 2011. Arrows and stars indicate parent and F, means,
respectively. OL antibiosis ratio = (number of oviposition punctures/number of larvae).
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Figure 2. Frequency distributions of number of oviposition punctures per plant in F, soybean populations
(a) KS5004N /PI165673 and (b) K07-1544/PI165673 at 21 d post infestation with Dectes texanus in 2011. Arrows and
stars indicate parent and F, means, respectively.

Table 2. Mean + SEM OL antibiosis ratios, numbers of oviposition punctures, and numbers of larvae per plant in soybean
genotypes K07-1544 and PI165673 at 21 d post infestation with Dectes texanus in 2012.

Mean + SEM Mean + SEM Mean = SEM
Genotype n OL Antibiosis  # Oviposition # Larvae " Larval Head Capsule " Larval Body
Ratio Punctures Width (mm) Length (mm)
K07-1544 68 17+0.1% 103+1.1°% 61+£062 62 0.8 £0.032 60 70£052
PI165673 36 21+02° 108+ 147 54+06? 34 0.8+£0.032 32 77+£062

OL antibiosis ratio = (number of oviposition punctures/number of larvae), SEM: Standard Error of Mean; n: number of plants. Means
followed by a different lower-case letter within a column are statistically different based on a Fisher’s protected LSD (p< 0.05) means
separation test. Means within a column with same uppercase letter are not significantly different based on an F-test (p > 0.05). # oviposition
punctures (Fy, 103 = 0.08, p > 0.05), # larvae: Fy, 193 = 1.11, p > 0.05), larval head capsule width (F;, gs51 = 0.32, p > 0.05), larval body length
(Fl, 124 = 1.34, p> 0.05).
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Figure 3. Frequency distributions of number of larvae per plant in F, soybean populations from (a) KS5004N/PI165673 and
(b) K07-1544 /PI165673 at 21 d post infestation with Dectes texanus in 2011. Arrows and stars indicate parent and F, means,
respectively. The OL antibiosis ratio was significantly greater in PI165673 plants than K07-1544 plants in 2012 (F;, 193 = 4.37,
p < 0.05; Table 2). The numbers of oviposition punctures, numbers of larvae, larval head capsule widths, and larval body
lengths were not significantly different between these two parental genotypes (Table 2). Additionally, there was no evidence
of differences in the percentage of D. texanus larvae per instar between these parents (Pearson’s x? = 1.86, df = 4, p > 0.05).
Approximately 50% of larvae from plants of both genotypes were in the third instar at the time of sampling (Figure 4).
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Percentage of larvae

100

80

60

40

20

i -

OKO7_ 1544 mPI165673

| ] 1l \V \Y VI
Dectes texanus larval instar

Figure 4. Percentage of Dectes texanus larvae per instar collected from plants of soybean genotypes K07-1544 and PI165673
at 21 d post infestation in 2012.

The frequency distribution of the F».3 families was continuous and bell-shaped for
all the phenotypic traits evaluated (Figures 5-7). Chi-square goodness of fit tests with the
OL antibiosis ratios of Fp.3 families indicated that resistance is controlled by two genes
with dominant and recessive epistasis (Table 3). Other gene models based on complex
hierarchical relationships were not tested, due to limitations in assigning phenotypic
ratios based on parental phenotypes. Therefore, it is possible that the number of genes
contributing to the inheritance of OL antibiosis could be more complex than a two gene
model. The broad sense heritability among the families was 68.5% for the OL antibiosis
ratio (Table 4). The OL antibiosis ratios and numbers of oviposition punctures were
significantly different between the F,.3 families and parental genotypes (F1g9, 9674 = 1.31,
p < 0.05; Fip9, 9695 = 1.30, p < 0.05, respectively). Thirteen F,;3 families had a higher
OL antibiosis ratio than the susceptible parental genotype, and two of these 13 families
had higher ratios than the resistant PI165673 genotype (Supplementary Table S4). Eight
families had a lower numbers of oviposition punctures than either parental genotype,
and one family had a lower number of oviposition punctures than the resistant parent
(Supplementary Table S4). Family 146 was the only family with a higher OL antibiosis ratio
than K07-1544 and with a lower number of oviposition punctures than PI1165673. There
was no evidence of differences between families and parental genotypes for the numbers
of larvae (Fig9 9725 = 1.16, p > 0.05; Supplementary Table S4).
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v K07_1544 | PI165673

Number of F,.; families

1 11 12 13 14 15 16 17 18 19 2 21 22 23 24 25 26 27 28 29
OL Antibiosis ratio per family

Figure 5. Frequency distribution of the OL antibiosis ratio in plants from 108 F,.3 families from the cross K07-1544/P1165673
at 21 post infestation with Dectes texanus in 2012. OL antibiosis ratio (number of oviposition punctures/number of larvae).
Arrows and star indicate parent and F,.3 population mean, respectively.

25

* v KO7_1544 | PI165673
v

l

20

Number of F,.; families

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
# Oviposition punctures per family

Figure 6. Frequency distribution of number of oviposition punctures per plant in plants from 108 F.3 families from the
cross K07-1544/PI1165673 at 21 d post infestation with Dectes texanus in 2012. Arrows and star indicate parent and Fy.3
population mean, respectively.
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Figure 7. Frequency distribution of number of larvae per plant in plants from 108 F,.3 families from the cross K07-
1544 /PI165673 at 21 d post infestation with Dectes texanus in 2012. Arrows and star indicate parent and F,.3 population
mean, respectively.

Table 3. Chi-square tests for goodness of fit of Fy.3 families K07-1544 /PI165673 OL antibiosis ratio.

Phenotypic Ratios FObserve'd Expected 2 df
requencies  Frequencies

Single gene Dominance 3:1 95:13 2 81:27 9.7 1 *
Dominance 1:2:1 13:89:6 P 27:54:27 46.3 2 *

Two genes Dominance without epistasis 9:3:3:1 50:26:19:13 € 61:20:20:7 9.2 3 *
Additive genes 9:6:1 13:89:6 P 61:40:7 95.7 2 **

Dominant epistasis 12:3:1 13:89:6 81:20:7 289.7 2 **

Recessive epistasis 9:3:4 13:89:6 P 61:20:27 286.3 2 **

Duplicate recessive epistasis 9:7 95:13 2 61:47 44.0 1 *

Duplicate dominant epistasis 15:1 95:13 @ 101:7 6.0 1 *
Dominant and recessive epistasis 13:3 95:13 2 88:20 3.2 1 ns

OL antibiosis ratio = (number of oviposition punctures/number of larvae); x> = (observed frequency — expected frequency)?/expected
frequency; ** = significant at 1% level of probability; * = significant at 5% level of probability; ns = not significant at 1% and 5% level.
2 number of families with OL antibiosis ratio not significantly different from K07-1544: number of families with antibiosis ratio OL
significantly higher than K07-1544. ® number of families with OL antibiosis ratio significantly higher than K07-1544: number of families
with antibiosis ratio OL not significantly different from K07-1544 and PI165673: number of families with OL antibiosis ratio significantly
lower than PI165673. € number of families with OL antibiosis ratio lower than 1.9 = (1.7 + d): number of families with antibiosis ratio
OL between 1.9 and 2.0: number of families with OL antibiosis ratio between 2.1 and 2.3: number of families with OL antibiosis ratio
significantly higher than K07-1544. d = (PI165673 OL antibiosis ratio OL — K07-1544 OL antibiosis ratio)/2 = (2.1 — 1.7)/2=0.2.

Table 4. Broad sense heritability percentages using the 0'2cage and Gzcage*gemtype variance components from F;.3 K07-
1544 /PI165673 families and parental genotypes infested with Dectes texanus in 2012.

Parental Genotypes

Phenotypic Trait 02 F,3 Plants 02 cage Uzcage*genotype 0Zerror H? (%)
OL antibiosis ratio OL 1.04 0.07 0.0001 0.59 68.5

OL antibiosis ratio = (number of oviposition punctures/number of larvae), parental genotypes: Non-segregant genotypes (susceptible
and resistant parents). H?: Broad sense heritability, H? = (6%p23 — 0%e)/0%m3) X 100, where 02y is the phenotypic variance of the
Fy.3 families, and 02, = (o-zcage"'o-zcage*genotype + 02%error) /2 is the variance of environmental origin.
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3.2. Field Experiment with K07-1544 and PI165673 Genotypes

At 7 d post infestation, the OL antibiosis ratio was two times higher in the P1165673
compared to K07-1544 (F; g = 6.51, p = 0.03, Table 5). The high OL antibiosis ratio observed
in this genotype may be overestimated because only 30% of the K07-1544 plants contained
larvae, whereas 70% of the PI165673 plants had larvae. The OEL antibiosis ratio; numbers
of oviposition punctures, numbers of larvae, numbers of eggs; larval head capsule width,
and percentage of larvae per instar were not significantly different between genotypes
(Tables 5 and 6).

Table 5. Mean (lower, upper CI) OEL and OL antibiosis ratios; numbers of oviposition punctures, numbers of larvae,
numbers of eggs, and larval head capsule width per plant in soybean genotypes K07-1544 and PI165673 infested with
Dectes texanus in 2014.

Mean (Lower, Upper CI)

OLE

Larval Head

Sampling FORP OL Antibiosis # Oviposition A
Date (d) Genotype Anlt{l;ligSlS Ratio Punctures # Eggs # Larvae Caps(unllem ‘;Vldth
72 K07-1544 19(1.2,31)A 23(04,41)A 12.0(2.6,214) A  51(1.7,85 A 21(0.6,7.4) A 0.43 (0.39,0.47) A
PI165673 2.3(1.6,3.8) A 47(3.5,59)B 222(12.8,31.6) A 56(22,9.00A 47(14,152)A 0.5(0.47,0.52) A
9b K07-1544 19(1.5,23) A 57(3.0,10.8) A 252(154,414)A 69(221,116)A 6.0(29,124)A  048(0.42,0.53) A
PI165673 16(1.2,21) A 10.0 (4.3,23.5) A 15.0(8.0,28.0) A 82(23,14) A 2.0(0.7,5.6) A 0.48 (0.40, 0.55) A
11¢ K07-1544 1.5(0.8,2.9) A 5.7 (2.8,11.6) A 16.1(5.7,26.6) A 54(12,9.6) A 53((2.7,7.8) A 0.5(04,0.6) A
PI165673 21(1.3,3.5) A 54(2.5,11.7) A 154(62,246) A 59(22,9.6) A 2.4(0.3,4.6) A 0.5(0.47,0.6) A
134 K07-1544 14(0.7,2.8) A 34(0.1,6.8) A 23.6(89,383) A 84(46,122) A 64(23,104) A 0.48 (0.4, 0.55) A
PI165673 3.7(24,5.6)B 6.1(3.7,85) A 28.3(152,414)A 45(1.1,79) A 6.1(25,9.7) A 0.49 (0.4, 0.55) A
15¢ K07-1544 15(1.2,2.00 A 6.3(04,12.1) A 105(1.2,222) A 3.1(13,72)A 31(1.2,79) A 0.5(04,0.7) A
PI165673 24(18,31)B 122(69,17.5) A 245(14.0,349) A 64(32,129)A 58(26,12.7) A 0.6(04,0.7) A
21f K07-1544 1.8(1.1,25) A 2.3(1.1,49) A 183(7.3,293) A 20(1.0,5.00A 7.8(2.7,129) A 0.57(0.52,0.62) B
PI165673 2.3(1.8,29) A 6.4(3.6,11.3) B 19.1(10.1,281) A 4.0(1.6,64) A 4.7 (0.5,8.9) A 0.46 (0.4,0.51) A

Means within a column with different uppercase letters per sampling date are significantly different based on an F-test (p < 0.05); d: days
post infestation; CI = confidence interval; OL antibiosis ratio = (number of oviposition punctures/number of larvae); OEL antibiosis
ratio = (number of oviposition punctures/[number of eggs + number of larvae]). Means within a column with same uppercase letter per
sampling date are not significantly different based on an F-test (p > 0.05): ® number of egg (Fy, 18 = 0.05, p > 0.05), OEL antibiosis ratio
(F1,18 = 0.64, p > 0.05); larval head capsule width (F;, g = 0.02, p > 0.05), number of oviposition punctures (F;, 13 = 2.61, p > 0.05), number of
larvae (Fq, 18 = 0.94, p > 0.05). b number of oviposition punctures (F, 13 = 1.98, p > 0.05), number of eggs (Fy, 13 = 0.13, p > 0.05), and number
of larvae (Fy, 13 = 3.59, p > 0.05); the OEL and OL antibiosis ratios (Fy,13 = 0.95, p > 0.05; Fy, 19 = 1.38, p > 0.05, respectively); larval head
capsule width (Fq, 19 = 0.01, p > 0.05). © number of oviposition punctures (F;, 14 = 0.01, p > 0.05), number of eggs (F;, 14 = 0.03, p > 0.05), and
number of larvae (Fy, 14 = 3.38, p > 0.05); the OEL and OL antibiosis ratios (Fy, 14 = 0.86, p > 0.05; Fy, 11 = 0.01, p > 0.05, respectively); larval
head capsule width (F;, 11 = 0.74, p > 0.05). d number of oviposition punctures (Fy, 15 = 0.25, p > 0.05), number of eggs (Fy, 16 = 2.61, p > 0.05),
and number of larvae (Fy, 16 = 0.01, p > 0.05); OL antibiosis ratio (F;, 13 = 2.02, p > 0.05); larval head capsule width (Fy, 13 = 0.21, p > 0.05).
¢ number of oviposition punctures (Fy, 16 = 3.56, p > 0.05), number of eggs (F;,16 = 1.93, p > 0.05), and number of larvae (F;, ¢ = 1.16,
p > 0.05); OL antibiosis ratio (F, 16 = 2.56, p > 0.05); larval head capsule width (F;, 1, = 0.12, p > 0.05). f humber of oviposition punctures
(F1,13 = 0.01, p > 0.05), number of eggs (F;, 13 = 1.25, p > 0.05) and number of larvae (Fy, 13 = 1.07, p > 0.05); OEL antibiosis ratio (F;, 13 = 1.79,
p > 0.05).

At 9 and 11 d post infestation, the numbers of oviposition punctures, eggs, and larvae;
OEL and OL antibiosis ratios; larval head capsule widths and percentage of larvae per
instar were not significantly different between genotypes (Tables 5 and 6).

At 13 and 15 d post infestation, the OEL antibiosis ratio was two and 0.6 times
significantly higher in PI165673 compared to K07-1544, respectively (Fy, 14 = 6.11, p = 0.02;
F1 16 = 6.34, p = 0.02, respectively, Table 5). The OL antibiosis ratios; numbers oviposition
punctures, larvae and eggs; and larval head capsule widths were not significantly different
between genotypes on both sampling dates (Tables 5 and 6). The percentage of larvae per
instar was significantly different between genotypes (Pearson’s x> = 11.3, df = 1, p = 0.03)
at 15 d post infestation where the PI165673 had higher and lower percentage of larvae in
first and second instar compared to the K07-1544 (Table 6).
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Table 6. Percentage of larvae per instar in soybean genotypes K07-1544 and PI165673 infested with Dectes texanus in 2014.

% Larvae per Instar

Sampling Date (d) Genotype I II II1 Iv v VI
72 K07-1544 100 A 0A - - - -
PI165673 933 A 6.7 A - - - -
9b K07-1544 923 A 7.7 A - - - -
PI165673 100 A 0A - - - -
11°¢ K07-1544 941 A 59A - - - -
PI165673 86.4 A 13.6 A - - - -
134 K07-1544 97.9 A 21A - - - -
PI165673 88.1 A 119 A - - - -
15¢ K07-1544 583 A 41.7 B 0A - - -
PI165673 86.4 B 102 A 34 A - - -
21f K07-1544 674 A 26.1 A 6.5 A - - -
PI165673 844 A 14.6 A 0A - - -
1208 K07-1544 - - - 0A 29 A 97.1 A
PI165673 - - - 1.8 A 1.8A 96.4 A

d: days post infestation; Larvae in instar stage were not found. ¢ Percentages within a column with different uppercase letter per sampling
date are significantly different based on a Fischer’s chi-square test (p < 0.05). Percentages within a column with same uppercase letter per
sampling date are not significantly different based on a Pearson’s chi-square test (p > 0.05): * Pearson’s x2=15,df=1,p > 0.05. b Pearson’s
x2 =0.98,df =1, p>0.05. € Pearson’s x? = 0.98, df = 1, p > 0.05. 9 Pearson’s x> = 0.07, df = 1, p = 0.07. f Pearson’s x? = 4.97, df = 2, p = 0.06.
8 Pearson’s x2 = 0.74, df = 2, p>0.05.

13 0f 17

At 21 d post infestation, the OL antibiosis ratios and larval head capsule widths were
significantly different between genotypes ((Fy, 190 = 5.67, p = 0.0385; F1 9 = 13.07, p = 0.0056,
respectively). The OL antibiosis ratio was three times significantly higher in the P1165673
compared to K07-1544 (Table 6). Although, larvae-fed PI165673 had significantly smaller
average head capsule widths than larvae-fed K07-1544 (Table 5), the percentage of larvae
per instar was not significantly different between genotypes (Table 6). The number of
oviposition punctures, eggs and larvae, and the OEL antibiosis ratios were not significantly
different between genotypes (Table 5).

At 120 d post infestation, the percentage of stem tunneling, tunnel reaching the
plant base, and girdled plants were statistically different between genotypes (F;, ¢ = 20.39,
p = 0.0015; Pearson’s x> = 25.9, df = 1, p < 0.0001; Pearson’s x> = 8.8, df = 1, p = 0.0043,
respectively). The percentage of stem tunneling was significantly lower in the PI16573
compared to K07-1544 (Table 7), and none of the PI165673 plants had tunnels reaching
the base of the plant or were girdled compared to K07-1544 (69.2 and 30.8%, respectively).
The OL antibiosis ratio; numbers of oviposition punctures, larvae and stem entrance holes;
larval head capsule width, and percentage of larvae per instar were not significantly
different between genotypes (Tables 6 and 7).

Table 7. Mean (lower, upper CI) OL antibiosis ratios; numbers of oviposition punctures, larvae and stem entrance holes;
larval head capsule widths, and percent stem tunneling per plant in soybean genotypes K07-1544 and PI165673 infested
with Dectes texanus in 2014.

Mean (Lower, Upper CI)

Larval Head

S li . # Stem Ent Antibiosis Rati # Ovipositi A
S‘;Ie’ ;;g Genotype % Stem Tunneling erlt_}‘)lrelsrance nib1osis Katio PX;E?S;JSOH # Larvae Caps(unllelen ")Vldth
120 K07-1544 71.7 (62.2,81.1) A 53(39,67) A 13.4(99,181) A  17.7(11.2,282) A 1.3(0.5,33) A 2.0(1.9,21) A
PI165673 50.4 (404, 59.7) B 3.6(28,47) A 124(9.1,167) A 27.3(17.1,435) A 24(09,59 A 20(19,21) A

Means within a column with different uppercase letter per sampling date are significantly different based on an F-test (p < 0.05); d:
days post infestation; CI = confidence interval; Antibiosis ratio OL = number of oviposition punctures/number of larvae), percentage
of stem tunneling = ([stem tunnel length/plant length] x 100). Means within a column with same uppercase letter per sampling date
are not significantly different based on an F-test (p > 0.05): Antibiosis ratio OL (Fy,7, = 0.2, p > 0.05), number of oviposition punctures
(F1,88 =2.05, p > 0.05), number of larvae (F;, 9 = 2.02 p > 0.05), number of stem entrance holes (F, g9 = 4.38, p > 0.05), larval head capsule
width (Fy, 9 = 1.14, p > 0.05).
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4. Discussion
4.1. Field Experiments with F) and F.3 Populations

Information about heritability, and the number and chromosome location of genes
involved in plant resistance, facilitates the design of efficient and accurate breeding strate-
gies to develop resistant cultivars [22,41,42]. The lack of differences between both parental
genotypes made it difficult to estimate the number of genes conferring resistance and their
mode of inheritance in the F, population using Mendelian and non-Mendelian phenotypic
ratios. Extreme phenotypic differences between parental genotypes are desirable to locate
genes in the genome and quantify their contribution to the phenotype [41]. Increasing the
sample size of K07-15447 and PI165673 contributed to detecting a significant difference in
the OL antibiosis ratio between both parental genotypes in 2012 and a resistance controlled
by at least two genes with dominant and recessive epistasis using the F,.3 population. Ad-
ditionally, the continuous bell-shaped frequency distribution of the number of oviposition
punctures, larvae and OL antibiosis ratios in the Fp.3 generation indicated that more than
one gene is involved in resistance to D. texanus [31]. Given these results, QTL mapping will
be important for the detection and location of genes contributing to D. texanus resistance in
PI165673 and K07-1544. It remains to be investigated whether K07-1544 also contributes al-
leles or genes to the resistance found in some of the F,.3 families. Quantitative resistance to
D. texanus was expected as most cases of soybean resistance to Coleopterans are explained
by more than one gene. Resistance to the Mexican bean beetle, Epilachna varivestis Mulsant,
in soybean MBB 80-115, P1229321, P1227687, P1220358, L76-0049, L78-608, and L76-0328
is controlled by more than two genes, although exact numbers were not specified [42-44].
More recently, four single nucleotide polymorphims (SNPs) on chromosome 11 were asso-
ciated with resistance to E. varivestis in a Genome Wide Association Study in soybean [45]
Additionally, nine quantitative trait loci (QTLs) were reported for resistance to the Japanese
beetle, Popillia japonica Newman, in an Essex/Forrest population where seven QTLs were
mapped on linkage groups A2, N, E, Al, I, F and D2 in the Forrest cultivar [46].

The 68% heritability for the OL antibiosis ratio among the F,.3 K07-1544/P1165673
population indicates that progress in breeding for resistance to D. texanus can be slowly
achieved by selecting for high resistance ratios. Therefore, the phenotypic differences
observed between the F,.3 families and the parents may be attributed to contributions
from the genetic backgrounds of the parents [31]. However, the environmental variation
(0%e) may have been underestimated, since this was calculated using only the parental
variation [47]. The contribution from the Fp.3 family plants to the environmental variation
was not included in the o?cage and o?cage*genotype variance components because there
was only one plant per F,.3 family in each cage. Additionally, the plant populations were
tested in one location, Kansas. Partitioning of the parental genotype-variance component
could be used as an approximation of environmental variance in future studies where
plants are evaluated in one location or in one environment.

Broad sense heritability estimates were moderately high for the F,.3 families, and
differences in the OL antibiosis ratio were significant between a few families and the
parents. The statistically higher antibiosis ratios in two F,.3 families (95 and 185) can be
explained by a combination of complimentary genes or by transgressive segregation [48].
These families are valuable genetic resources for breeding D. texanus because they constitute
a new genetic pool for the development of D. texanus resistant cultivars [49]. Nevertheless,
more data are needed to confirm the resistant phenotype since it is possible that the genes
contributing to the resistance are affected by yet uncharacterized environmental factors.

The lack of differences in larval head capsule width, body length and proportion of
larvae per instar between PI1165673 and K07-1544 plants indicated that: (1) The resistance
factors contributing to a reduction in numbers of larvae may not affect larval growth after
they initiate feeding in the plant, and (2) one larva may survive in and girdle PI165673
stems. Thus, follow-up experiments were conducted to evaluate the proportion of larvae
in younger instar stages and girdling damage in P1165673.
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4.2. Field Experiment with K07-1544 and PI165673 Genotypes

PI165673 had higher OEL antibiosis ratios at 13 and 15 d post infestation which
indicates that the sum of eggs and larvae relative to the number of oviposition punctures
is lower in the PI165673 compared to K07-1544. Therefore, PI165673 resistance is also
associated with changes in the female oviposition behavior because puncture sites often
lacked eggs. This behavior was previously described for D. texanus on soybean [12] and
sunflower [17], but this is the first report on the PI165673 genotype. The high OL antibiosis
ratio observed in PI165673 confirmed previous published data where this genotype had a
higher ratio than the susceptible control in choice experiments at 21 d post infestation [26].
Additionally, it confirmed that the PI16573 contains lower D. texanus larval densities relative
to oviposition punctures compared to K07-1544. Significant differences between parental
genotype and year (2011, 2012, 2014) interaction were not found at 21 d post infestation
(data not shown). Further experiments are needed to determine if survivorship of larvae is
reduced when feeding on PI165673. We recommend assessment of soybean resistance to
D. texanus using the OEL antibiosis ratio at 13 or 15 d post infestation to reduce the time in
screening soybean resistance to D. texanus.

The percentage of second-instar larvae was lower and larval head capsule width was
smaller in PI165673 compared to K07-1544 at 15 and 21 d post infestation, respectively,
suggesting that first-instar larvae feeding in the PI165673 genotype takes longer to develop.
These results are contrary to those observed in 2012 where no differences were detected
in the larval head capsule size between genotypes at 21 d post infestation. Differences in
results from both years may be associated with temperature, since 2014 had a mild summer
compared to the hot summer in 2012.

Dectes texanus intraspecific cannibalism and competition for resources [12] may explain
the lack of differences in the OL antibiosis ratio between genotypes at 120 d post infestation.
Intraspecific cannibalism and competition for the overwintering site reduces the number
of larvae per stem to one larva. Additionally, the lack of differences in the head capsule
size and percentage of larvae per instar between genotypes at this sampling date suggest
that the surviving larvae can compensate or overcome possible PI165673 defenses affecting
their development. The plant maturity of each genotype may underestimate the percentage
of girdled plants observed at 120 post infestation because K07-1544 plants had reached full
development, whereas PI165673 plants were still green, bushy, and in the pod-filling stage.
Additionally, the plant height (data not shown) and plant maturity may bias the percentage
of tunnels reaching the plant base and stem tunneling, respectively, since K07-1455 plants
were shorter and had reached their maximum growth relative to PI165673. Therefore,
assessment of PI165673 girdling by D. texanus at the end of the growing season will be best
conducted in Southern States where maturity VI soybeans can complete their development.

5. Conclusions

In conclusion, PI165673 antibiosis resistance is polygenic and reduces D. texanus egg
oviposition, larval density and could affect development of first-instar larvae. However,
surviving larvae can tunnel into PI165673 stems, develop until the sixth-instar stage, and
potentially cause girdling damage. Therefore, P1165673 resistance needs to be reinforced
with other sources of soybean resistance or biotechnological techniques before releasing
seed material to farmers. Future screening and evaluation of resistance to D. texanus should
include records of larval size, weight, and developmental rate to detect soybean genotypes
that impair or slow larval development inside the petioles and stems. Combining a high
antibiosis ratio with larval development impairment in a cultivar could provide durable
and long-term D. texanus resistance.

Supplementary Materials: Supplementary Tables S1 to 54 are available online at https:/ /www.mdpi.
com/article/10.3390/agronomy11040738 /s1. Table S1: Summary of plant sample size, sampling
date and Dectes texanus oviposition. Table S2: Summary of normality and homogeneity of variances
verification before F-test per sampling date. Table S3: Summary of data distributions used per
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sampling date to analyze each data variable. Table S4: Mean 4+ SEM OL antibiosis ratio, numbers of
oviposition punctures, and numbers of larvae per plant in 108 F,.3 families from the cross between
K07-1544 and PI165673 infested with Dectes texanus in 2012.
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