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Insect pests that attempt to feed on 
the caterpillar-resistant maize geno-

type Mp708 encounter a potent, multi-
pronged defense system that thwarts 
their invasion. First, these plants are on 
“constant alert” due to constitutively 
elevated levels of the phytohormone jas-
monic acid that signals the plant to acti-
vate its defenses. The higher jasmonic 
acid levels trigger the expression of 
defense genes prior to herbivore attack so 
the plants are “primed” and respond with 
a faster and stronger defense. The second 
defense is the rapid accumulation of a 
toxic cysteine protease called Mir1-CP 
in the maize whorl in response to cater-
pillar feeding. When caterpillars ingest 
Mir1-CP, it damages the insect’s midgut 
and retards their growth. In this article, 
we discuss a third possible defense strat-
egy employed by Mp708. We have shown 
that foliar caterpillar feeding causes 
Mir1-CP and defense gene transcripts to 
accumulate in its roots. We propose that 
caterpillar feeding aboveground sends a 
signal belowground via the phloem that 
results in Mir1-CP accumulation in the 
roots. We also postulate that the roots 
serve as a reservoir of Mir1-CP that can 
be mobilized to the whorl in response to 
caterpillar assault.

Since the beginning of agriculture approx-
imately 10,000 years ago, farmers have 
struggled to protect their crops from insect 
pests. This is particularly true for maize, 
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an important agricultural foodstuff that 
is vulnerable to attack by wide variety of 
herbivores. Plant breeding is one strategy 
successfully employed to develop geno-
types with improved resistance to these 
pests. One example is the maize inbred 
Mp708 that has resistance to several cat-
erpillar species that feed in the whorls and 
stalks.1 Mp708 was developed from exotic 
germplasm that originated in Antigua by 
selecting for plants resistant to feeding by 
fall armyworm (Spodoptera frugiperda) 
and southwestern cornborer (Diatraea 
grandiosella).2,3 Research to understand 
the mechanism of caterpillar resistance in 
Mp708 has revealed that it is a multigene 
trait regulated by several quantitative trait 
loci (QTL).4,5

Among these traits, there are at least 
two, apparently unique, resistance char-
acteristics. The first is that these plants 
are “genetically primed” to withstand 
caterpillar feeding due to constitutively 
elevated levels of jasmonic acid (JA) and 
defense gene transcripts.6 The second is 
the rapid accumulation of the insecticidal 
cysteine protease Mir1-CP in the whorl in 
response to caterpillar feeding.7-9 In addi-
tion to these two traits, we have uncovered 
another possible component of Mp708’s 
resistance mechanism: aboveground to 
belowground defense signaling. Prior 
research has shown that there is commu-
nication between roots and foliage that 
enables plants to resist herbivory in these 
organs.10-19 In fact, it has been shown that 



www.landesbioscience.com	 Plant Signaling & Behavior	 127

article addendum

Surprisingly, the immunolocaliza-
tion analysis also indicated that Mir1-CP 
abundance in the root increased after foliar 
caterpillar feeding.20 Prior to herbivory, a 
small amount of Mir1-CP was detected 
in root vascular parenchyma adjacent to 
the metaxylem elements, but after feed-
ing the amount of Mir1-CP increased 
and it appeared to be in the lumen of the 
metaxylem elements.20 These results are 
supported by an immunoblot (Fig. 2A), 
showing that Mir1-CP levels in the root 
tips increased after caterpillar feeding in 
the whorl.

To test if roots could be a potential 
source of Mir1-CP, they were excised from 
Mp708 prior to caterpillar feeding. The 
results indicated that Mir1-CP accumula-
tion was significantly suppressed by root 
removal20 (Fig. 2B). In addition, another 
experiment has shown the presence of 
Mir1-CP in xylem exudate collected from 
Mp708, but not the susceptible genotype 
Tx601, after 12 hr of foliar herbivory 
(Fig. 2C).

Two experimental techniques have 
shown that aboveground feeding influ-
ences the expression of herbivore defense 
genes belowground. First, microarray anal-
ysis (Ankala A, unpublished data) showed 
that foliar caterpillar feeding increased the 
expression of 135 genes in the whorl and 
173 genes in the roots. The upregulated 
root genes encoded transcription factors, 
JA biosynthesis enzymes and proteins 
involved in direct defense such as chitin-
ase.22 This study has been complemented 
by targeted analysis of specific defense 
gene expression in roots in response to 
foliar feeding using qRT-PCR. Figure  3 
shows that expression of several genes 
believed to be involved in direct defense 
against herbivores was upregulated in the 
roots in response to caterpillar feeding in 
the whorl. These included transcripts for 
Mir1-CP, maize protease inhibitor23 and 
chitinase.22 Another study reported that 
root defense gene expression increased in 
response to foliar treatment with JA in the 
closely related C4 monocot sorghum and 
corroborates our preliminary findings in 
maize.24

The accumulation of defense gene tran-
scripts and proteins in the roots does not 
prove that there is enhanced resistance to 

Figure 1. The proposed model of aboveground to belowground defense signaling in the maize 
inbred Mp708. Caterpillar feeding in the whorl (1) sends a currently unidentified signal through 
the vascular system to the roots, where Mir1-CP and possibly other defense gene products ac-
cumulate (2) and protect plants against root feeding herbivores. The roots (3) serve as a potential 
source of Mir1-CP that can be translocated back to the whorl in response to caterpillar feeding. 
Drawing by Nick Sloff.

belowground feeding by western corn 
rootworm (Diabrotica virgifera) enhances 
aboveground defenses to Spodoptera lit-
toralis via hydraulic changes in the foliar 
physiology that reduce herbivore perfor-
mance.16 However in Mp708, this signal-
ing pathway appears to function in the 
opposite direction—caterpillar feeding 
in the whorl appears to trigger the induc-
tion of herbivore defenses in the roots. 
We propose that aboveground herbivory 
in Mp708 sends a signal to the roots that 
results in the belowground expression of 
defense genes and Mir1-CP accumulation 
(Fig. 1). We also speculate that the roots 
serve as a source of Mir1-CP that is trans-
ported to whorl during the early stages of 
foliar feeding. Published and preliminary 
evidence that supports this model is dis-
cussed below.

The first suggestion that Mir1-CP 
could be a mobile protein came from 

immunolocalization studies showing its 
presence in the maize vascular system.20 
Specifically, it is found in the thick-walled 
sieve elements (TSE) in the phloem of the 
minor leaf veins and xylem elements in the 
roots. After 24 hours of caterpillar feeding 
in the whorl, the abundance of Mir1-CP 
in the TSE dramatically increased. In situ 
hybridization indicated that mir1 tran-
scripts were most abundant in the phloem 
parenchyma cells, which suggests that 
Mir1-CP is made in these cells and translo-
cated to the TSE. According to Evert et al.21 
there are numerous plasmadesmata con-
necting the TSE and phloem parenchyma 
cells, which could facilitate the movement 
of Mir1-CP into the phloem elements. We 
believe that transport via phloem also may 
account for short-distance movement of 
Mir1-CP, since previous results indicated 
that Mir1-CP could rapidly accumulate ~1 
cm from the caterpillar feeding site.9
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and root-feeding herbivores.

Figure 3. Relative expression of maize 
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in the whorl. (A) Mir1-CP (mir1) transcript 
levels in fed and non-fed plants. (B) Maize 
protease inhibitor (MPI) transcript levels in 
fed and non-fed plants. (C) Chitinase (Chi1) 
transcript levels in fed and non-fed plants. 
Relative transcript levels were determined by 
quantitative real-time PCR.

Figure 2. Immunoblot analysis of Mir1-CP accumulation in Mp708 organs. (A) Mir1-CP accumula-
tion in the whorl after 24 hr of caterpillar feeding (W-Fed); control whorl (W-unfed); roots after 24 
hr of foliar feeding (R-fed) and control roots (R-unfed). (B) Mir1-CP accumulation in the whorl of 
intact plants after 24 hr of caterpillar feeding (W-intact) or in the whorl of plants with the roots 
removed prior to caterpillar infestation (W-no roots). (C) Mir1-CP accumulation in the xylem sap of 
whorls infested for 0, 3 and 12 hr. (D) Lack of Mir1-CP accumulation in the xylem sap of the suscepti-
ble inbred Tx601 for 0, 3 and 12 hr. Arrow on the right indicate the position of Mir1-CP on the blots.
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