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Abstract

Asian corn borer, Ostrinia furnacalis (Guenée), is an important insect pest of maize
throughout most of Asia. The rind of a maize stalk is a key barrier against corn borer
larvae boring into the plant. There is a need to better understand the relationship
between stalk strength and O. furnacalis larval injury, particularly for elite maize
genotypes. To determine whether stalk strength is involved in maize resistance to
O. furnacalis larval injury, 39 maize lines were evaluated in 2012 and 2013. Rind pen-
etration strength (RPS) was measured at tassel (VT) and milk (R3) stages as a possible
stalk resistance trait for O. furnacalis. RPS of primary ear internode at VT and R3
accounted for 37 and 38% of the variance in O. furnacalis injury (measured as number
of holes) for simulated (artificially infested) first and second generation O. furnacalis,
respectively. Relationships between stalk RPS values and tunnel length were weak.
Results suggest that harder stalks have enhanced resistance to stalk boring but not
to pith feeding or tunneling of O. furnacalis larvae. The RPS measures could provide
classical maize breeders an important tool for evaluating stalk strength and corn
borer resistance in maize. The assessments should focus on the internodes primary
ear or above/below primary ear during both VT stage for first generation and R3

stage for second generation O. furnacalis resistance.
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The number of O. furnacalis generations per year is influenced by

latitude and climate and ranges from one to seven, but two to three

Asian corn borer (ACB), Ostrinia furnacalis (Guenée), is one of the most
destructive insect pests of maize (Zea mays L) across East Asia.
O. furnacalis feeding occurs at economically damaging levels in China, the
Philippines, Japan, Korea, Thailand, Indonesia, Malaysia, and other coun-
tries (Afidchao et al., 2013; All China Corn Borer Research Group, 1988).

generations per year is normal in most major maize growing regions in
China (All China Corn Borer Research Group, 1988). First generation
adults typically deposit egg masses on leaves of vegetative maize.
Newly eclosed neonates feed on whorl leaves, and later instars bore
or tunnel into the stalk to feed on pith tissues. Second generation
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adults generally oviposit on maize leaves during the silk stage, all-
owing neonates to feed on reproductive tissues; later instars tunnel
into the stalk or the cob (Zhou & He, 1996). Stalk feeding causes
physical injury, disruption of nutrient and water transport, and
increased stalk lodging (Martin et al., 2004), which complicates
harvesting and reduces grain yields (Ma et al., 2014). In addition, larval
tunnels weaken the plant and expose both stalk and cob tissues to
bacterial and fungal infections, which ultimately affect grain quality
(Gatch & Munkvold, 2002).

Insecticide applications are used to control O. furnacalis in
maize, but it is very difficult to control larvae once they tunnel into
the stalk (Gibson et al., 2009). Insecticides are often viewed unfavor-
ably because of possible impacts to human health and the environ-
ment, and the potential for development of pest resistance and
outbreaks of secondary pests (Bruce, 2010; Mitchell et al., 2016).
Thus, host plant resistance through conventional plant breeding is a
critical component of O. furnacalis integrated pest management
(IPM). This method provides an economical and ecologically sound
approach to minimize maize yield losses due to O. furnacalis (He
et al., 2003).

Stalk strength is a physical barrier against larval boring (Butrén
et al., 2002; Suby et al., 2020); however, previous studies on stalk
strength in maize have often focused on its relationship with stalk
lodging (Feng et al, 2010; Flint-Garcia et al, 2003; Gibson
et al, 2009; Kamran et al.,, 2018; Kvedaras & Keeping, 2007; Liu
et al., 2011; Ma et al., 2014; Robertson et al., 2017; Sekhon
et al., 2020; Stubbs et al., 2020) or colonization of fungal pathogens,
such as Diplodia zeae (Schweinitz) (Chambers, 1987) and Gibberella
zeae (Schweinitz) (Pe et al., 1993). Stalk strength usually is measured
by bending, puncturing or crushing the rind, or by measuring rind
thickness (Thompson, 1963). Rind penetration strength (RPS, also
known as rind puncture resistance [RPR]), the maximum force
required to puncture the rind of stalks, is the measure often used to
evaluate stalk strength (Guo et al., 2021; Liu et al., 2020), because
puncturing the rind is similar to a larva boring into the rind (Gibson
et al., 2009). The rind penetrometer, first used by Zuber and
Grogan (1961), is an instrument used to measure RPS that often is
used to correlate stalk strength with corn borer injury (Butrén
et al., 2002; Gibson et al., 2009; Martin et al., 2004; Santiago
et al., 2003).

Several breeding efficacy studies have focused on the relationship
between maize stalk strength and borer resistance (Martin
et al., 2004). Martin et al. (2004) selected Missouri Second Cycle Stiff
Stalk Synthetic (MoSCSSS) for stalk strength by using a rind
penetrometer to improve resistance to Ostrinia nubilalis (Hibner).
Suby et al. (2020) showed that penetration resistance (PR) of seventh
internode can be the characteristic trait for maize stalk resistance to
Chilo partellus (Swinhoe) in maize. These two studies illustrated that
high rind strength was effective at providing resistance to maize borer
injury as well as resistance to stalk lodging. This was further demon-
strated by Lopez-Malvar et al. (2017), who reported that resistant
inbred line EP39 showed higher rind and pith puncture resistance.

However, a study on maize stalk resistance to Mediterranean corn

borer, Sesamia nonagrioides (Lefébvre), demonstrated that stalk
strength and resistance to stem injury could be uncoupled (Santiago
et al., 2003). In particular, inbred lines EP42 and EP47 have strong
stalks that are not stem resistant to S. nonagrioides injury, while injury-
resistant inbreds A509, CM151 and PB130 had some of the lowest
RPS values (Santiago et al., 2003). These results were inconsistent
from one corn borer species to another and one maize genotype to
another, revealing the complexity of interactions between maize and
its stalk pests. Butrén et al. (2002) reported that when maize varieties
exhibited physical resistance to S. nonagrioides injury, RPS was only
useful as an indicator of resistance if the main source was physical in
nature. Similarly, an investigation by Gibson et al. (2009) indicated that
other factors such as larval survival were more directly limiting dam-
age by southwestern corn borer, Diatraea grandiosella (Dyar), com-
pared to physical stalk strength. Overall, it is clear that the relationship
between stalk strength and resistance to corn borer entry and tunnel-
ing is complex and influenced by corn borer species, maize genotype,
and plant developmental stage at the time of infestation.

Although few studies have investigated the relationship between
stalk strength and O. furnacalis injury, the relative timing of crop dam-
age associated with the first and second generations of O. furnacalis is
well documented in China. First generation O. furnacalis damage is
typically highest during the vegetative tassel (VT) stage, meaning that
oviposition occurs in late vegetative whorls (Lu et al., 2005). Second
generation O. furnacalis damage is typically highest during the milk
stage of kernel development (R3, Reproductive 3), following oviposi-
tion on mature tissues at the time of silk emergence (Li et al., 2002).
Thus, it is especially important to determine the phenotypic correla-
tion between stalk strength and O. furnacalis injury at the VT and R3
stages.

One goal of this study is to assess the relationships between
RPS and O. furnacalis stalk resistance at VT for first generation dam-
age, and at R3 for second generation damage for 26 maize doubled
haploid lines and 13 inbred lines, almost all of which were developed
in China.

A second goal is to identify the internode or node whose RPS
value best correlates with first and second generation O. furnacalis
injury. A critical ancillary goal is to refine and simplify procedures for
identifying maize resistance to corn borers that breeders can
incorporate into classical host plant resistance breeding programs
(Sandoya et al., 2010).

2 | MATERIAL AND METHODS
2.1 | Plant materials and experimental design for
field experiments

All trials were conducted at Langfang Experiment Station of Institute
of Plant Protection, Chinese Academy Agricultural Sciences (IPP,
CAAS), Hebei province (39°30’N, 116°36E). Thirteen maize inbred
lines were evaluated: B73, By815, c8605, Mo17, Huang c, Chang7-2,
Qi319, Tie7922, Xul78, Zheng58, Zi330, 1145, and 8112. These
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inbred lines represent a broad range of genetically diverse maize. The
maternal inbred line Zheng58 (Z58) is dent corn of the Reid heterotic
group, and the paternal inbred line Chang7-2 (C7-2) is flint corn. The
single cross (ZD958) of these two parental lines is one of the most
widely planted commercial varieties in China. Twenty-six maize dou-
bled haploid lines derived from the Zheng58 and Chang7-2 cross were
evaluated: D125, D126, D132, D142, D146, D147, D150, D154,
D159, D172, D175, D179, D183, D186, D189, D195, D201, D212,
D233, D246, D262, D271, D279, D280, D296, and D301. These lines
were initially planted in June 2012, followed by two field trials in May
2013 (Trial 1) and June 2013 (Trial 2). Initial seed stocks for all
39 maize isolines were supplied by Professor Chen Shaojiang of China
Agricultural University.

The first planting date primarily increased seed for subsequent
experiments, therefore only one replicate with 40 plants for each
genotype was conducted as a pilot study. The two field trials were
arranged in a randomized complete block design with three repli-
cates for each genotype. In each plot, 40 seeds were planted in each
of four rows with .60 m between row spacing. Then each row was
thinned to 20 plants spaced .30 m apart. The middle two rows were
used for O. furnacalis infestations (rows 2 and 3 for first and second
infestations, respectively), and row four, which was not infested,
was used for the RPS measurements. Irrigation, weeding and
fertilization during the study followed conventional practices for the

region.
2.2 | Infestation of larvae and field resistance
evaluation

Artificial infestations of O. furnacalis were used to simulate first and
second generation natural infestations using methods described by
He et al. (2000). Black-head stage egg masses were applied at both
whorl (V8) and silk stages. The equivalent of two egg masses (~40-60
eggs) was transferred into a 1.5-ml polypropylene tube and then
placed in the maize V8 whorls or on the silks for each plant. Twenty
plants were infested in each plot for each infestation in the middle
two rows. Injury approximating natural first and second generation
O. furnacalis larvae was generated by timed infestations of neonates
at V8 whorl (row 2) and silk (row 3) stages, respectively (He
et al., 2000). Stem injury caused by simulated first generation (subse-
quently called first generation) O. furnacalis was evaluated at silk stage
and the injury caused by simulated second generation (subsequently
called second generation) O. furnacalis was evaluated at harvest. Each
experimental plant was dissected for evaluation, and measurements
included tunnel lengths (cm) and larval hole counts. For recording
purposes, each maize plant was divided into three sections: (1) upper:
tassel to (but not including) internode above main ear, (2) middle:
internode and node above primary ear, ear internode and node, and
internode below primary ear, and (3) lower: sections remaining under-
neath the internode below the primary ear. O. furnacalis injury data
collected per plant section included: cumulative length of tunnels

(cm) and number of holes.
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2.3 | Measurement of maize stalk strength

RPS was selected as an indicator of stalk strength. Five plants of
similar height and stalk diameter were selected from row 4 from each
plot at VT and R3. After sheath removal, a penetrometer (SY-SO3,
Shiya Technology Company, Shijiazhuang) was used to measure rind
strength. Plants were divided into three sections (upper, middle, and
lower), as described above. One RPS measurement was made for each
of the upper and lower sections, and multiple measurements were
taken for the middle section. Measures for maize rind strength were
taken from the following plant locations: internode above primary ear
(IAPE), node above primary ear (NAPE), internode of primary ear (IPE),
node of primary ear (NPE), internode below primary ear (IBPE), and
fourth internode above ground (I4AG) at both VT and R3 develop-
mental stages. To measure stalk strength, a rind penetrometer was
fastened to a testing jig and driven by a handle that was fabricated to
facilitate measuring stalk strength by ensuring uniform acceleration of
the needle (Peiffer et al., 2013). Each maize stalk was clamped down
firmly to the base of the testing platform by two retention clips. The
center of the flat side of the internode was held in line with the rind
penetrometer needle. This allowed the penetrometer needle to be
inserted perpendicularly into the flat side of the internode. RPS values
were recorded when the stop bar first contacted the stalk. Each inter-
node was punctured at two adjacent sites, and values were averaged.

2.4 | Statistical analysis

RPS measures at 12 section-by-stage combinations along the length
of the stalks at VT and R3 stages were compared, and Tukey HSD
post hoc tests were used to determine significant differences at a
95% confidence level. Similarly, O. furnacalis injury traits (holes and
tunnels) at six section-by-stage combinations were compared, and
Tukey HSD post hoc tests were used to determine significant differ-
ences at a 95% confidence level. Genetic effects on RPS measures
and O. furnacalis injury traits were analyzed separately at VT and R3
stages using one-way ANOVAs to determine stalk section(s) that were
influenced most by maize genotypes. To characterize effect of rind
strength on O. furnacalis injury, correlation coefficients between stalk
RPS measure and O. furnacalis injury traits were estimated using the
multivariate platform in JMP®. One-way ANOVAs were performed to
determine the effect of internode RPS measures on the number of
holes in the middle stalk section. All analyses were performed using
JMP® 16.1.0 (SAS Institute Inc., Cary, NC, 1989-2021).

3 | RESULTS
3.1 | RPS analyses of maize genotypes and stalk
sections

RPS measures varied dramatically according to maize genotypes, stalk

section, and stage at time of sampling (Table 1, Figure 1). RPS values
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increased from top to bottom of the plant for both VT and R3 maize
(Figure 1). At VT, the nodes were much softer than the corresponding
RPS of IAPE and IPE were 18.05+0.32 and
22.28 +0.29 N/mm?, but their node values were lower (NAPE;
10.08 + 0.18 N/mm?, NPE; 12.56 + 0.61 N/mm?). However, at R3

internodes.

TABLE 1 Stalk strength and O. furnacalis injury traits, holes and
tunneling, are influenced by maize isoline identity (genotype)

Stage: VT Stage: R3

R? p value R? p value
RPS IAPE .37 <.001 .56 <.001
RPS NAPE 31 <.001 46 <.001
RPS IPE 51 <.001 .66 <.001
RPS NPE 31 <.001 .55 <.001
RPS IBPE .54 <.001 .63 <.001
RPS I4AG .34 <.001 .57 <.001
Holes upper 21 .092 .29 <.001
Holes middle 51 <.001 .38 <.001
Holes lower 26 <.05 .23 <.05
Tunneling upper 21 .095 .19 .240
Tunneling middle .23 .058 .20 141
Tunneling lower 22 .057 .15 667

Note: p values calculated with false discovery rate (FDR) correction.
Abbreviations: 14AG, the 4th internode above ground; IAPE, internode
above the primary ear; IBPE, internode below primary ear; IPE, internode
primary ear; NAPE, node above primary ear; NPE, node primary ear; RPS,
rind penetration strength.

IAPE f Stage at Sampling
ol - vt
R3
e
NAPE .
S IPE :
o
B -
3
-
© d
b

I4AG

10 20 30 40 50 60 70 80 90
Rind Puncture Strength (N/square mm)

the results were opposite. RPS of IAPE and IPE were 22.90 4+ 0.31
and 27.23 4 0.33 N/mm?, respectively, but RPS of their
corresponding nodes were higher, NAPE; 25.74 4+ 0.28 and NPE;
31.43 + 0.34 N/mm? (Figure 1). The R? values of maize isoline iden-
tity (genotypes) for all the RPS measures were highly significant
(p < .001), but RPS of IPE and IBPE R? were the highest among all the
comparisons (Table 1). These values were all higher than .5 during the
VT stage and higher than .6 for the R3 stage. The most notable R?
values of maize genotype for O. furnacalis stalk hole injury were in the
middle section of the stalk for both VT and R3 stages. None of the
corresponding R? values for O. furnacalis tunneling were significant
(Table 1).

3.2 | Correlations of RPS values with stalk injury
for first and second generation O. furnacalis

The number of holes and length of tunnels caused by O. furnacalis var-
ied slightly according to stalk section and stage at time of sampling
(Figure 2). For first and second generation O. furnacalis on maize, cor-
relations were made between RPS and O. furnacalis injury traits in
upper, middle and lower sections (Figure 3, Table S1). For first genera-
tion O. furnacalis (VT), many of the RPS values were highly correlated,
strongest correlations with IPE and IAPE. RPS values, particularly RPS
of internodes, had significant negative correlations with number of
holes in the middle stalk section, and the correlation coefficients
between number of holes and RPS of IPE were the strongest
(Figure 3, Table 2 and S1). For second generation O. furnacalis, again
all the RPS values were highly correlated; and RPS measures,

FIGURE 1 RPS varies dramatically according
to stalk section and stage. Equal width violin plots
are shown with Tukey HSD connecting letter
reports to indicate statistically distinct RPS means
among the 12 stalk section-by-stage
combinations. Despite not having equal areas,
each “violin” is based on data from all 234 plots,
arising from two trials x three replicates x 39
genotypes. The position of each stalk section is
also shown on a defoliated plant at the tassel

(VT) stage, which occurs ~24 days prior to R3,
when kernel development has reached the R3.
14AG = 4th internode above ground;

IBPE = internode below primary ear; NPE = node
of primary ear; IPE = internode of primary ear;
NAPE = node above primary ear;

IAPE = internode above primary ear
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FIGURE 2 ACB damage varies slightly according to stalk section and stage. For both the holes and tunnels measures of ACB damage, equal
width violin plots are shown with Tukey HSD connecting letter reports to indicate statistically distinct means among the six stalk section-by-stage
combinations. Despite not having equal areas, each “violin” is based on data from all 234 plots, arising from two trials x three replicates x 39
genotypes. The position of each stalk section relative to the top ear is also shown on a defoliated plant at the tassel (VT) stage
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TABLE 2 Correlation analyses between rind penetration strength (RPS) for internode above primary ear (IAPE), internode of primary ear (IPE),
and internode below primary ear (IBPE) and O. furnacalis injury (holes and tunnels) during VT and R3 maize stages

IAPE IPE IBPE

Stage VT R3 VT R3 VT R3

Holes upper .04 —.24%* .10 —.24** .09 —.15*

Holes middle —.447 -5 —.61%** —.62*** —.39*** — 41

Holes lower —.04 —.04 —.05 —.06 .08 -.02

Tunnels upper .08 —-.13* .15* —.14* .09 -.05

Tunnels middle —-.08 —-.03 -.12 —.05 —-.03 .01

Tunnels lower -.07 —.04 -.07 —.06 .04 .04
p<.05.

p <.001.

p < .0001.
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particularly RPS of IAPE, IPE and IBPE had significant negative corre-
lations with number of holes in the middle section (Figure 3, Table 2
and S1). In most cases, O. furnacalis tunnel injury had no or minor cor-
relations with RPS of IAPE, IPE and IBPE (Figure 3, Table 2 and S1).
However, the O. furnacalis injury traits (number of holes and the
aggregate length of tunnels) in the middle stalk section were signifi-
cantly correlated (r = .27, p < .0001) (Figure 4, Table S1).

Individual one-way ANOVAs were performed to determine the
degree to which RPS measures along the length of the stalk
accounted for variance in number of holes in the middle stalk section.
For first generation O. furnacalis, R? values ranged from .03 for RPS of
I4AG to .37 for RPS of IPE, and for second generation O. furnacalis, R2
values ranged from .11 for RPS of 14AG to .38 for RPS of IPE. For
both first and second generation O. furnacalis, RPS of IPE at VT and
R3 stages, respectively, accounted for more variance in the number of
holes than did any other RPS measure (Table 3, Figure 4). Therefore,
RPS of IPE at VT and R3 stages were consistently moderately good
predictors of number of holes from first and second generation
O. furnacalis injury.

3.3 | RPS analyses of maize genotypes

Stacked bar charts of RPS (N/mm?) of IPE for 39 maize genotypes at
VT and R3 stages suggest that inbred lines Huang c, Tie7922,
Zheng58 and doubled haploid lines D126, D233 had the highest RPS
values and were stable among development stages (Figure 5). In gen-

eral, those accessions with high RPS values also had low numbers of
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holes in the stalks from O. furnacalis injury. Notably, RPS of IPE con-
sistently had the highest correlations compared with RPS of other

measured internodes or nodes (Figure 3, Table 2 and S1).

4 | DISCUSSION

Host plant resistance traits against insect pests are generally sepa-

rated into those that lower plant attractiveness to insects

TABLE 3 Separate one-way ANOVAs at VT and R3
developmental stages for variance in number of holes in the middle
stalk section attributed to RPS at internodes and nodes along the
length of the stalk

Stage: VT Stage: R3

R? p value R? p value
RPS IAPE .19 <.0001 .25 <.0001
RPS NAPE .07 <.0001 17 <.0001
RPS IPE .37 <.0001 .38 <.0001
RPS NPE .07 <.0001 22 <.0001
RPS IBPE .15 <.0001 17 <.0001
RPS I4AG .03 .0147 A1 <.001

D172 =
[}

2 D132/

oles

Abbreviations: 14AG, the 4th internode above ground; IAPE, internode
above the primary ear; IBPE, internode below primary ear; IPE, internode
primary ear; NAPE, node above primary ear; NPE, node primary ear; RPS,
rind penetration strength.
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(nonpreference or antixenosis), impair development (antibiosis) or
allow a plant to compensate for injury by an insect (tolerance) (Barros-
Rios et al, 2011; Hellmich et al., 2008; Painter, 1968; Santiago
et al., 2013). This study focused on characterizing maize stalk strength
as a component of resistance to injury by O. furnacalis using 13 inbred
lines and 26 doubled haploid lines developed in China. Stalk strength
could be considered a combination of host-plant-resistance traits:
antixenosis, antibiosis, and tolerance; because corn borer larvae may
prefer not to bore into stronger stalks, such stalks also could impair
larval development, and rind strength could make plants more tolerant
to insect injury.

In this study, multiple RPS measures were taken at nodes and
internodes in the upper, middle and lower maize stalk. In total,
strengths of six stalk tissues were evaluated to determine which
would be the most reliable predictors, consequently facilitating the
use of RPS in breeding for resistance. The upper, middle and lower
stalk areas were selected because corn borer stalk injury (holes and
tunnels) from O. furnacalis occurs in all three areas. Injury occurs pri-
marily in the middle of the stalk (Wen et al., 1992). However, corn
borer injury is also common for the internode below the tassel, and
for first generation O. furnacalis there is a tendency for larvae to move
from tassel to lower on the stalk. In the lower stalk, the RPS of the
fourth internode above ground was measured for its importance for
resistance to stalk lodging (Gou et al, 2010). Because of the
comprehensive measurements, this study provided more RPS assess-
ments than similar studies conducted on maize stalk strength and

resistance to lepidopteran larvae (Gibson et al, 2009; Santiago
et al,, 2003).

The inbred lines Huang ¢, Zheng58, and Tie7922, and doubled
haploid lines D233, and D126 had the highest RPS values, and were
consistent across VT and R3 stages of maize development. These lines
may be of interest for further development of stalk resistance to
O. furnacalis with classical breeding methodologies. The results of this
study also suggest that the RPS measures for the internodes of the
primary ear and above/below primary ear at VT and R3 stages are the
most informative traits that breeders could target for reducing num-
ber of corn borer holes by increasing stalk strength in maize plants.
RPS measures of IPE at VT and R3 stages were correlated with the
first and second generation O. furnacalis injury (hole) levels, respec-
tively. This procedure provides maize breeders a key tool for evaluat-
ing stalk strength-based resistance to corn borers, as well as to stalk
lodging. The RPS values of the three internodes (IAPE, IPE, and IBPE)
were highly correlated, which is expected because all of these plant
stalk tissues likely have similar physical and chemical attributes. How-
ever, when measurements are highly correlated, a point of diminishing
returns is reached with multiple stalk measurements for identification
of resistant O. furnacalis genotypes. Accordingly, focusing on RPS
measures of one or more of the three internodes IAPE, IPE, or IBPE at
VT and R3 stages should best aid breeders in evaluation of stalk
strength-based resistance to O. furnacalis and stalk lodging.

The RPS measure, however, is not a good predictor of
O. furnacalis tunnel lengths. RPS had significant but minor correlation
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with tunnel length in the upper stalk section by the first generation
for IPE only and for tunnel length by the second generation for IPE
and IAPE. The other RPS measures were not significantly correlated
with O. furnacalis tunnel lengths. Perhaps this is because tunneling
occurs after larvae penetrate the rind where pith characteristics are
more important than rind strength.

Similar stalk strength and injury results were found by Butrén
et al. (2002) and Gibson et al. (2009). Like this study, they found that
both stalk strength and insect holes in the stalk were influenced by
maize genotype and maize developmental stage. They also found stalk
injury varied with corn borer species. The resistance originating from
maize stalk strength to second generation corn borer injury was inves-
tigated by Flint-Garcia et al. (2003) and Martin et al. (2004), who
observed RPS was effective in predicting resistance to second genera-
tion O. nubilalis injury.

Stalk resistance to corn borers is not due to stalk strength alone.
For instance, antibiotic substances present in the pith are likely
responsible for field resistance of inbred CM151 to the Mediterra-
nean corn borer, Sesamia nonagrioides (Lefébvre) (Ordas et al., 2002).
Indeed, stalk resistance appears to be influenced by a variety of fac-
tors. Martin et al. (2004) found crude fiber, cellulose, lignin and silica
were all important factors to consider when selecting for reduced
O. nubilalis stalk injury.

Stalk resistance to corn borers is influenced by plant chemistry
(Gesteiro et al., 2021). Thus, stalk resistance to O. furnacalis is likely not
attributable to stalk strength alone. Instead, stalk resistance appears to
be a result of the interaction of several structural and nonstructural
factors, perhaps including some factors that have not yet been evalu-
ated for any maize boring insect species. Future studies to improve
conventional maize stalk resistance to stalk boring insects should
include the RPS evaluations discussed in this paper in combination with

other chemical, structural, and nonstructural components of the rind.

5 | CONCLUSIONS

In summary, RPS measures of three internodes (primary ear, above
primary ear, and below primary ear) were the best predictors of stalk
physical resistance to Asian corn borer, O. furnacalis, injury for both
VT and R3 maize. This was determined by comparing the correlations
of RPS values with O. furnacalis injury for stalk nodes and internodes
in the upper, middle and lower parts of the stalk. In general, these
measures were highly correlated with the number of holes in the stalk
made by O. furnacalis but were not highly correlated with tunnel
lengths, which suggests other factors than rind strength should be
considered after O. furnacalis bore into the stalk. These measures pro-
vide an important tool for improving maize stalk physical resistance to
O. furnacalis.

ACKNOWLEDGMENTS

This research was supported by China Agriculture Research System of
MOF and MARA, and the United States Department of Agriculture,
Agricultural Research Service, projects 5030-21000-067-00D and

5030-22000-019-00D. Mention of trade names or commercial
products in this publication is solely for the purpose of providing
specific information and does not imply recommendation or
endorsement by Chinese Academy of Agricultural Sciences, China
Agricultural University, or USDA. USDA is an equal opportunity
provider and employer. Thanks to Paul Scott for help with reviewing
and editing. Sadly, Dr. Nick Lauter passed away unexpectedly on
January 7, 2021.

CONFLICT OF INTEREST

The authors declare that there are no conflicts of interest.

AUTHOR CONTRIBUTION

Jingfei Guo, Kanglai He, and Zhenying Wang designed the experi-
ments. Jingfei Guo performed the experiments and wrote the paper.
Jingfei Guo, Richard L. Hellmich, Miriam Lopez, and Nick Lauter ana-
lyzed the data and revised the manuscript. Yujie Meng and Shaojiang
Chen contributed materials. All authors read and approved the

manuscript.

ORCID

Jingfei Guo "2 https://orcid.org/0000-0002-6771-9832
Richard L. Hellmich " https://orcid.org/0000-0002-8687-1629
Miriam D. Lopez "2 https://orcid.org/0000-0002-9030-6892

Zhenying Wang "2 https://orcid.org/0000-0001-6866-440X

REFERENCES

Afidchao, M. M., Musters, C. J. M., & de Snoo, G. R. (2013). Asian corn
borer (ACB) and non-ACB pests in GM corn (Zea mays L.) in the
Philippines. Pest Management Science, 69, 792-780. https://doi.org/
10.1002/ps.3471

All China Corn Borer Research Group. (1988). Studies on the identification
of the dominant corn borer species in China. Acta Phytophylacica
Sinica, 15, 145-152.

Barros-Rios, J., Malvar, R. A, Jung, H. J., & Santiago, R. (2011). Cell wall
composition as a maize defense mechanism against corn borers.
Phytochemistry, 72, 365-371. https://doi.org/10.1016/j.phytochem.
2011.01.004

Bruce, T. J. A. (2010). Tackling the threat to food security caused by crop
pests in the new millennium. Food Security, 2, 133-141. https://doi.
org/10.1007/s12571-010-0061-8

Butrén, A., Malvar, R. A, Revilla, P., Soengas, P., & Ordas, A. (2002). Rind
puncture resistance in maize: Inheritance and relationship with resis-
tance to pink stem borer attack. Plant Breeding, 121, 378-382.
https://doi.org/10.1046/j.1439-0523.2002.716313.x

Chambers, K. R. (1987). Stalk rot of maize: Host-pathogen interaction.
Journal of Phytopathology, 118, 103-108. https://doi.org/10.1111/j.
1439-0434.1987.tb00438.x

Feng, G, Liu, Z. F., Wy, Y. J,, Li, Y. Y., Jing, X. Q.,, & Huang, C. L. (2010). Pri-
mary study on correlation between corn variety lodging resistances
and its stem puncture-pull strength. Journal of Maize Sciences, 18,
19-23.

Flint-Garcia, S. A., Darrah, L. L., McMullen, M. D., & Hibbard, B. E. (2003).
Phenotypic versus marker-assisted selection for stalk strength and
second-generation European corn borer resistance in maize.
Theoretical and Applied Genetics, 107, 1331-1336. https://doi.org/
10.1007/s00122-003-1387-9

Gatch, E. W., & Munkvold, G. P. (2002). Fungal species composition in
maize stalk in relation to European corn borer injury and transgenic


https://mail.126.com/js6/read/readhtml.jsp?mid=96:1tbiYA1mPVpECmPdzAAAsQ&userType=browser&font=15&color=138144
https://mail.126.com/js6/read/readhtml.jsp?mid=96:1tbiYA1mPVpECmPdzAAAsQ&userType=browser&font=15&color=138144
https://orcid.org/0000-0002-6771-9832
https://orcid.org/0000-0002-6771-9832
https://orcid.org/0000-0002-8687-1629
https://orcid.org/0000-0002-8687-1629
https://orcid.org/0000-0002-9030-6892
https://orcid.org/0000-0002-9030-6892
https://orcid.org/0000-0001-6866-440X
https://orcid.org/0000-0001-6866-440X
https://doi.org/10.1002/ps.3471
https://doi.org/10.1002/ps.3471
https://doi.org/10.1016/j.phytochem.2011.01.004
https://doi.org/10.1016/j.phytochem.2011.01.004
https://doi.org/10.1007/s12571-010-0061-8
https://doi.org/10.1007/s12571-010-0061-8
https://doi.org/10.1046/j.1439-0523.2002.716313.x
https://doi.org/10.1111/j.1439-0434.1987.tb00438.x
https://doi.org/10.1111/j.1439-0434.1987.tb00438.x
https://doi.org/10.1007/s00122-003-1387-9
https://doi.org/10.1007/s00122-003-1387-9

GUO T AL

insect protection. Plant Disease, 86, 1156-1162. https://doi.org/10.
1094/PDIS.2002.86.10.1156

Gesteiro, N., Butron, A, Estévez, S., & Santiago, R. (2021). Unraveling the
role of maize (Zea mays L.) cell-wall phenylpropanoids in stem-borer
resistance. Phytochemistry, 185, 112683.

Gibson, B. K., Parker, C. D., & Musser, F. R. (2009). Corn stalk
penetration resistance as a predictor of southwestern corn
borer (Lepidoptera: Crambidae) survival. MidSouth Entomologist, 3,
7-17.

Gou, L., Huang, J. J,, Sun, R, Ding, Z. S., Dong, Z. R., & Zhao, M. (2010).
Variation characteristic of stalk penetration strength of maize with
different density-tolerance varieties. Transactions of the Chinese
Society of Agricultural Engineering, 26, 156-162.

Guo, Y., Hu, Y., Chen, H., Yan, P., Du, Q., Wang, Y., Wang, H., Wang, Z.,
Kang, D., & Li, W. X. (2021). Identification of traits and genes associ-
ated with lodging resistance in maize. Crop Journal, 9, 1408-1417.
https://doi.org/10.1016/j.cj.2021.01.002

He, K., Wang, Z., Zhou, D., Wen, L., Song, Y., & Yao, Z. (2003). Evaluation
of transgenic Bt corn for resistance to the Asian corn borer
(Lepidoptera: Pyralidae). Journal of Economic Entomology, 96(3),
935-940. https://doi.org/10.1093/jee/96.3.935

He, K., Wang, Z. Y., Zhou, D. R, Wen, L. P., & Song, Y. Y. (2000).
Methodologies and criterions for evaluating maize resistance to
Asian maize borer. Journal of Shenyang Agricultural University, 31,
439-443.

Hellmich, R. L., Albajes, R., Bergvinson, D., Prasifka, J. R.,, Wang, Z. Y., &
Weiss, M. J. (2008). The present and future role of insect-resistant
genetically modified maize in IPM. In J. Romeis, A. M. Shelton, &
G. G. Kennedy (Eds.), Integration of insect-resistant genetically modi-
fied crops within IPM programs (pp. 119-158). Springer Netherlands.
https://doi.org/10.1007/978-1-4020-8373-0_5

Kamran, M., Cui, W., Ahmad, I., Meng, X., Zhang, X., Chen, J., Ahmad, S.,
Fahad, S., Han, Q. & Liu, T. (2018). Correction to: Effect of
paclobutrazol, a potential growth regulator on stalk mechanical
strength, lignin accumulation and its relation with lodging resistance
of maize. Plant Growth Regulation, 84, 1-2. https://doi.org/10.1007/
s10725-017-0342-8

Kvedaras, O. L., & Keeping, M. G. (2007). Silicon impedes stalk penetration
by the borer Eldana saccharina in sugarcane. Entomologia
Experimentalis et Applicata, 125, 103-110. https://doi.org/10.1111/j.
1570-7458.2007.00604.x

Li, W. D., Chen, C. S., & Guo, Q. J. (2002). Distributon of holes from Asian
corn borer injury on spirng corn and relationship with yield losses.
Plant Protection, 28, 25-28.

Liu, X., Hu, X,, Li, K., Liu, Z., Wu, Y., Wang, H., & Huang, C. (2020). Genetic
mapping and genomic selection for maize stalk strength. BMC Plant
Biology, 20, 1-16.

Liu, Z. F., Gou, L., Zhao, M., & Zhang, B. J. (2011). Effects of shading on
stalk morphological characteristics, rind penetration strength and
lodging-resistance of maize. Acta Agriculturae Boreali-Sinica, 26,
91-96.

Lopez-Malvar, A., Ordas, B., Souto, C., Encina, A, Malvar, R. A, &
Santiago, R. (2017). Chemical changes during maize tissue aging and
its relationship with Mediterranean corn borer resistance. Journal of
Agricultural and Food Chemistry, 65, 9180-9185. https://doi.org/10.
1021/acs.jafc.7b02911

Lu, X., Zhang, G. H,, Li, L., Liu, H. W., & Wang, Y. Z. (2005). The occurrence
of the Asian corn borer in Jilin Province. Acta Phytopathologica Sinica,
32,241-245.

Ma, D., Xie, R, Liu, X., Niu, X., Hou, P., Wang, K, Lu, Y., & Li, S. (2014).
Lodging-related stalk characteristics of maize varieties in China since
the 1950s. Crop Science, 54, 2805-2814. https://doi.org/10.2135/
cropsci2014.04.0301

Martin, S. A, Darrah, L. L., & Hibbard, B. E. (2004). Divergent selection for
rind penetrometer resistance and its effects on European corn borer

Anitas [SHO{Bl WILEY 2o

" SOCIETY FOR EXPERIMENTAL BI0LOGY

damage and stalk traits in corn. Crop Science, 44, 711-717. https://
doi.org/10.2135/cropsci2004.7110

Mitchell, C., Brennan, R. M., Graham, J., & Karley, A. J. (2016). Plant
defense against herbivorous pests: Exploiting resistance and toler-
ance traits for sustainable crop protection. Frontiers in Plant Science,
7, 1132. https://doi.org/10.3389/fpls.2016.01132

Ordas, B., Butrdn, A, Soengas, P., Ordas, A., & Malvar, R. A. (2002). Antibi-
osis of the pith maize to Sesamia nonagrioides (Lepidoptera:
Noctuidae). Journal of Economic Entomology, 95, 1044-1048. https://
doi.org/10.1603/0022-0493-95.5.1044

Painter, R. H. (1968). Insect resistance in crop plants. University Press of
Kansas.

Pe, M. E., Gianfranceschi, L., Taramino, G., Tarchini, R., Angelini, P.,
Dani, M., & Binelli, G. (1993). Mapping quantitative trait loci
(QTLs) for resistance to Gibberella zeae infection in maize. Molecular
Genetics and Genomics, 241, 11-16. https://doi.org/10.1007/
BF00280195

Peiffer, J. A., Flint-Garcia, S. A, De Leon, N. McMullen, M. D,
Kaeppler, S. M., & Buckler, E. S. (2013). The genetic architecture of
maize stalk strength. PLoS ONE, 8, e67066. https://doi.org/10.1371/
journal.pone.0067066

Robertson, D. J., Julias, M., Lee, S. Y., & Cook, D. D. (2017).
Maize stalk lodging: Morphological determinants of stalk strength.
Crop Science, 57, 926-934. https://doi.org/10.2135/cropsci2016.07.
0569

Sandoya, G., Santiago, R., Malvar, R. A., & Butrén, A. (2010). Evaluation of
structural and antibiosis resistance mechanisms during selection
against Mediterranean corn borer (Sesamia nonagrioides Lef) in the
maize synthetic EPS12. Crop Protection, 29, 7-10. https://doi.org/
10.1016/j.cropro.2009.09.010

Santiago, R., Barros-Rios, J., & Malvar, R. A. (2013). Impact of cell wall
composition on maize resistance to pests and diseases. International
Journal of Molecular Sciences, 14, 6960-6980. https://doi.org/10.
3390/ijms14046960

Santiago, R., Souto, X. C., Sotelo, J., Butrén, A.,, & Malvar, R. A. (2003).
Relationship between maize stem structural characteristics and resis-
tance to pink stem borer (Lepidoptera: Noctuidae) attack. Journal of
Economic Entomology, 96, 1563-1570. https://doi.org/10.1093/jee/
96.5.1563

Sekhon, R. S., Joyner, C. N., Ackerman, A. J, McMahan, C. S,
Cook, D. D., & Robertson, D. J. (2020). Stalk bending strength is
strongly associated with maize stalk lodging incidence across multi-
ple environments. Field Crops Research, 249, 107737. https://doi.
org/10.1016/j.fcr.2020.107737

Stubbs, C. J., McMahan, C., Seegmiller, W., Cook, D. D., & Robertson, D. J.
(2020). Integrated puncture score: Force-displacement weighted
rind penetration tests improve stalk lodging resistance estimations in
maize. Plant Methods, 16, 1-12. https://doi.org/10.1186/s13007-
020-00654-w

Suby, S. B., Jha, S. K, Karjagi, C. G., Kumar, P., Sekhar, J. C.,, Kaur, J.,
Cholla, A. K., Soujanya, P. L., Sharma, R. K., & Rakshit, S. (2020). Pen-
etration resistance of second above ground internode in V6-10
stage maize plants confer resistance to stalk boring larvae of Chilo
partellus (Swinhoe) in maize. Phytoparasitica, 48(3), 455-469. https://
doi.org/10.1007/s12600-020-00807-6

Thompson, D. (1963). Stalk strength of corn as measured by crushing
strength and rind thickness. Crop Science, 3, 323-329. https://doi.
org/10.2135/cropscil963.0011183X000300040013x

Wen, L. P,, Wang, Z. Y., Ye, Z. H., Yue, W. Z, He, K. L, & Song, Y. Y.
(1992). Yield losses and economic threshold of Asian corn borer,
Ostrinia furnacalis (Guenée) on corn. Scientia Agricultura Sinica, 25,
44-49,

Zhou, D. R., & He, K. L. (1996). The advance of occurence and control of
Aisan corn borer in China. Plant Protection Technology and Extension,
16, 38-40.


https://doi.org/10.1094/PDIS.2002.86.10.1156
https://doi.org/10.1094/PDIS.2002.86.10.1156
https://doi.org/10.1016/j.cj.2021.01.002
https://doi.org/10.1093/jee/96.3.935
https://doi.org/10.1007/978-1-4020-8373-0_5
https://doi.org/10.1007/s10725-017-0342-8
https://doi.org/10.1007/s10725-017-0342-8
https://doi.org/10.1111/j.1570-7458.2007.00604.x
https://doi.org/10.1111/j.1570-7458.2007.00604.x
https://doi.org/10.1021/acs.jafc.7b02911
https://doi.org/10.1021/acs.jafc.7b02911
https://doi.org/10.2135/cropsci2014.04.0301
https://doi.org/10.2135/cropsci2014.04.0301
https://doi.org/10.2135/cropsci2004.7110
https://doi.org/10.2135/cropsci2004.7110
https://doi.org/10.3389/fpls.2016.01132
https://doi.org/10.1603/0022-0493-95.5.1044
https://doi.org/10.1603/0022-0493-95.5.1044
https://doi.org/10.1007/BF00280195
https://doi.org/10.1007/BF00280195
https://doi.org/10.1371/journal.pone.0067066
https://doi.org/10.1371/journal.pone.0067066
https://doi.org/10.2135/cropsci2016.07.0569
https://doi.org/10.2135/cropsci2016.07.0569
https://doi.org/10.1016/j.cropro.2009.09.010
https://doi.org/10.1016/j.cropro.2009.09.010
https://doi.org/10.3390/ijms14046960
https://doi.org/10.3390/ijms14046960
https://doi.org/10.1093/jee/96.5.1563
https://doi.org/10.1093/jee/96.5.1563
https://doi.org/10.1016/j.fcr.2020.107737
https://doi.org/10.1016/j.fcr.2020.107737
https://doi.org/10.1186/s13007-020-00654-w
https://doi.org/10.1186/s13007-020-00654-w
https://doi.org/10.1007/s12600-020-00807-6
https://doi.org/10.1007/s12600-020-00807-6
https://doi.org/10.2135/cropsci1963.0011183X000300040013x
https://doi.org/10.2135/cropsci1963.0011183X000300040013x

American Socie GUO ET AL
of Plant Biologi;[‘f]s M

" SOCIETY FOR EXPERIMENTAL BIOLOGY

Lot | WILEY.

Zuber, M. S., & Grogan, C. O. (1961). A new technique for measuring stalk
strength in corn. Crop Science, 1, 378-380. https://doi.org/10.2135/ How to cite this article: Guo, J., He, K., Meng, Y., Hellmich, R.

i1961.0011183X000100050028
cropsd X L, Chen, S., Lopez, M. D., Lauter, N., & Wang, Z. (2022). Asian
corn borer damage is affected by rind penetration strength of

SUPPORTING INFORMATION

corn stalks in a spatiotemporally dependent manner. Plant
Additional supporting information may be found in the online version

Direct, 6(2), e381. https://doi.org/10.1002/pld3.381

of the article at the publisher’s website.


https://doi.org/10.2135/cropsci1961.0011183X000100050028x
https://doi.org/10.2135/cropsci1961.0011183X000100050028x
https://doi.org/10.1002/pld3.381

	Asian corn borer damage is affected by rind penetration strength of corn stalks in a spatiotemporally dependent manner
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Plant materials and experimental design for field experiments
	2.2  Infestation of larvae and field resistance evaluation
	2.3  Measurement of maize stalk strength
	2.4  Statistical analysis

	3  RESULTS
	3.1  RPS analyses of maize genotypes and stalk sections
	3.2  Correlations of RPS values with stalk injury for first and second generation O.furnacalis
	3.3  RPS analyses of maize genotypes

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTION
	REFERENCES


