
Midsouth Entomologist     3: 7–17 

ISSN: 1936-6019 
www.midsouthentomologist.org.msstate.edu  

 

©
 2010, Mississippi Entomological Association 

 
 
 

Research Article 
 

 

 

Corn Stalk Penetration Resistance as a Predictor of 
Southwestern Corn Borer (Lepidoptera: Crambidae) Survival 
 

 

Gibson, B. K.
1,3

, C. D. Parker
2
 and F. R. Musser

1,* 

 
1 
Mississippi State University, Department of Entomology & Plant Pathology, Mississippi State, MS 39762 

2
 National Cotton Council of America, Cordova, TN 38088 

3
 Research conducted in partial fulfillment of requirements for the MS degree. 

 
*
 Corresponding author: Dept. of Entomology and Plant Pathology, Mississippi State University, P. O. Box 

9775, Mississippi State, MS 39762 fm61@msstate.edu 
 
Received: 24-VII-2009     Accepted: 11-XI-2009 
 
 

Abstract: Studies were conducted to determine if corn stalk strength had an effect on 
southwestern corn borer (Diatraea grandiosella Dyar) survival during different growth 
stages. In 2006 southwestern corn borer larvae were placed on corn plants during dough 
stage near the ear and base of the plant. Penetration resistance was lower and borer 
survival was higher near the ear than near the base of the plant. In 2007, five corn 
hybrids were planted at three locations in Mississippi. Plants were infested with five 3

rd
 

instars at the ear zone during tassel, dough, and dent stages. Survival decreased as the 
corn progressed from tassel to dent stage. Survival varied among corn hybrids. The 
relationship between stalk strength and borer survival was not consistent, indicating that 
there are likely factors more directly limiting borer survival than physical stalk strength.  
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Introduction 
 
Since the southwestern corn borer, Diatraea grandiosella (Lepidoptera: Crambidae), was first introduced 
in the United States, it has been a serious and destructive pest of corn (Chippendale and Sorenson 
1997). The southwestern corn borer is also considered a pest on several other hosts (Davis 1965), 
namely sorghum, sugarcane, broomcorn, sudangrass and johnsongrass (Metcalf and Metcalf 1993). The 
southwestern corn borer causes crop losses in the southern corn-producing states ranging in the millions 
of dollars annually (Chippendale and Sorenson 1997). The land area planted to corn and the value of 
corn has increased in the southern corn producing states during the last several years (USDA NASS 
2009), increasing potential damage losses. 

Southwestern corn borer larvae damage corn in three major ways (Henderson and Davis 1969, 
Moulton et al. 1992). First-generation larvae feed on leaf material before moving down into the growing 
point of whorl stage corn plants. This feeding causes a condition known as “dead-heart,” in which the 
growing point of the plant dies and can result in yield loss due to reduced plant population (Henderson 
and Davis 1969, Moulton et al. 1992). The second type of damage is stalk feeding, which is generally 
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caused by second-generation larvae tunneling into the corn stalk (Moulton et al. 1992). This generation 
generally coincides with corn in the late vegetative or early reproductive stages, which are very important 
periods of plant growth and development with high requirements for nutrients and water (Ritchie et al. 
1997). Feeding during this period therefore reduces yield because it interrupts the translocation of plant 
nutrients and water to the developing ears. Third-generation larvae feed during the late reproductive 
stages and cause stalk lodging (Henderson and Davis 1969). The larva enters the corn stalk in a manner 
similar to the second generation, and tunnels to the base of the stalk where it girdles a groove inside the 
stalk, weakening the base of the plant, resulting in the stalk falling under its own weight or from high 
winds. Corn yield losses due to third-generation girdling are attributed to the inability to harvest ears from 
fallen plants and increased losses from bacterial and fungal diseases (Henderson and Davis 1969). 

Control of the southwestern corn borer can be achieved by using many different methods. 
Mortality of overwintering larvae can be caused by cold weather, excessive moisture, lack of moisture, 
rotting of the stubble, termites, and disease (Davis et al. 1933). During the growing season, rain may 
dislodge eggs, and water standing in the whorl of the plant can cause death of early instars located 
inside. Early instars of later generations are affected by the tough fibrous tissue of the corn leaves and 
some subsequently die of starvation (Davis et al. 1933). When these natural controls are inadequate, in-
season control of the insect can also be achieved by timely insecticide applications (MSU Extension 
2007). However, application timing is critical because effective control is difficult once the larva has 
penetrated the stalk. Control of early instars can reach 80% (MSU Extension 2007), but larvae can 
emerge over several weeks (Chippendale 1982), so multiple insecticide applications might be required for 
sufficient control. The use of genetically modified crops is another effective means of control. Toxins from 
Bacillus thuringiensis (Bt) are currently used for control in genetically modified plants. Southwestern corn 
borers cause limited damage to transgenic corn hybrids compared with their non-Bt counterparts (Allen 
2002). In addition to low larval survival, larvae that survive on Bt corn weighed significantly less than 
larvae on non-transgenic hybrids (Williams et al. 1997). While Bt corn is currently a highly effective 
method of controlling southwestern corn borer, 20–50% of corn acres cannot currently be planted to Bt-
corn in cotton production areas due to resistance management concerns (Monsanto 2009). Therefore, 
alternative methods of control are needed. Several studies have measured corn stalk strength and 
examined its relationship to plant lodging. Berzonsky and Hawk (1986) found that as stalk strength 
increased, lodging decreased. Stalk strength can be indirectly measured by counting lodged stalks over 
several locations. However, the variability of environmental conditions such as wind gusts, soil moisture, 
different plant genotypes, etc. makes this a poor method of measuring lodging resistance in corn (Sibale 
et al. 1992). Some direct methods of measuring stalk strength include bending, crushing, penetration, 
shearing, and measurements of rind thickness (Zuber and Grogan 1961, Schertz et al. 1978).  
 A rind penetrometer is useful in evaluating stalk strength for lodging resistance (Sibale et al. 
1992, Kang et al. 1999, Jampatong et al. 2000, Flint-Garcia et al. 2003). However, most studies have 
focused on breeding for overall lodging resistance and the impact of certain bacterial and fungal 
infections, and did not evaluate insect damage. One exception is a study that compared rind 
penetrometer resistance and the ability of European corn borer larvae to feed in corn (Martin et al. 2004). 
In this study, breeding lines had no significant differences in penetrometer resistance or in first generation 
European corn borer damage or lodging during the vegetative stage. However, there were differences 
among lines in damage from second-generation European corn borer and penetrometer resistance during 
reproductive stages. There was a negative correlation between feeding damage and stalk strength and a 
positive correlation between penetrometer resistance and the amount of certain lignins and fibers in the 
stalk. Therefore it was hypothesized that lignins and fibers might provide both physical and chemical 
resistance as these constituents increase stalk strength and reduce the digestibility of the stalk for 
European corn borer. 
 The current study evaluates the relationship between the penetration resistance of corn stalks 
and the ability of southwestern corn borer larvae to penetrate the stalk. Several practical applications from 
this research could prove beneficial to southwestern corn borer management. Breeders could use a rind 
penetrometer to identify or breed for increased corn stalk strength to reduce southwestern corn borer 
feeding. Resistant hybrids could be grown to reduce the need for insecticides on non-transgenic crops 
and to reduce selection pressure in transgenic crops. Another application of this experiment could be to 
determine a stalk strength and/or growth stage at which southwestern corn borers cannot penetrate, 
which would allow producers to avoid insecticide applications when the corn is not vulnerable to 
southwestern corn borer. 
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Materials and Methods 
 
Penetrometer Measurements. A digital force gauge (Model DFG51, Omega Technologies Company, 
Stamford, CT) was used to record the force necessary to penetrate a corn stalk in 0.02-kg increments. It 
was a hand-held gauge attached to a pointed steel probe affixed to a threaded bolt on top of the housing. 
A pointed probe with 0.24-cm diameter was used based on preliminary testing indicating that this probe 
provided consistent measurements, while larger probes tended to split the stalk fibers and gave 
inconsistent readings. An acrylic plate was screwed onto the back of the force gauge to function as a stop 
bar as used by Sibale et al. (1992). The stop bar was set to allow the probe to penetrate 1 cm into the 
stalk. To take rind penetration measurements, the stalk was held firmly and the probe was quickly thrust 
perpendicular into the stalk until the stop bar touched the stalk. The highest force exerted during 
penetration was displayed on the meter and recorded. All measurements were made with the same 
pointed probe, and our experience showed that there was not a clear relationship between probe 
diameter and penetration resistance, so the force required to penetrate the stalk is expressed in kg rather 
than kg/cm

2
. 

 
Southwestern Corn Borer Rearing. Southwestern corn borer eggs from the USDA rearing lab in 
Starkville, MS were received as needed on wax paper sheets. The eggs were kept in a rearing room 
maintained at 16:8 light: dark, 27 °C and 60% relative humidity. Upon hatching, the egg sheets were 
divided equally and placed into plastic containers measuring 25.5 cm wide, 39 cm long, and 13 cm deep. 
Approximately 240 ml of sterilized 2% water agar solution was put in each container in order to maintain a 
moist environment. A moist paper towel was placed on top of the agar followed by 4–5 fresh corn leaves 
and a sheet of eggs. Additional layers of paper towels, leaves, and egg sheets were added until they 
reached the top of the container. A hole was cut into the lid and covered with cheesecloth to allow air 
circulation. The upper leaves were replaced every 2–3 days. The larvae fed 5–6 days until they reached 
third instar, at which time they were placed on corn plants. Third instars were chosen for infestations 
because no stalk tunneling occurs before the third instar (Whitworth et al. 1984). 
 
2006 Trial. A single non-Bt corn hybrid, Terral 2440 (Terral Seed Inc., Lake Providence, LA), was chosen 
for this trial to determine how much variation in stalk strength existed between plants. Corn was planted 
on 97-cm rows at the Brown Loam Experiment Station in Raymond, MS on 23 March 2006 and standard 
agronomic practices were maintained throughout the growing season. When the corn reached the dough 
stage (R4) (Ritchie et al. 1997), 200 randomly selected plants were evaluated for southwestern corn borer 
penetration and stalk strength. Five third instar borers were placed directly onto the leaf sheath just below 
the primary ear and below the second internode above the ground using a fine paint brush. Survival, 
measured as penetration through the stalk rind into the interior pith, was evaluated after three days. 
Penetration was determined by peeling back the leaf sheath on which the larvae were placed and 
examining the stalk for holes. At the time of penetration evaluation, the same internodes immediately 
above the ear and between the lowest two nodes of the plant were probed with the rind penetrometer.  

To evaluate the relationship between penetrometer resistance and southwestern corn borer 
survival, individual plant data were ranked according to penetrometer resistance. Twenty consecutive 
plants in the ranked data were then grouped together to estimate southwestern corn borer survival as a 
function of penetrometer resistance. This was done independently with ear and base locations as well as 
with combined data for both plant locations. Grouped data were analyzed as a correlation between 
penetration resistance and southwestern corn borer survival using PROC CORR (SAS Institute 1999). 
 
2007 Trial. Corn was planted at two locations within the R. R. Foil Plant Research Center in Starkville, 
MS on 9 April (North Farm 1) and 30 April 2007 (North Farm 2), and at the Brown Loam Experiment 
Station in Raymond, MS on 23 April 2007 in a randomized complete block design with four replications at 
each location. Each plot was four rows wide, 15.2 m long with a 2 m gap between replicates and a four-
row planted border around the entire plot. Corn was planted on 97-cm rows and standard agronomic 
practices were maintained throughout the growing season.  

Five non-Bt corn hybrids were chosen for their range in stalk strength based on seed company 
reports of stalk strength or stalk standability. Ratings of strength or standability were either on a scale 
from 1 to 10, with 10 being the strongest or on a scale from poor to excellent. The five corn hybrids tested 
(strength ratings and seed company in parentheses) were: 23R31 (10; Terral Seed Inc., Lake Providence, 
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LA), 25R31 (9, Terral Seed Inc.), P33-10 (average, Pioneer Hi-Bred International Inc, Johnston, IA), 
32R25 (poor, Pioneer Hi-Bred International Inc.), and 668 (excellent, Dekalb, part of Monsanto Company, 
St. Louis, MO). All these hybrids were approximately the same maturity (113–116 days relative maturity) 
so that they would reach each growth stage at approximately the same time. 

Stalk strength is generally associated with plant growth stage (Ritchie et al. 1997), so the ability of 
southwestern corn borer to penetrate corn stalks and stalk strength were evaluated at VT-R1 (tassel), R4 
(dough), and R5 (dent) growth stages. During each growth stage, 20 consecutive plants were infested 
with five third instars at the leaf immediately above the ear leaf in each corn hybrid. After five days the 
stalks were examined to determine if the larvae were able to penetrate through the rind and enter the pith. 
At this time the force required to penetrate through the rind in the internode above the ear was also 
determined by using the penetrometer for each infested plant. Probing was done in a region that showed 
no damage from southwestern corn borer feeding. 

Data from all locations were initially analyzed together, but many interactions with location made 
interpretation difficult. Therefore data for each location were analyzed independently. Experimental units 
were twenty consecutive corn stalks and the sampling unit was a single plant in each plot. Differences in 
mean force required to penetrate the stalk and southwestern corn borer survival were compared for 

growth stages, hybrids and locations by using PROC GLM. Differences were considered significant for  
= 0.05. 

 
 

Results and Discussion 
 
2006 Trial. Comparison of the mean upper and lower force measurements showed that the lower portion 
of the stalk required more force to penetrate than the upper portion of the stalk (Figure 1). Larval survival 
was 53% and 30% on the upper and lower portions of the stalk, respectively (Figure 1). These results 
were consistent with expectations that larval survival would be lower where stalk strength was greatest. A 
closer examination of the data explored the relationship between penetration resistance and 
southwestern corn borer survival within each corn stalk location. Contrary to expectations based on mean 

larval survival at the base and ear zone, southwestern corn borer survival increased 18.6  3.2% for every 
kg increase in penetration resistance at the base of the stalk (r = 0.901; P < 0.001) (Figure 2). There was 
no relationship between penetration resistance and southwestern corn borer survival in the ear zone (r = 
0.438; P = 0.205), nor when both stalk locations were combined (r = –0.167; P = 0.481). Based on this 
analysis, stalk strength does not appear to be a limiting factor of southwestern corn borer survival within 
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Figure 1. Mean stalk penetration resistance and southwestern corn borer (SWCB) survival (± SEM) on 
corn during dough stage. Raymond, MS during 2006. 
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the range tested. Rather, stronger stalks, at least at the plant base, contained some trait or traits that 
increased survival. This may have been due to higher moisture content or more nutritious tissue as the 
stronger stalks tended to be the larger plants that were not quite as mature (personal observation). The 
major conclusion drawn from these data is that stalk strength within one commercial hybrid is not a 
limiting factor for southwestern corn borer survival, although it may be associated with plant 
characteristics that could impact southwestern corn borer survival. 
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Figure 2. Southwestern corn borer larval survival after five days when placed in the ear zone or at the 
base of the plant. Each point is the mean of 20 plants after being ranked by stalk resistance. Line is the 
base data correlation. Data collected from Terral 2440 hybrid corn during dough stage in Raymond, MS 
during 2006. 

 

 
2007 Trial. Stalk penetration resistance was analyzed by using the effects of location, growth stage, 
hybrid, and their interactions. The three locations and most two and three-way interactions with location 
were significant when all locations were analyzed together (data not shown). Because penetration 
resistance was not impacted similarly at each location, the three locations were analyzed independently 
for penetration resistance. At the Brown Loam site, growth stage, hybrid, and the interaction, all 
significantly affected penetration resistance (Table 1). Penetration resistance was greatest during the 
tassel stage and least during the dough stage (Figure 3). The hybrids at the Brown Loam site expressing 
the greatest resistance overall were 668 and 23R31. The interaction of growth stage and hybrid was 
significant, largely due to 668 and P33-10. At the tassel stage, P33-10 had the most resistance and 668 
had the least resistance, but by the dough stage this was completely reversed. In the two North Farm 
locations, growth stage and hybrid significantly influenced penetration resistance as at the Brown Loam 
site. However, unlike the Brown Loam location, the interaction was not significant at either North Farm 
location (Table 1). At North Farm 1, average penetration resistance over all hybrids was greatest during 
the tassel and least during the dent stages (Figure 3). However, at North Farm 2, resistance was least 
during the dough stage and similar during the other stages. At both North Farm locations, hybrids 23R31 
and 668 had the highest penetration resistance, and 32R25 and P33-10 had the lowest penetration 
resistance. Hybrid differences in stalk penetration resistance at all locations were consistent with the 
ratings provided by the companies, indicating that hybrid selection was effective in achieving a range of 
stalk strengths for testing our hypothesis that stalk strength can impact southwestern corn borer survival.  
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Table 1. ANOVA by using type-3 sums of squares for penetration resistance at all locations in 2007. 
 

Location Factor df F Pr > F 

Brown Loam Growth stage 2, 42 63.30 <0.001 
 Hybrid 4, 42 2.92  0.032 
 Growth stage * Hybrid 8, 42 4.36  0.001 
North Farm 1 Growth stage 2, 42 17.72 <0.001 
 Hybrid 4, 42 6.41 <0.001 
 Growth stage * Hybrid 8, 42 0.45  0.862 
North Farm 2 Growth stage 2, 42 30.95 <0.001 
 Hybrid 4, 42 3.54  0.014 
 Growth stage * Hybrid 8, 42 0.80  0.604 
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Figure 3. Least square mean penetration resistance (± SEM) of five corn hybrids during three growth 
stages at the Brown Loam, North Farm 1, and North Farm 2 locations during 2007. Resistance of hybrids 
with the same letter within a growth stage group at a location are not significantly different (α = 0.05).  
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The factors of location, growth stage, and hybrid plus the factor of penetration resistance were 
evaluated for their impact on survival of southwestern corn borer larvae. Location was a significant factor 
with much lower survival at Brown Loam than at either North Farm location (Table 2). Several factors 
could have contributed to the lower survival at the Brown Loam site, including the longer transportation 
time of the larvae to the Brown Loam site (2 hr) compared to the North Farm (10 min), different weather 
conditions, and more highly drought-stressed corn since the Brown Loam site was not irrigated. 
Southwestern corn borer survival was <15% at the Brown Loam site during all infestation periods (Table 
2), and there were no significant differences in survival among hybrids at this location (F = 0.25; df = 4, 
47; P = 0.906), so the Brown Loam data were not included in the larval survival analysis. Larval survival 
data from the two North Farm locations were combined for analysis because there were no significant 
factors involving location after omitting the Brown Loam data. 

 
 

Table 2. Mean force (±SEM) required to penetrate the corn stalk and southwestern corn borer (SWCB) 
survival over all hybrids at three locations in MS during three growth stages during 2007.  
 

Location Growth 
stage 

Penetration Resistance (kg) % SWCB Survival 

Brown Loam Tassel 1.387 ± 0.016  6.75 ± 1.26 

 Dough 1.025 ± 0.013 13.00 ± 1.68 

 Dent 1.122 ± 0.015  2.50 ± 0.78 

North Farm 1 Tassel 1.379 ± 0.016 47.25 ± 2.50 

 Dough 1.247 ± 0.013 24.25 ± 2.15 

 Dent 1.155 ± 0.014 14.00 ± 1.74 

North Farm 2 Tassel 1.285 ± 0.012 36.50 ± 2.41 

 Dough 1.094 ± 0.013 35.75 ± 2.40 

 Dent 1.298 ± 0.012  2.00 ± 0.70 

 
 
Southwestern corn borer survival was significantly impacted by corn growth stage, hybrid, 

penetration resistance, and interactions between these factors (Table 3). Survival was highest during the 
tassel stage (38.8 ± 2.6%) and lowest during the dent stage (7.3 ± 2.1%) (Figure 4). Survival was 
impacted by hybrid during the tassel and dough stages, but not during the dent stage. However, the 
hybrids with the lowest survival were not consistent between the tassel and dough stages. Larval survival 
in hybrid 668 was the lowest among the varieties during the tassel stage, but the highest during the 
dough stage (Figure 4). The reasons for these shifts are not clear, but they were not related to changes in 
penetration resistance because penetration resistance did not change in this manner (Figure 3). 

 
 

Table 3. Analysis of variance by using type-3 sums of squares for southwestern corn borer survival at 
both North Farm locations during 2007. 
 

Factor df F Value Pr > F 

Growth stage 2, 95 6.51  0.002 

Hybrid 4, 95 3.32  0.014 

Penetration Resistance
 

1, 95 6.67  0.011 

Hybrid * Growth stage 8, 95 4.30 <0.001 

Penetration Resistance * Hybrid 4, 95 3.32  0.014 

Penetration Resistance * Growth stage 2, 95 9.50 <0.001 

 



Midsouth Entomologist 3 
 

 

©
 2010, Mississippi Entomological Association 

14 

0%

10%

20%

30%

40%

50%

60%

23
R
31

25
R
31

32
R
25 66

8

P
33

-1
0

23
R
31

25
R
31

32
R
25 66

8

P
33

-1
0

23
R
31

25
R
31

32
R
25 66

8

P
33

-1
0

Corn Maturity and Variety

S
W

C
B

 S
u

rv
iv

a
l 

(%
)

Tassel DentDough

North 

Farm

ab

aaa

a

a

cda

d

bcabcabbca

a

 
 
Figure 4. Least-square mean southwestern corn borer (SWCB) survival (± SEM) on five corn hybrids 
during three growth stages at two North Farm locations during 2007. Hybrids with the same letter within a 
growth stage group do not have significantly different southwestern corn borer survival (α = 0.05). 
 

 
While penetration resistance was clearly not the only factor influencing southwestern corn borer 

survival, it was a significant factor, and interactions of penetration resistance with growth stage and hybrid 
were also significant (Table 3). The three-way interaction of penetration resistance with hybrid and growth 
stage was not significant (F = 1.51; df = 8, 87; P = 0.165). Therefore, the three-way interaction was 
deleted from the final model. During the dough and dent stages, an increase in penetration resistance 
corresponded to reduced survival (Table 4). However, penetration resistance had no impact on larval 
survival during the tassel stage. For 23R31 and P33-10 hybrids, an increase in penetration resistance 
resulted in reduced southwestern corn borer survival (Table 4). In contrast, penetration resistance was 
not a significant factor of mortality for any of the other hybrids tested. 

 
Table 4. Impact of penetration resistance (PR) on southwestern corn borer (SWCB) survival during 
different growth stages and in different varieties. North Farm locations during 2007. 
 

Growth stage/Hybrid PR impact on SWCB survival 
(% change / 0.45 kg increase) 

F-value df Pr > F 

Tassel  17.0 ± 9.6  3.11 1, 31  0.087 
Dough –29.0 ± 9.4  9.60 1, 31  0.004 
Dent –21.7 ± 5.4 16.24 1, 31 <0.001 
23R31  –36.7 ± 11.8  9.74 1, 17  0.006 
25R31  1.7 ± 13.6  0.01 1, 17  0.904 
32R25  –3.1 ± 11.6  0.07 1, 17  0.796 
668  –2.1 ± 9.0  0.06 1, 17  0.816 
P33-10 –30.1 ± 9.8  9.38 1, 17  0.007 
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Summary. The initial hypothesis of this experiment was that as the corn stalk matured, stalk strength 
would increase and that stalk strength was related to southwestern corn borer survival. It was believed 
that as the stalks accumulated more lignins and fibers, the stalk would become harder and rigid, causing 
decreased survival of the southwestern corn borer. The survival of the southwestern corn borer was 
greatest during the tassel and lowest during the dent stages, as expected. However, the stalk was more 
difficult to penetrate during the tassel than during the dent stages at two of the three locations (Figure 3). 
At the tassel stage, the moisture content of the plant was high, making the cells swollen and turgid. As the 
plant aged, its cells lost moisture (Igathinathane et al. 2006), causing them to lose their turgidity and 
increasing the space between cells. This shrinking of cells could have allowed the probe to penetrate the 
stalks more easily at the dent stage.  

While there were significant relationships between penetration resistance and southwestern corn 
borer survival, they were highly variable, indicating that stalk strength might not be the key factor, but that 
it might be correlated with another more important factor in some situations. Plant chemistry is one 
plausible factor that could influence southwestern corn borer survival on different hybrids and at different 
growth stages. Grasses produce all of the essential nutrients that insects need for normal growth and 
development (Bernays and Barbehenn 1987). However, the availability of important nutrients might 
become limited as the plant ages. One limiting nutrient is nitrogen, which is strongly related to the 
approximate digestibility of plants to insects. Nitrogen often limits the growth of plants throughout the 
growing season, so as the corn plant matures and nitrogen levels steadily decline, it becomes 
increasingly difficult for the insects to obtain enough nitrogen from the plant tissue for normal growth and 
development. The lower water content of leaves and vegetation can also cause lower growth rates for 
caterpillars (Bernays and Barbehenn 1987). Physical factors also affect the growth and development of 
insects. As the plant ages, the lignification of plant tissue makes the plant increasingly harder to chew and 
to digest. This lignification deters the feeding of chewing insects, including the southwestern corn borer 
(Bernays and Barbehenn 1987). 

This research shows that penetration resistance impacts the survival of southwestern corn 
borers, so breeding for a stalk based on the force required to penetrate tissue might have some merit. 
Furthermore, previous research has shown a strong relationship between stalk strength and lodging 
resistance (Sibale et al. 1992, Kang et al. 1999, Jampatong et al. 2000, Flint-Garcia et al. 2003), so 
breeding for strong stalks should minimize the lodging damage caused by southwestern corn borers. 
However, the impact of stalk strength on southwestern corn borer survival was variable, so there is no 
assurance that stronger stalks will result in less physiological stress to corn. Based on the 2006 lower 
plant data, one would expect more tunneling on the strongest plants (Figure 2), but 2007 data showed 
decreased larval survival as penetration resistance increased when penetration resistance was a 
significant factor (Table 4). If breeding for stalk strength, selections should be for a hybrid that is strong 
during tassel since this was the period of greatest survival. One factor that should be considered is 
increased lignification at earlier stages, because a stalk that contains more lignins and fibers would be 
expected to be harder to penetrate by southwestern corn borer larvae. 

The penetrometer used in this experiment was a very useful tool in measuring stalk strength. One 
concern with the penetrometer, as well as with some other sampling methods (Musser et al. 2007), is 
operator-to-operator consistency. In this experiment, only one person handled and probed the plants, so 
this source of error was eliminated. However, during initial research with the penetrometer, the speed with 
which the operator pierced the stalk was found to alter the readings. Pressing the probe into the corn 
stalk very slowly resulted in more force required to penetrate. When the probe was thrust very quickly into 
the stalk, the readings were much lower and were very erratic. It took practice by the operator to insert 
the probe into each stalk in a manner that provided consistent measurements. Multiple operators might 
not use a consistent technique, and therefore the data generated will not be comparable. This could be 
eliminated by developing a mechanical press system. However, it would most likely make the machine 
large, heavy and cumbersome when transporting it from field to field. Since part of what makes the 
penetrometer desirable is its quickness, mobility, and efficiency, such a method may not be practical. 

Our research has demonstrated that penetration resistance is a factor in southwestern corn borer 
survival. However, it appears that other factors might be more critical in determining survival. The 
explanation for reduced southwestern corn borer survival in more mature corn needs to be further 
examined. Based on this study, the roles of location, physiological changes and related nutritional 
changes in stalk strength and southwestern corn borer survival are factors that may be good factors to 
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manipulate in future studies. Clearer insights might also be gained by selecting more diverse genetic lines 
than the hybrids used in this experiment. 

 Plant strength could be used as a form of host plant resistance in a variety of crops to deter 
insect feeding. Examples of other crops where physical resistance might modify damage could be cotton 
bolls with relation to Heliothine feeding, and sorghum stalks in relation to lepidopteran borers. Stink bugs 
and tarnished plant bugs feed by penetrating their needle-like mouthparts into stems and fruit, so a 
smaller probe might be appropriate to measure plant resistance to these piercing-sucking insects. 
Mechanical resistance to insect feeding might be a mechanism that could offer improved host plant 
resistance in many different crops that needs to be further explored. 
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