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Reactive oxygen species (ROS) play a major role in plant defense against pathogens, but evidence for their role in defense
against insects is still preliminary and inconsistent. In this study, we examined the potential role of ROS in defense of wheat
(Triticum aestivum) and rice (Oryza sativa) against Hessian fly (Mayetiola destructor) larvae. Rapid and prolonged accumulation
of hydrogen peroxide (H,O,) was detected in wheat plants at the attack site during incompatible interactions. Increased
accumulation of both H,0, and superoxide was detected in rice plants during nonhost interactions with the larvae. No increase
in accumulation of either H,O, or superoxide was observed in wheat plants during compatible interactions. A global analysis
revealed changes in the abundances of 250 wheat transcripts and 320 rice transcripts encoding proteins potentially involved in
ROS homeostasis. A large number of transcripts encoded class III peroxidases that increased in abundance during both
incompatible and nonhost interactions, whereas the levels of these transcripts decreased in susceptible wheat during
compatible interactions. The higher levels of class III peroxidase transcripts were associated with elevated enzymatic activity of
peroxidases at the attack site in plants during incompatible and nonhost interactions. Overall, our data indicate that class III
peroxidases may play a role in ROS generation in resistant wheat and nonhost rice plants during response to Hessian fly

attacks.

Reactive oxygen species (ROS) play a central role in
plant defense against various pathogens (Mittler et al.,
2004). Superoxide anion (O,”), hydrogen peroxide
(H,0O,), and hydroxyl radical are the three major forms
of ROS. These molecules are highly reactive and toxic
and can lead to the oxidative destruction of cells
(Asada and Takahashi, 1987). The rapid accumulation
of plant ROS at the pathogen attack site, a phenom-
enon called oxidative burst, is toxic to pathogens
directly (Lamb and Dixon, 1997) and can lead to a
hypersensitive response (HR) that results in a zone of
host cell death, which prevents further spread of
biotrophic pathogens (Heath, 2000; Gechev et al.,
2006). In addition to the described direct effects, ROS
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can also serve as signals that lead to the activation of
other defense mechanisms (Dat et al., 2000; Grant and
Loake, 2000). Several mechanisms have been proposed
for ROS generation in plants (Wojtaszek, 1997). Of
these mechanisms, the NADPH-dependent oxidase
system has received the most attention because of its
similarity to the mammalian oxidase system that ini-
tiates ROS production in phagocytes and B lympho-
cytes as a response to pathogen attack (Apel and Hirt,
2004). In mammalian cells, NADPH-dependent oxi-
dases catalyze the one-electron reduction of molecular
oxygen to form O,”, which then undergoes dismuta-
tion to form H,O, either spontaneously or catalyzed by
superoxide dismutases. In plants, NADPH-dependent
oxidases are also linked with O,” production in re-
sponse to pathogen attack (Sagi and Fluhr, 2001) and
wounding (Razem and Bernards, 2003). Insertion
mutations of two Arabidopsis (Arabidopsis thaliana)
NADPH-dependent oxidase subunit genes, AtrbohD
and AtrbohF, largely eliminate ROS production during
disease resistance reactions to avirulent pathogens
(Torres et al., 2002).

In addition to NADPH-dependent oxidases, other
classes of oxidases may also play a role in ROS
generation (Mittler et al., 2004). Germin-like oxalate
oxidases generate H,0, from oxygen and oxalic acid
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(Hu et al., 2003). Amine oxidases release H,O, by
oxidizing various forms of amines (Walters, 2003).
NADPH oxidase-like alternative oxidases and glyco-
late oxidases have been suggested as producers of ROS
as well (Apel and Hirt, 2004; Mittler et al., 2004). In
addition to oxidases, pH-dependent cell wall peroxi-
dases (members of the plant-specific, class III peroxi-
dase superfamily; Passardi et al., 2004a) may also play
a role in ROS generation in response to pathogen
attacks under certain conditions (Lamb and Dixon,
1997; Bolwell et al., 2002; Mika et al., 2004).

The accumulation of plant ROS during defense is
biphasic, with a rapid but weak transient accumula-
tion (phase I) and a second, massive, and prolonged
accumulation (phase II; Lamb and Dixon, 1997; Grant
and Loake, 2000). The first phase of ROS accumulation
is associated with infection of plants by either virulent
or avirulent pathogens and is likely independent of de
novo synthesis of ROS-generating enzymes. The sec-
ond phase of ROS accumulation, however, is associ-
ated only with infection by avirulent pathogens and is
an induced response dependent on the increased
transcription of mRNA encoding ROS-generating en-
zymes. Because of its role in ROS generation, the level
of NADPH-dependent oxidase transcript is often used
as an indicator of oxidative defense, and the enzymatic
inhibitor of oxidases, diphenylene iodonium, is widely
used for ROS-related studies (Lamb and Dixon, 1997).
In addition to the genes involved in ROS generation,
the transcript levels of genes involved in ROS scav-
enging increase to limit ROS damage to host cells.
Major ROS-scavenging enzymes include catalase, su-
peroxide dismutase, ascorbate peroxidase, glutathione
peroxidase, peroxiredoxin, thioredoxin, glutaredoxin,
glutathione reductase, and dehydroascorbate reduc-
tase (Mittler et al., 2004).

The role of ROS in plant defense against insect
herbivores is not clear. Lesions similar to HR symp-
toms have been observed in plants attacked by some
insects (Chen, 2008). For example, HR-like lesions
were observed in willow (Salix viminalis) tree varieties
with resistance to the gall midge Dasineura margin-
emtorquens (Hoglund et al., 2005). HR-like symptoms
were also observed with wheat (Triticum aestivum)
resistance to the Hessian fly Mayetiola destructor
(Grover, 1995), rice (Oryza sativa) resistance to the
Asian rice gall midge Orseolia oryzae (Bentur and
Kalode, 1996), peach (Prunus persica) resistance to the
aphid Myzus persicae (Sauge et al., 1998), and bean
(Phaseolus vulgaris) resistance to the bean-pod weevil
Apion godmani (Garza et al., 2001). Despite these phe-
notypic observations, the biological significance of
ROS in plant defense against insects remains to be
established, and the mechanism for ROS generation
in plants upon insect attack has yet to be determined.
The activity of NADPH-dependent oxidases and the
increase in H,0O, concentration in resistant plants
following Russian wheat aphid (Diuraphis noxia)
infestation (Moloi and van der Westhuizen, 2006)
suggest that NADPH-dependent oxidases are in-
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volved in ROS generation in plants as a response to
insect attack. However, mRNA levels of a NADPH-
dependent oxidase and several genes encoding ROS-
scavenging enzymes were not significantly altered in
resistant wheat seedlings in response to Hessian fly
attack, indicating that either ROS levels do not increase
or an alternative mechanism for ROS generation is
active following Hessian fly attack (Giovanini et al.,
2006).

Hessian fly is a member of the gall midge family
(Cecidomyiidae), and its interactions with wheat are
considered a model system for the study of plant-gall
midge interactions (Harris et al., 2003; Stuart et al,,
2008). The Hessian fly-wheat interactions fit a typical
gene-for-gene model in which the product of a dom-
inant plant R gene mediates the induction of plant
defenses through recognition of a corresponding avir-
ulence gene product from the pathogen or insect (Flor,
1946). During incompatible interactions (wheat in-
fested with avirulent larvae), resistant plants defend
themselves effectively against Hessian fly larval attack
and grow normally after some initial growth deficit
(Anderson and Harris, 2006). As a result of plant
defense, Hessian fly larvae die within 3 to 5 d after the
initial attack. The exact cause for the larval death in
resistant plants is not well understood. An increase in
levels of transcripts and, in some cases, encoded
proteins of many defense-related genes such as those
encoding digestive enzyme inhibitors (Wu et al., 2008),
lectins (Williams et al., 2002; Subramanyam et al., 2006,
2008; Giovanini et al., 2007), and enzymes for the
biosynthesis of secondary metabolites (Liu et al., 2007)
indicates that a combination of defense chemicals may
be involved in resistance to Hessian fly. During com-
patible interactions (wheat infested with virulent lar-
vae), susceptible plants are manipulated by Hessian
fly larvae, including the suppression of plant defense
(Sardesai et al., 2005; Saltzmann et al., 2010) and the
reprogramming of plant metabolic pathways to create
a nutrition zone for larval development (Puthoff et al.,
2005; Harris et al., 2006; Liu et al., 2007; Saltzmann
et al., 2008, Zhu et al., 2008). The manipulation of
plants by Hessian fly larvae is likely achieved through
salivary secretions (Chen et al., 2004, 2008), which may
also trigger plant defense if recognized by the plant
surveillance system (Garcia-Brugger et al., 2006).
Wheat is the preferred host for the Hessian fly (Zeiss
etal., 1993), but larvae can also live on barley (Hordeum
vulgare) and other wheat-related species, although
larval growth is slow and mortality is high (Harris
etal., 2001). Rice is a nonhost for the Hessian fly (Chen
et al., 2009b).

The objective of this research was to further clarify if
ROS is involved in plant defense against Hessian fly
attack. We observed a rapid elevation of ROS specif-
ically in resistant wheat and nonhost rice plants
attacked by Hessian fly larvae. Global analyses of
gene transcripts known to be or potentially involved in
ROS homeostasis indicated that class III peroxidases
and oxalate oxidases, instead of NADPH-dependent
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Figure 1. ROS accumulation in apoplasm. A, Representative fluores-
cence images of leaf sheaths at the larval attack sites stained for the
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oxidases, were likely the source of ROS generation in
wheat plants during incompatible interactions.

RESULTS

Hessian Fly Induces Accumulation of ROS in Plants
during Incompatible and Nonhost Interactions

Levels of apoplastic H,O, at the larval attack site in
plants during compatible, incompatible, and nonhost
interactions were investigated via an uptake assay (see
“Materials and Methods”). No significant change was
detected in the level of fluorescence in wheat plants
attacked by virulent larvae (Fig. 1A, Newton). In
contrast, elevated fluorescence was observed at the
attack sites of wheat plants hosting avirulent larvae
[Fig. 1A, Iris (H9) and Molly (H13)] and on attacked
rice plants (Fig. 1A, Rice), indicating that the levels of
apoplastic H,0O, increased rapidly and stayed elevated
for at least 72 h during incompatible and nonhost
interactions. Semiquantitative analysis of lumines-
cence images revealed an average 2- to 4-fold increase
in apoplastic H,O, concentration from plants during
incompatible and nonhost interactions compared with
nonattacked control plants [Fig. 1B, Iris (H9), Molly
(H13), and Rice]. Although the fluorescence-based
method is sensitive to increases in H,0, accumulation,
the signal intensity of images apparently reaches sat-
uration when H,O, reaches a certain concentration, as
seen in Figure 1A. Therefore, the actual apoplastic
H,0O, concentrations could be higher in some of the
samples because the relationship between H,O, con-
centrations and the intensities of fluorescent images is
nonlinear at higher H,O, concentrations.

Accumulation of O, at the larval attack site was
assayed with a similar method using a luminescence-
based kit, yielding a different result from the accumu-
lation of H,O,. No significant differences in O, levels
were detected between nonattacked control and at-
tacked wheat during either compatible or incompati-
ble interactions [Fig. 1C, Newton, Iris (H9), and Molly
(H13)]. However, a strong increase in O, content was
detected in attacked rice during nonhost interactions
(Fig. 1C, Rice).

Levels of cytosolic H,O, were determined using a
penetration assay (see “Materials and Methods”; Fig.

presence of H,O,. Images were derived from nonattacked plants (C)
and plants at 12, 24, 48, and 72 h after the initial attack by biotype L
Hessian fly larvae. The dimensions of the H,O,-containing zones
varied due to variations in larval densities and differences in larval
migration. Each leaf sheath hosted 16 to 20 larvae. Relative fluores-
cence units are given below each image. Newton is a susceptible line
containing no resistance gene. Iris contains R gene H9. Molly contains
R gene H13. Rice is a nonhost. B, Average relative fluorescence
obtained from images (similar to those shown in A) stained for H,O,
content. Each average value was derived from three biological repli-
cates, with each replicate including readings from four lesions. C,
Average relative fluorescence obtained from images stained for O,
content. The same numbers of leaf sheaths as in B were used.
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2). The overall pattern of cytosolic H,O, changes was
similar to that of apoplastic H,O, changes, but the
percentage increase in cytosolic H,O, was less than
that in apoplastic H,O, during incompatible and non-
host interactions. Specifically, no significant changes
were observed in the levels of fluorescence between
control and attacked plants during compatible inter-
actions at 48 h after initial larval attack. In comparison,
there was a 30% to 40% increase in the levels of
fluorescence in plants during incompatible and non-
host interactions.

H,0, in Artificial Diet Is Lethal to Insects

Because Hessian fly larvae require live plant hosts
and cannot be reared on an artificial diet, larval
mortality due to ROS cannot be determined through
feeding experiments. As an alternative, H,O, was
incorporated into an artificial diet and tested for
toxicity to the larvae of Drosophila melanogaster, which
belongs to the same order (Diptera) as the Hessian fly.
As shown in Figure 3, H,O, was highly toxic to
Drosophila larvae, with a dose causing 50% lethality
(LD50) of less than 0.05 ug mL ™", or 1.7 um in the diet.
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Figure 2. ROS accumulation in cytosol. A, Representative fluorescence
images of leaf sheath cells at the larval attack site stained for H,0,. ROS
were assayed with tissues from control (C) and attacked (I) plants at 48 h
(see “Materials and Methods”). WN, WI (H9), and WM (H13) represent
wheat Newton, wheat Iris (containing H9), and wheat Molly (contain-
ing H13), respectively. Light stripes are cell walls between cells. The
images were obtained from a fluorescent microscope with amplifica-
tions 10 X 63. B, Average values of three biological replicates from
control plants (gray bars) and plants attacked by Hessian fly (black
bars). The letters a and b represent two groups that are statistically
different (P = 0.05).
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Figure 3. Toxicity of H,0O, to Drosophila larvae. The solid line repre-
sents the percentage of larval mortality at increasing concentrations of
H,O, on artificial diet. The dashed lines above and below the solid line
represent upper and lower bounds of the 95% confidence interval (CI).
LD50 is less than 0.5 ug mL™" or 1.7 um. [See online article for color
version of this figure.]

Effect of Hessian Fly Attacks on Abundance of ROS
Homeostasis Transcripts in Wheat

To gain insight into pathways contributing to ROS
accumulation in resistant wheat during Hessian fly
larval attack, microarray data were analyzed (Table I;
Supplemental Table S1). A total of 250 probe sets were
included in the analysis, 129 from genes classified as po-
tential ROS generating and 121 from ROS-scavenging
genes. Although the microarray samples covered the
first 8 d of the interactions, Hessian fly attack led to
changes in the levels of ROS homeostasis transcripts in
resistant wheat during the first 72 h of incompatible
interactions (Supplemental Table S1), after which ROS-
related transcript levels returned rapidly to equal the
control. Of the 129 ROS-generating genes correspond-
ing to probe sets on the microarray, 43 (33.3%) encoded
transcripts that increased in abundance by 24 h after
attack and 30 (23.3%) were still elevated at 72 h in
resistant plants, compared with controls at the same
time points. Transcripts encoding NADPH-dependent
oxidase, which is believed to be involved in the classic
oxidative burst, did not change in abundance in resis-
tant plants. Genes with the highest control transcript
abundance (Supplemental Table S1 [SIC, signal inten-
sity of control]) and the largest fold increase (or net
increase) were members of the class III peroxidases
(Table II; Supplemental Table S1). Only two transcripts
corresponding to ROS-generating genes, glycolate ox-
idase and phospholipase A2, decreased in abundance
in resistant plants (Table I; Supplemental Table S1). Of
the 121 ROS-scavenging genes corresponding to probe
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Table I. Wheat microarray changes in transcript abundance following Hessian fly larval attack

Increased Decreased
Gene Category® Total Prbobe Abundance® Abundance

Sets’ < = R S

Potential ROS generating 129 45 39 2 52
NADPH-dependent oxidases 3 0 1 0 0
Alternative oxidases 8 2 5 0 0
Glycolate oxidases 4 0 1 1 0
Oxalate oxidases 13 7 0 0 2
Amine oxidases 11 1 6 0 1
Class Ill peroxidases 83 34 22 0 45
Phospholipases A2 5 0 2 1 4
Xanthine dehydrogenases 2 1 2 0 0
Potential ROS scavenging 121 10 48 26 22
Catalases 6 0 5 0 0
Superoxide dismutases 4 0 4 0 0
Glutathione reductases 4 0 2 0 1
Dehydroascorbate reductases 4 0 1 1 1
Peroxiredoxins and thioredoxins 51 0 19 10 6
Glutaredoxins 15 5 2 0 4
Ferredoxins 14 0 4 9 9
Ascorbate peroxidases 12 2 7 3 1
Glutathione peroxidases 7 1 3 3 0
Flavanone 3-hydroxylases 4 2 1 0 0

“Gene category based on probe set annotation. PNumber of probe sets on Wheat GeneChip
microarray. “Transcript abundance level compared with level in a nonattacked control plant at the
same time point, cumulative for all time points. dR, Resistant plants; S, susceptible plants.

sets on the microarray, nine (7.4%) encoded transcripts
that increased in abundance by 24 h and five (4.1%)
remained elevated 72 h after attack, whereas 22
(18.2%) decreased in abundance by 24 h and 11
(9.1%) remained low 72 h after attack (Table I; Supple-
mental Table S1) in resistant plants compared with
controls at the same time points. The majority of
transcripts in resistant plants corresponding to ROS
homeostasis genes represented on the microarray did
not change in abundance in response to Hessian fly
larval attack.

Examination of microarray data from susceptible
plants gave insight into ROS-related pathways that
were manipulated by virulent Hessian fly larvae dur-
ing compatible interactions. The same 250 probe sets
were included in the analysis (Table I; Supplemental
Table S1). Unlike the short-duration early response
seen in incompatible interactions, changes in tran-
script abundance tended to begin later (20 transcripts
showed their first sign of increase and 40 showed their
first sign of decrease at 72 h after attack). In addition,
many increases or decreases in transcript abundance
were evident into the 8th d of the experiment during
second-instar Hessian fly larval attack of susceptible
plants. Of the 129 ROS-generating genes, 25 (19.4%)
encoded transcripts that increased in abundance by
24 h after attack and 18 (14.0%) were still elevated at
192 h in susceptible plants, compared with controls
at the same time points. By 24 h, six (4.7%) transcripts
had decreased in abundance, and this number grew
to 52 (40.3%) transcripts by 192 h. Of the 121 ROS-

Plant Physiol. Vol. 152, 2010

scavenging genes, 23 (19.0%) encoded transcripts that
increased in abundance by 24 h after attack and 43
(35.5%) remained high after 192 h, whereas six (5.0%)
decreased in abundance by 24 h and 13 (10.7%) were
less abundant by 192 h. Compared with resistant
plants, more defensive ROS-generating transcripts
decreased and more ROS-scavenging transcripts in-
creased in abundance in susceptible plants, especially
at later time points. The response was rapid and short
in resistant plants, but the response in susceptible
plants continued throughout the experiment, which
terminated on day 8 of larval attack.

In summary, increased abundance of the NADPH-
dependent oxidase and glycolate oxidase transcripts
detected in this experiment appeared to occur only in
response of wheat to virulent larvae (compatible in-
teraction). The oxalate oxidases were the only category
of transcripts involved in ROS generation that became
more abundant exclusively in resistant plants interact-
ing with avirulent larvae. If class III peroxidase tran-
script levels responded, they tended to decrease in
abundance in susceptible wheat and increase in resis-
tant plants.

Effect of Hessian Fly Attacks on the Abundance of
Transcripts Involved in ROS Homeostasis in Rice

To determine similarities between the Hessian fly-
induced ROS-related gene responses in resistant
wheat and the responses in nonhost rice, RiceChip
microarray data were compared with the WheatChip
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Table II. Subset of potential ROS-generating genes with transcripts
increasing in abundance in resistant wheat

Includes transcripts from resistant plants fulfilling both criteria: (1)
significant fold change of P < 0.05 in resistant plants compared with
nonattacked plants, and (2) transcripts that did not increase in abun-
dance in susceptible plants. NC, No change.

Fold Net
Wheat cDNA Change® Increase®
Identifier®
24 h 72 h 24 h 72 h
Oxalate oxidase?
M21962 3.4 2.2 172.7 1,176.8
CA662687 1.5 NC 52.6 0
CA667447 2.3 2.8 123.9 428.9
CD373670 2.5 2.2 34.5 275.0
CA662341 1.8 2.3 25.1 284.8
Y09916 2.9 1.7 40.7 88.3
CA660893 2.1 1.8 28.2 145.4
Class Il peroxidase®

CK200808 121 2.7 889.8 959.2
BG606752 10.9 2.2 796.9 202.8
X85227 2.8 1.8 259.4 308.6
CK196925 2.7 1.8 137.7 88.1
CD454043 2.0 1.9 200.5 389.2
CK198851 1.8 1.7 270.1 1,402.2
CA612157 1.6 1.5 159.2 693.4
CK195044 1.6 1.3 84.1 47.8
CK193042 1.5 1.3 248.5 342.4
BQ838672 1.4 1.4 163.1 138.4
CD373872 1.3 1.4 220.5 232.2
CA685359 5.9 NC 149.0 0
CD373657 3.4 NC 92.6 0
BJ284138 2.1 NC 467.2 0
CA723231 2.2 NC 173.7 0
CD373595 1.5 NC 560.0 0
X16081 1.5 NC 143.0 0
CA697761 1.4 NC 148.4 0
CA714005 1.4 NC 335.1 0

“GenBank accession numbers corresponding to probe set se-
quences on the WheatChip. PFold change is based on values for
the same probe sets in nonattacked control plants at the same time
point.  “Netincrease in fluorescence intensity is based on values for
the same probe sets at the same time point in nonattacked control
plants (SIC in Supplemental Table S1). Transcripts with the highest
numbers are the most abundant. 9Based on HarvEST and National
Center for Biotechnology Information database searches.

data (Table III; Supplemental Table S1). Two minor
differences in the design of the wheat and rice exper-
iments were (1) the time points in the rice microarray
analysis started 12 h earlier and spanned a shorter
period (12, 24, 48, and 72 h after the initial Hessian fly
larval attack) than those in the wheat analysis, and (2)
transcript abundance in attacked rice plants was com-
pared with a single control, unattacked plants that
were harvested at the 12-h time point, rather than a con-
trol at each time point. The rice microarray contained
probe sets representing 179 unique ROS-generating
genes and 141 ROS-scavenging genes. As in resis-
tant wheat, the ROS-generating response of rice ap-
peared to initiate and terminate rapidly at the level of
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mRNA, with many transcript levels returning to con-
trol levels by 72 h. Of the 179 ROS-generating genes, 26
(14.5%) encoded transcripts that increased in abun-
dance by 12 h after attack and 12 (6.7%) were still
elevated at 72 h, compared with controls at the 12-h
time point. Similar to the response in wheat, the rice
NADPH-dependent oxidase transcripts, generally as-
sociated with oxidative burst, were not elevated com-
pared with the control (with the exception of one of the
eight rice transcripts having a maximum of a 2-fold
increase). Also similar to the results for wheat, rice
genes with the highest control transcript abundance
(Supplemental Table S1, SIC) and the largest fold
increase (or net increase) were members of the class
III peroxidases (Table IV; Supplemental Table S1). Of
the 141 ROS-scavenging genes, seven (5.0%) encoded
transcripts that increased in abundance by 12 h and
one (0.7%) remained elevated 72 h after attack,
whereas 13 (9.2%) decreased in abundance by 12 h
and one (0.7%) remained low 72 h after attack (Table
III; Supplemental Table S1) compared with controls at
the 12 h time point. The abundance of most of these
141 transcripts was not affected by Hessian fly attack,
which was similar to the situation observed in resis-
tant wheat. In both resistant wheat and nonhost rice,
the transcript response to Hessian fly was rapid and
short-lived, with genes belonging to the class III per-
oxidase category showing the greatest increase in
transcript abundance (Tables II and 1V), and the cat-
egory with the greatest decrease was peroxiredoxins
and thioredoxins (Supplemental Table S1).

Quantitative Reverse Transcription-PCR Analysis of
Representative Transcripts

To validate changes observed in microarray analy-
ses, primers covering 10 wheat and 13 rice transcripts
(Supplemental Table S2) were designed from within
probe sequences represented on the microarrays, and
quantitative reverse transcription (qRT)-PCR was
used to quantify representative transcripts involved
in ROS homeostasis. A total of 30 pairs of microarray
and qRT-PCR data were obtained for wheat. A com-
parison of the wheat qRT-PCR results with the corre-
sponding microarray data resulted in a correlation
coefficient of 0.94 with P = 8.3 X 10~ " (Fig. 4A). A total
of 33 pairs of microarray and gRT-PCR data were
obtained for rice. A comparison of the rice qRT-PCR
results with the corresponding microarray data re-
sulted in a correlation coefficient of 0.95 with P =
2.2 X 107 '® (Fig. 4B).

qRT-PCR results for two wheat transcripts encoding
class III peroxidases, CK198851 and CD373657, are
shown in Figure 4, C and D. The transcript levels
corresponding to CK198851 were the same as the
control in resistant plants 12 h after Hessian fly attack
began, peaked at 3.1-fold (P = 5.0 X 107°) above the
control at 24 h, and gradually returned to control levels
by 120 h (Fig. 4C). The same samples were used for the
microarray and qRT-PCR analyses, but the qRT-PCR
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Table Ill. Rice microarray changes in transcript abundance following Hessian fly larval attack
N Total Probe Abundance®
Gene Category b
Sets Increased Decreased
Potential ROS generating 179 26 1
NADPH-dependent oxidases 8 1 0
Alternative oxidases 6 0 0
Glycolate oxidases 2 0 0
Oxalate oxidases 2 0 0
Amine oxidases 21 1 0
Class Ill peroxidases 133 23 1
Phospholipases A2 6 0 0
Xanthine dehydrogenases 1 1 0
Potential ROS scavenging 141 7 14
Catalases 3 1 0
Superoxide dismutases 9 0 2
Glutathione reductases 3 0 0
Dehydroascorbate reductase 2 0 0
Peroxiredoxins and thioredoxins 58 0 8
Glutaredoxins 26 1 0
Ferredoxins 14 0 1
Ascorbate peroxidases 12 0 3
Glutathione peroxidases 4 2 0
Flavanone 3-hydroxylases 10 3 0

“Gene category based on probe set annotation.
“Transcript abundance level compared with levels in a nonattacked control plant at the

microarray.
12-h time point, cumulative for all time points.

PNumber of probe sets on the Rice GeneChip

fold changes were about two times higher than those
detected by the microarray, indicating that qRT-PCR
was more sensitive at detecting this message. In sus-
ceptible plants, the abundance of this transcript de-
creased over time from the same level as in the control
at 12 h to 9.0-fold (P = 8.6 X 10~°) below the control by
120 h after the initiation of attack (Fig. 4C). The tran-
script levels corresponding to CD373657 responded
quickly in resistant wheat plants (Fig. 4D), being
4.9-fold above control levels (P = 1.5 X 107°) 12 h after
attack, reaching a maximum of 18.6-fold (P = 5.2 X
1078 by 24 h, and returning to 2.3-fold (P =2.1 X 107%)
by 120 h. In susceptible plants, transcript levels were
similar to controls throughout the time course (Fig.
4D). Again, qRT-PCR data displayed larger fold
changes than were detectable on the microarray, but
the overall trends in transcript abundance were the
same for both qRT-PCR and microarray data sets
(Table II; Supplemental Table S1).

gRT-PCR results for the transcripts of two rice
class Il peroxidase genes, Os06g0547400 and
Os07g0677200, are shown in Figure 4E. qRT-PCR
detected a strong increase in the mRNA levels for
these two genes, which was also observed in our
microarray analysis (Table IV; Supplemental Table S1).
In addition, qRT-PCR detected a sustained, moderate
increase in the transcript of a rice NADPH-dependent
oxidase gene, Os01g0734200, whereas a sustained,
moderate decrease was detected in the transcript of a
rice thioredoxin gene, Os04g0676100 (Fig. 4F), which
were again in agreement with microarray data (Sup-
plemental Table S1).
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Hessian Fly-Induced Increase in Peroxidase
Enzymatic Activity

Since class III peroxidase transcripts were the only
group that increased commonly in both wheat and rice
seedlings during incompatible and nonhost interac-
tions, the enzymatic activity of peroxidases at the
attack site was assayed using a technique (see “Mate-
rials and Methods”) similar to that used to assay H,O,
(Fig. 5). No significant difference in peroxidase activity
was detected between control and attacked wheat
during compatible interactions (Fig. 5A, Newton).
However, a 2-fold increase was detected in attacked
plants during incompatible interactions with the re-
sistant H9 (Iris) and H13 (Molly) wheat (Fig. 5). Rice
seedlings were more sensitive to the assay, probably
because a higher basic level of peroxidases resulted in
brighter fluorescent images under the same conditions
(Fig. 5A, Rice). Quantification of fold changes between
control and attacked plants yielded similar results in
nonhost rice seedlings and wheat seedlings during
incompatible interactions (Fig. 5B).

DISCUSSION

In contrast to extensive evidence for a major role of
ROS in plant defense against pathogens (Lamb and
Dixon, 1997), evidence for a role of ROS in plant
defense against insects is still preliminary, sporadic,
and inconsistent (Giovanini et al., 2006; Moloi and van
der Westhuizen, 2006; Chen, 2008). In this research,
accumulation of ROS at the attack site in three isogenic
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Table IV. Changes in the abundance of transcripts potentially involved in ROS generation in rice

Includes transcripts from rice plants fulfilling the following criterion: significant fold change of P < 0.05
in nonhost interactions compared with a nonattacked control. NC, No change.

Fold Change®

Net Increase®

Rice Gene Identifier®

24 h 72 h 24 h 72 h
NADPH oxidase*
0Os01g0734200 2.1 1.4 1,175.6 427.5
Amine oxidase*
CB620528° 5.0 3.9 183.2 132.8
Xanthine dehydrogenase
0Os03g04729800 1.3 NC 403.2 0
Class Il peroxidase®
0Os07g0677200 21.5 6.0 1,246.4 304.6
0Os01g0326300 13.5 10.8 60.0 47.0
0Os06g0547400 4.3 2.5 853.3 381.5
Os12g0112000 8.8 5.3 2,622.9 1,456.9
0Os04g0688500 15.4 5.5 87.8 27.5
0Os04g0688200 6.7 3.9 292.4 148.8
Os01g0327400 3.2 3.1 3,263.0 3,114.7
Os01g0327100 2.4 3.8 321.6 643.2
0Os06g0681600 1.7 1.8 974.8 1,114.1
BI1812086° 1.5 1.3 20.3 12.2
0s02g0240100 1.9 NC 26.4 0
0Os01g0963000 4.0 NC 88.5 0
D14482¢ 3.5 NC 184.8 0
0s07g0676900 2.8 NC 217.2 0
0Os05g0135500 1.3 NC 1,203.3 0
0Os04g0688100 5.4 NC 14,263.9 0
0Os04g0688300 6.0 NC 3,611.5 0
0s07g0694300 2.7 NC 463.3 0
050380339400 1.9 NC 580.4 0
05050499400 1.7 NC 491.5 0
Os11g0210100 1.6 NC 2,743.6 0
Os05g0134400 1.3 NC 4,751.50 0

“Gene names corresponding to probe sequences on the RiceChip.
for the same probe sets in a nonattacked control plant at the 12-h time point.

PFold change is based on values
“Net increase in

relative fluorescence level is based on values for the same probe sets at the 12-h time point in non-
attacked control plants (SIC in Supplemental Table S1). Transcripts with the highest numbers are the most

abundant.

searches. ¢Gene is not named.

YBased on HarvEST and National Center for Biotechnology Information database

wheat lines, Newton, Iris, and Molly, and the rice line
Nipponbare was examined following Hessian fly in-
festation. Newton is the susceptible recurrent parent,
whereas Iris and Molly carry R genes H9 and H13,
respectively (Patterson et al., 1994). H9 and H13,
located on different chromosomes (Liu et al., 2005a,
2005b), are both major dominant genes that have a
gene-for-gene interaction with Hessian fly avirulence.
Rice is a nonhost of Hessian fly (Chen et al., 2009b). A
sustained accumulation of H,0O, was observed at the
attack site in Iris and Molly as well as in Nipponbare
but was not observed in Newton when attacked by
Hessian fly larvae, indicating that ROS is likely part of
a gene-for-gene defense in resistant wheat and non-
host defense in rice. It was impossible to determine
how much ROS was ingested by Hessian fly larvae or
the degree of toxicity, because of the inability to rear
the larvae on artificial diet. However, a toxicity assay
revealed that a small amount (LD50 < 0.05 ug mL ! or

992

1.7 um) of H,O, in an artificial diet could cause the
death of Drosophila larvae (Fig. 3). H,O, concentrations
in the incubation medium of plant cells undergoing an
oxidative burst can reach 10 to 100 um (Kauss and
Jeblick, 1996; Bolwell et al., 1998; Kiipper et al., 2001).
These observations suggest that ROS could have a
direct, detrimental effect on Hessian fly larvae. Con-
sistent with this possibility, transcripts for genes en-
coding a range of antioxidant enzymes became more
abundant in the guts of Hessian fly larvae that fed on
resistant plants (Mittapalli et al., 2007). ROS are likely
involved in plant defense against other galling insects,
because plant hypersensitive symptoms have been
observed during these interactions (Chen, 2008). In
addition to ROS, other likely defense chemicals re-
ported in the literature include lectins (Subramanyam
et al., 2006), inhibitors of digestive enzymes (Wu et al.,
2008), and secondary metabolites (Liu et al., 2007). A
combination of toxic defense chemicals accumulated
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Figure 4. qRT-PCR validation of microarray data.
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gRT-PCR quantification of the wheat class lII
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at the attack site is the likely cause for the death of
Hessian fly larvae within resistant plants. Hessian fly
larvae die in resistant and nonhost plants within 3to 5d
without apparent growth and development (Anderson
and Harris, 2006; Subramanyam et al., 2008; Chen
et al., 2009b).

Even though the search for the source of ROS
generation has been extensive, the mechanism respon-
sible for the rapid accumulation of ROS is still open to
question, and different plant-parasite systems may
follow different pathways (Mika et al., 2004). Because
de novo synthesis of proteins is needed to sustain the
accumulation of ROS following pathogen attack or
artificial elicitation (Lamb and Dixon, 1997; Grant and
Loake, 2000), the transcripts with increased abundance
specifically during incompatible interactions are can-
didates for ROS generation in resistant and nonhost
plants. From a global analysis of changes in the levels
of 129 unique wheat transcripts that are proposed to be
involved in ROS generation, two groups of transcripts,
one encoding oxalate oxidases and the other encoding
class III peroxidases, showed significant net increases
in wheat during incompatible interactions (Table II).
Therefore, oxalate oxidases and class III peroxidases
were potential sources for ROS production in attacked
resistant wheat. A similar analysis of 179 rice tran-
scripts potentially involved in ROS generation re-
vealed increases in a NADPH oxidase, an amine
oxidase, a xanthine dehydrogenase, and 26 class III
peroxidase transcripts (Table IV).
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Because both resistant wheat and nonhost rice
exhibited an increased accumulation of a large
number of class III peroxidase transcripts, this type
of peroxidase may play a major role in ROS generation
during attack by Hessian fly larvae. Enzymatic activity
of peroxidases was elevated at the attack site of rice
seedlings (Fig. 5). The increased peroxidase activity
was likely contributed by class III peroxidases; this
group of proteins is secretory, whereas other types of
peroxidases are located in different compartments
(Teixeira et al., 2006; Toppo et al., 2008). The increased
enzymatic peroxidase activity at the attack site could
provide the molecular basis for the enhanced genera-
tion of ROS. Class III (cell wall-associated) peroxidases
are secreted into the apoplastic space and have been
proposed as a producer of H,O, (Kawano, 2003; Mika
et al., 2004; Passardi et al., 2004b; Cosio and Dunand,
2009). The accumulation of H,O, in some plants was
cyanide sensitive and totally inhibited by the peroxi-
dase inhibitor azide (Bolwell et al., 1995). In French
bean cells, a transient alkalinization at the apoplastic
space induced by an elicitor can activate a class III
peroxidase, which can generate H,O, in the presence
of some reductants (Bolwell et al., 2002). When the
counterpart of the bean peroxidase was antisense
suppressed in Arabidopsis through transgenic plants,
the oxidative burst was diminished in response to
pathogens (Bindschedler et al., 2006). Similarly, when
the pepper (Capsicum annuum) peroxidase gene CaPO2
(class III) was silenced, the oxidative burst as well as
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Figure 5. Changes in peroxidase activity at the attack site. A, Repre-
sentative fluorescence images of leaf sheaths stained for peroxidase
enzymatic activity. B, Average relative fluorescence obtained from
three biological replicates. Materials and procedures were as described
in Figure 1.

disease resistance were compromised (Choi et al.,
2007). On the other hand, overexpression of the sweet
potato (Ipomoea batatas) peroxidase gene swpa4 re-
sulted in increased H,O, production and enhanced
stress tolerance in tobacco (Nicotiana tabacum; Kim
et al., 2008). Pairwise analysis revealed less than 45%
sequence identity among the French bean, pepper, and
sweet potato peroxidases (data not shown). Similar
sequence identity also exists between the Hessian fly-
induced wheat and rice peroxidases in comparison
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with the three H,O,-generating peroxidases from
French bean, pepper, and sweet potato (Supplemental
Fig. S1; data not shown). These lines of evidence
suggest that a diversity of class Il peroxidases may
be able to produce H,0O, under certain conditions and
that the Hessian fly-induced peroxidases may be re-
sponsible for elevated ROS production. It is also pos-
sible that some other types of unidentified genes
participated in ROS production in plants attacked by
Hessian fly larvae.

Consistent with the possibility that class III perox-
idases were responsible for Hessian fly-induced ROS
accumulation during incompatible and nonhost inter-
actions, a much greater magnitude of increase (3- to
4-fold; Fig. 1B) in apoplastic H,0, was observed in
comparison with the increase (30%—-40%; Fig. 2B) in
cytosolic H,O,. Since there was no increase in the
levels of transcripts of several genes known to be
involved in cytosolic H,O, production (Supplemental
Table S1), the small increase in cytosolic H,O, during
incompatible and nonhost interactions was likely due
to penetration of H,0, from apoplasm into cytosol.
H,O, can penetrate cell membrane through water
channels (Henzler and Steudle, 2000; Bienert et al.,
2006). Alternatively, the slightly higher image intensity
in resistant and nonhost plants could be due to a
higher background of autofluorescence caused by
other physiological factors such as a differences re-
lated to growth state (growth of resistant plants is
inhibited initially and then accelerates after defense to
compensate the initial growth deficit; Anderson and
Harris, 2006).

The genetic relationship between wheat and rice
genes that responded to Hessian fly attack was ana-
lyzed (Table V). Based on the first hit of BLASTx, 14
wheat transcripts that increased in abundance shared
sequence similarity with rice class III peroxidase genes
that also responded to Hessian fly attacks with in-
creased transcript abundance. These class III peroxi-
dase transcript levels increased in plants during both
incompatible and nonhost interactions, but their levels
were either not affected or decreased in plants during
compatible interactions. These are candidate genes
that may have participated in ROS generation in wheat
and rice during attack by Hessian fly larvae. The class III
peroxidase family consists of a large number of diver-
sified genes in each plant species (http://peroxibase.
toulouse.inra.fr/index.php). In rice, 138 class III per-
oxidase genes have been identified (Passardi et al.,
2004a). There are likely many more peroxidase genes
in wheat, since it has a much more complex genome.
In our analysis, only 83 class III peroxidase transcripts
were included. Therefore, it is almost certain that there
are other peroxidase genes that were affected by
Hessian fly attack but were not identified in our
analysis. In addition to the potential role in ROS
generation, class III peroxidases also perform critical
functions in lignification, signaling, and various other
processes (Cosio and Dunand, 2009). Enhanced cell
wall lignification can fortify physical barriers and
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Table V. Genetic relationship between class Il peroxidase sequences in wheat and rice

All wheat and rice sequences shown became more abundant in attacked resistant/nonhost seedlings
compared with nonattacked controls. Wheat sequences were either unaffected or decreased in abundance
in attacked susceptible seedlings compared with nonattacked controls.

Sequence Similarity”

Wheat First-Hit Rice Highest Fold Change®

Sequence" Sequence™” Identity E Value Wheat Rice
CK196925 0Os01g0963000 71% 2.00E-35 2.7 4.0
CK200808 0s04g0688100 60% 1.00E-06 12.1 5.4
BG606752 0Os04g0688100 70% 7.00E-26 10.9 5.4
CA685359 0Os04g0688100 33% 0.008 5.9 5.4
BJ284138 0Os04g0688100 46% 1.00E-20 2.3 5.4
CA723231 0s04g0688100 61% 2.00E-16 22 5.4
CK195044 0Os04g0688100 60% 6.00E-19 1.6 5.4
CD373657 0s04g0688200 75% 4.00E-65 3.4 6.7
CD373595 0Os04g0688200 66% 1.00E-54 1.5 6.7
CA627644 0s06g0681600 69% 5.00E-15 1.4 1.8
CA661280 0Os07g0677100 84% 1.00E-04 2.0 8.3
X85227 0s07g0677200 61% 4.00E-57 2.8 21.5
CA714005 0s07g0694300 74% 1.00E-08 1.4 2.8
CD373711 0Os12g0112000 80% 5.00E-36 1.6 8.8

?GenBank accession numbers corresponding to probe set sequences from the WheatChip or RiceChip.

PBased on BLAST analysis.

Fold change for wheat was calculated in comparison with nonattacked

control samples taken at the same time point, whereas fold change for rice was calculated in comparison
with nonattacked control samples taken at the 12-h time point.

increase indigestibility to attacking pests. Indeed, class
III peroxidases have been linked to host resistance to a
wide range of insects (Dowd and Lagrimini, 2006;
Garcia-Lara et al., 2007) and pathogens (Choi et al.,
2007; Johrde and Schweizer, 2008). It is possible that
different mechanisms are deployed against different
pests through activation of different class III peroxi-
dases. Further research remains to be carried out on
specific class III peroxidases and their biological im-
plications.

The role of ROS in plant defense against insects
other than Hessian fly remains to be determined. The
feeding behavior of many gall midges shares similar-
ity with plant pathogens, including a fixed feeding
site, a requirement of live host plants, and secretion of
effector proteins (Chen et al., 2004, 2008). A gene-for-
gene interaction is also common to many plant-gall
midge systems (Harris et al.,, 2003). Therefore, it is
quite likely that plants use common defense mecha-
nisms against gall midges and pathogens. ROS may
also play a role in plant defense against aphids (Moloi
and van der Westhuizen, 2006). Even though aphids
can migrate from location to location, they need to
invest major effort to establish a feeding site, including
secretion of sheath proteins and suppression of wound
responses (Miles, 1999). Consequently, aphids ingest
food from a single location for a relatively long period,
which provides the basis for the effectiveness of oxi-
dative burst-type defense. Chewing insects usually
exhibit greater mobility. The accumulation of ROS at
the previous feeding site is not useful if the insect has
migrated to another place. However, that does not
exclude the effectiveness of ROS on other insects
feeding nearby or the same insect when it returns.
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The NADPH-dependent oxidase pathway, which
is thought to be the main source for rapid generation
of ROS during an oxidative burst in plants upon
pathogen attack (Lamb and Dixon, 1997), was ap-
parently not involved in ROS generation in wheat
following Hessian fly attack. No increase was de-
tected in the levels of transcripts encoding NADPH-
dependent oxidases and superoxide dismutases in
resistant wheat (Supplemental Table S1; Giovanini
et al., 2006). One could argue that because the wheat
microarray does not contain sequences for the entire
transcriptome, one or more wheat NADPH-oxidase
genes may not have been characterized and therefore
were not included in the analysis. However, the rice
genome is fully sequenced, and all of the rice
NADPH oxidase genes were included in this study.
Among the eight rice NADPH oxidase-like genes,
only one showed increased transcript abundance
after Hessian fly attack. The wheat homolog of this
responsive rice gene was not affected by Hessian fly
attack (Giovanini et al., 2006). In addition, dipheny-
lene iodonium, an inhibitor of NADPH oxidases, did
not have any effect on wheat seedlings in terms of
their resistance to Hessian fly larvae (Giovanini et al.,
2006).

The situation in rice appears to be different from
that in wheat. As mentioned previously, levels of
transcripts for one of the eight rice NADPH oxidase
genes consistently increased after larval attack, as
determined by both microarray and qRT-PCR (Fig.
4F; Supplemental Table S1). The level of superoxide
increased 2- to 3-fold in Hessian fly-attacked rice,
whereas the content of superoxide showed no statis-
tically significant changes in resistant wheat attacked
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by Hessian fly larvae (Fig. 1C). These results indicated
that the rice NADPH-dependent oxidase may play a
role in the generation of O,".

In plant-pathogen interactions, the mRNA levels
increase for plant genes encoding ROS-scavenging
enzymes, and the higher levels of the encoded en-
zymes are thought to protect host cells from elevated
ROS during oxidative bursts (Levine et al., 1994). The
defense response was different during incompatible
wheat-Hessian fly interactions; the majority of scav-
enger genes were not affected. For those affected
genes, more transcripts decreased in abundance than
increased (Table I; Supplemental Table S1). During
compatible wheat-Hessian fly interactions, on the
other hand, more transcripts encoding scavenger en-
zymes increased in abundance. In fact, the majority of
the transcript levels examined was higher at the later
time points (Table I; Supplemental Table S1). During
nonhost rice-Hessian fly interactions, the levels of a
few transcripts increased or decreased, but the abun-
dance of the majority of the scavenger genes was not
affected (Table III; Supplemental Table S1). Clearly, the
situation is different between the plant-Hessian fly
interaction and plant-pathogen interactions in terms of
ROS-scavenger gene reactions. It is understandable
that increased levels of scavenging enzymes will re-
duce the content of ROS and, therefore, reduce ROS
toxicity to Hessian fly larvae during compatible inter-
actions. During incompatible and nonhost interac-
tions, the lack of increase in scavenger transcripts
may reflect the fact that the class III peroxidases were
secreted and, consequently, ROS species were pro-
duced extracellularly where there was no need to
protect subcellular organelles from oxidative damage.
Alternatively, the level of ROS accumulation during
incompatible and nonhost interactions may not have
been high enough to induce scavenger genes for
cellular protection. The later possibility is unlikely,
because Hessian fly attacks do induce hypersensitive
lesion-like symptoms in a few wheat lines that contain
R genes (Grover, 1995) and in rice (X.M. Liu and M.-S.
Chen, unpublished data). The decrease in scavenger
transcript abundance may also play a role in the
increased accumulation of ROS by slowing down the
degradation of ROS.

In conclusion, the wheat incompatible interaction
and the nonhost response of rice share many char-
acteristics and use similar genes in defense against
Hessian fly, with some minor differences. Class III
peroxidase genes appeared to be active in both types
of defense. But NADPH oxidase transcript and su-
peroxide levels increased only in rice, suggesting
that the oxidative burst is a component of nonhost
defense in the rice-Hessian fly interaction. Both de-
fense responses against Hessian fly differed from
pathogen defense in that ROS scavenger gene tran-
scripts did not increase in abundance. In contrast,
virulent Hessian fly larvae manipulated wheat de-
fense genes to minimize the negative effects on their
development.
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MATERIALS AND METHODS
Hessian Fly Populations

Two Hessian fly (Mayetiola destructor) populations were used in this study:
a Kansas population and biotype L. Biotype L was derived from a colony
collected in Posey County, Indiana, in 1986 (Sosa and Gallun, 1973). The
majority of the Kansas population is biotype GP, but it also contains insects
virulent to several known wheat (Triticum aestivum) R genes (Chen et al.,
2009a). Both biotype L and the Kansas population are virulent to Newton but
avirulent to wheat lines Iris and Molly and to rice (Oryza sativa).

Plant Materials and Sample Collection

Three near-isogenic wheat lines, Iris (H9; resistant to biotype L; incompat-
ible interaction), Molly (H13; resistant to biotype L; incompatible interaction),
and Newton (susceptible to biotype L; compatible interaction), were planted
in groups of 15 seeds per 4-inch pot containing Promix Professional growing
medium (Premier Horticulture). Plants were maintained in a growth chamber
at 18°C and a 24-h photoperiod with light intensity of 1,000 umol m 2 s™".
Seedlings at the one-leaf stage were infested with five mated female biotype L
flies to achieve an infestation level of approximately 18 larvae per plant. The
experiment consisted of three independent biological replicates. Each repli-
cate included time series tissue samples from resistant, susceptible, and
nonattacked control plants. Samples were harvested 12 h as well as 1, 2, 3, 5,
and 8 d after egg hatch. For microarray experiments, four time point samples
were used (1, 3, 5, and 8 d after egg hatch). For qRT-PCR, five time point
samples were used (12 h plus 1, 2, 3, and 5 d after egg hatch). Each sample
included crown tissue (a 2-cm piece above the root-shoot junction) from leaf 2,
harvested from 32 to 40 plants. Harvested tissue was immediately frozen in
liquid nitrogen.

Rice line Nipponbare, from which the rice genome was sequenced, was
used in this study as a nonhost. Rice seeds were provided by the Dale
Bumpers National Rice Research Center at Stuttgart, Arkansas. Rice seedlings
were germinated in petri dishes at 37°C. After germination, seeds with young
plants were transplanted to soil in individual pots and grown in a growth
chamber set at 30°C (day)/28°C (night) with a 14-h/10-h (light/dark) pho-
toperiod until plants reached the 2.5-leaf stage (when the third leaf begins to
emerge from the whorl). Because the first leaf of rice is very small, the 2.5-leaf
stage of rice seedlings is essentially equivalent to the 1.5-leaf stage of wheat
seedlings. Rice seedlings were infested with one female per plant, which is
three times the level for wheat infestation. The increased number of females
was necessary to achieve an infestation level similar to wheat, since larvae
enter the whorl of rice plants with a lower success rate. The rice plants were
maintained in a growth chamber set at 20°C * 1°C (day) and 18°C = 1°C
(night) with a 14-h/10-h (light/dark) photoperiod. Sample collection was as
described in wheat except that crown tissue from the third leaf was collected.

Determination of Relative H,0, Concentration

Two different approaches were adapted to determine apoplastic and
cytosolic H,0,. An uptake assay was conducted to determine the relative
concentration of apoplastic H,0, using the Amplex Red Hydrogen Peroxide/
Peroxidase Assay Kit (Molecular Probes/Invitrogen). In this assay, apoplastic
H,0, reacts with the chemical 10-acetyl-3,7-dihydroxyphenoxazine to pro-
duce the red-fluorescent oxidation product resorufin in a 1:1 stoichiometry in
the presence of saturated horseradish peroxidase. Therefore, an increase in
fluorescence in attacked plants in comparison with nonattacked plants gives
an estimation of changes in the relative levels of apoplastic H,O,. Fresh leaf
sheaths (approximately 1.5 cm length) at the attack site of infested plants
(defined for wheat and rice above) were collected at 12, 24, 48, and 72 h after
the initial Hessian fly attack. The corresponding leaf sheaths of nonattacked
plants were taken as controls. For each assay, four leaf sheaths were placed
together on a microscope slide. The leaf sheaths were then soaked in 500 uL of
the Amplex Red reagent containing horseradish peroxidase for 30 min with
protection from light. Luminescence emission signals (images) were detected
and captured with a liquid nitrogen-cooled CCD camera coupled to the
microscope and an ST-133 Controller (Princeton Instruments; Zhang et al.,
2007). The relative content of H,O, was calculated with Winview Imaging
software (Roper Scientific). Each treatment was repeated three times.

A penetration assay was conducted to determine the relative concentration
of cytosolic H,0, using the Image-iT Live Green ROS Detection Kit (Molecular
Probes/Invitrogen; Yoshiyuki et al., 2001). In this assay, the chemical 5-(and-
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6)-carboxy-2',7'-dichlorodihydrofluorescin diacetate is nonfluorescent and
can permeate live cells. After penetrating into a cell, 2,7'-dichlorodihydro-
fluorescin diacetate is converted by intracellular esterases to an impermeable
chemical called carboxy-dichlorodihydrofluorescein, which is further oxi-
dized by H,0,. The oxidized carboxy-dichlorodihydrofluorescein emits green
fluorescence at 529 nm. Thin epidermal tissues were obtained with a razor
blade from leaf sheaths at the feeding site where larvae were located. The
tissues were washed five times with Hank’s balanced salt buffer solution
(Gibco 14025-092) to remove enzymes and other cellular components from
broken cells and then stained following the protocol provided by the manu-
facturer. The stained tissues were examined with a fluorescent microscope
(Zeiss Axioplan-2; 10 X 63) equipped with the appropriate filter set. Images
were acquired with a digital camera under the same settings, and the
luminosity of fluorescence emission was analyzed using Adobe Photoshop 6.0.

Determination of Enzymatic Activity of Peroxidases

The enzymatic activity of peroxidases was determined following the same
procedure as the determination of H,0O, except that the Amplex Red reagent
contained 2 mm H,0, instead of horseradish peroxidase.

Determination of Superoxide

O,” was determined with a LumiMax Superoxide Anion Detection Kit
(Stratagene) following the protocol provided by the manufacturer. The pro-
cedure is essentially the same as the determination of H,O, described
previously except that the leaf sheaths were soaked in a superoxide anion
assay reagent for 60 min before image development.

Toxicity Assay

A Drosophila melanogaster colony was kindly provided by Dr. Yoonseong
Park at the Department of Entomology, Kansas State University. The colony
was maintained in Jazz-mix Drosophila medium (AS-153; Fisher). To synchro-
nize larvae for the bioassay, about 200 adult flies were transported into a
polyethylene rearing bottle (57 mm long X 57 mm wide; AS-359; Fisher) with
fresh medium for egg deposition for 16 h. The adults were then removed from
the bottle, and the eggs were incubated at room temperature. After 24 h, the
medium was dissolved into a 15% Suc solution. Under this condition, larval
insects floated whereas the residue of food sank to the bottom. The larvae were
washed twice by transferring into a new bottle containing fresh Suc solution,
each time using a P1000 pipet tip. For toxicity assay, individual larvae were
transferred by pipet tip into a 1.5-mL microfuge tube that contained fresh
Drosophila medium. Excess Suc solution transferred along with the larva was
absorbed and removed with a paper tissue. Different concentrations of H,O,
(0.001, 0.005, 0.01, 0.05, 0.1, 0.2, and 0.3 ug mL™") were incorporated into the
medium within a tube before the larval transfer. The mortality rate was
determined after 1 week, when the larvae had either died or pupated. Ten
larvae were tested for each H,O, concentration for each replicate. Each test
was repeated three times. Ten larvae were reared in medium containing no
H,0, at the same time for each replicate and were used as controls.

Microarray Hybridization and Analysis

The GeneChip Wheat Genome Array (Affymetrix) was used for wheat
microarray studies. RNA was isolated from frozen tissue with TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. Generation of copy
RNA, fluorescent labeling, hybridization, scanning, and quantification of
hybridized Affymetrix wheat arrays was performed according to the Affy-
metrix GeneChip Expression Analysis Technical Manual at the Purdue
University Genomics Core Facility.

Normalization of the microarray data was achieved using the Robust
Multichip Average method (Irizarry et al., 2003; Gautier et al., 2004). The raw P
values for simple comparisons were calculated in the computer language R
(http:/ /www.R-project.org) and analyzed using ANOVA in the Bioconductor
package Limma (Smyth, 2005).

With treatment (infested or uninfested) as the factor, a linear model was
fitted for each combination of plant type, time point, and probe set. An
empirical Bayes approach was used to moderate ¢ statistics. The raw P values
were adjusted for multiple testing to control the false discovery rate (Benjamini
and Hochberg, 1995). False discovery rate = 0.05 was set as the cutoff for
statistical significance. Reported mRNA fold changes were calculated by
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comparing mRNA abundance levels for each infested treatment sample with
the mRNA abundance in nonattacked control samples at the same time point.

Probe sets annotating to genes involved in generating and scavenging ROS
were initially selected according to Affymetrix (http:/ /www.affymetrix.com/
index.affx) and then confirmed through HarvEST software (http://harvest.
ucredu; Wheat 1 Array, version 1.53) and/or the National Center for Bio-
technology Information BLAST software (http://blast.ncbinlm.nih.gov/
Blast.cgi).

The Affymetrix GeneChip Rice Genome Array was used for rice gene
expression studies. Hybridization and bioinformatics analysis were carried
out following the same procedures as described for wheat. However, all
experiments with rice were conducted in the Integrated Genomics Facility at
Kansas State University. Rice samples for microarray analyses were collected
at 12, 24, 48, and 72 h after initial Hessian fly attack. Data from infested
samples were normalized using the same nonattacked control collected at 12 h.

qRT-PCR Analysis

DNase-treated RNA was the template for cONA synthesis using random
hexamers with the Tetro cDNA synthesis kit (Bioline) according to the
manufacturer’s guidelines. Samples were then treated with RNase H (Invi-
trogen). cDNA was quantified on a Nanodrop ND-1000 (NanoDrop Technol-
ogies) spectrophotometer, and samples were diluted to 15 ng uL ' to ensure
equal amounts of cDNA template for quantification of mRNA abundance.

qRT-PCR for selected wheat genes was conducted on an ABI PRISM Fast
7500 Sequence Detector at the Purdue University campus with the SYBR
Green I dye-based detection system (Applied Biosystems) as described
previously (Subramanyam et al.,, 2006) with slight modifications; a final
reaction volume of 10 uL was subjected to PCR using the following param-
eters: 95°C for 10 min, then 40 cycles of 95°C for 3 s and 60°C for 30 s. A total of
10 representative Affymetrix target sequences exhibiting statistically signifi-
cant fold changes were selected for analysis. Target-specific primers (Supple-
mental Table S2) were designed using Primer Express Software version 1.5
(Applied Biosystems). mRNA abundance of the gene encoding 60S ribosomal
protein L21 (RPL21) was used as an endogenous control in qRT-PCR.

Quantification of mRNA levels detected by qRT-PCR was based on the
Relative Standard Curve method (User Bulletin 2; ABI). Statistical significance
for the log-transformed arbitrary expression values (Puthoff et al., 2005) was
analyzed by ANOVA using the PROCMIXED procedure of SAS (SAS Institute
SAS/STAT User’s Guide, version 9.13). The ANOVA model included treat-
ment, time points, and their interaction. Data from three biological replicates
(each replicate assayed two times in independent qRT-PCR experiments) were
combined and included as a random effect in the analysis. Fold change
calculations were performed by comparing mRNA abundance of selected
genes in infested plants with mRNA abundance levels for the same genes in
nonattacked control samples that were collected simultaneously at the same
time points as the infested samples. Fold change was considered statistically
significant if the P value was <0.05.

qRT-PCR for selected rice genes was performed at the Kansas State
University campus with iQ SYBR Green Supermix on an iCycler real-time
detection system (Bio-Rad Laboratories) according to the manufacturer’s
instructions. PCR primers and gene targets are listed in Supplemental Table
52. PCR programs and data analysis were conducted as described by Maddur
et al. (2006).

Statistical Analysis

Data for H,0,, O,”, and peroxidase activity were modeled using ANOVA
with plant type and time point as two factors. Differences were highly
significant for the effect of the host-over-time interaction, with P = 9.9 X 1071
for H,0,, 8.7 X 10~ for O,”, and 2.3 X 107 for peroxidase activity. Tukey’s
pairwise comparisons based on Student’s range statistics were then con-
ducted. Tukey’s 95% simultaneous confidence intervals for all pairwise com-
parisons were used to separate hosts at different times into groups with
significant differences.

Spearman’s rank correlations between gRT-PCR results and the corre-
sponding microarray data were calculated to compare the consistency of the
results.

Toxicity of H,O, to Drosophila larvae was analyzed using logistic regression.
The numbers of dead larvae were modeled using binomial distribution. The
log odds of the probability of dead versus live were fitted as a linear function of
the H,O, concentrations. Differences among replicates for each concentration
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were insignificant (P = 0.468), whereas differences among treatments with
different concentrations were highly significant (P = 2.5 X 10~°). Accordingly,
data from replicates with the same concentration were pooled to fit a final
logistic model. The concentration effects remained highly significant, with
P <2 X 107", The percentage of death at each concentration and their lower
and upper confidence limits were calculated from the fitted logistic model.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Sequence alignment of class III peroxidases from
different types of plants.

Supplemental Table S1. Microarray data of transcripts involved in ROS
homeostasis.

Supplemental Table S2. Gene-specific qRT-PCR primers.
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