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Evidence is accumulating that insect-specific plant responses are mediated by constituents in the oral secretions and
regurgitants (R) of herbivores, however the relative importance of the different potentially active constituents remains
unclear. Fatty acid-amino acid conjugates (FACs) are found in the R of many insect herbivores and have been shown to be
necessary and sufficient to elicit a set of herbivore-specific responses when the native tobacco plant Nicotiana attenuata is
attacked by the tobacco hornworm, Manduca sexta. Attack by this specialist herbivore results in a large transcriptional
reorganization in N. attenuata, and 161 genes have been cloned from previous cDNA differential display-polymerase chain
reaction and subtractive hybridization with magnetic beads analysis. cDNAs of these genes, in addition to those of 73 new
R-responsive genes identified by cDNA-amplified fragment-length polymorphism display of R-elicited plants, were spotted
on polyepoxide coated glass slides to create microarrays highly enriched in Manduca spp.- and R-induced genes. With these
microarrays, we compare transcriptional responses in N. attenuata treated with R from the two most damaging lepidopteran
herbivores of this plant in nature, M. sexta and Manduca quinquemaculata, which have very similar FAC compositions in their
R, and with the two most abundant FACs in Manduca spp. R. More than 68% of the genes up- and down-regulated by M.
sexta R were similarly regulated by M. quinquemaculata R. A majority of genes up-regulated (64%) and down-regulated (49%)
by M. sexta R were similarly regulated by treatment with the two FACs. In contrast, few genes showed similar transcriptional
changes after H2O2- and R-treatment. These results demonstrate that the two most abundant FACs in Manduca spp. R can
account for the majority of Manduca spp.-induced alterations of the wound response of N. attenuata.

When herbivores attack plants, they cause wound-
ing, but the response of a plant to herbivore attack
cannot, in many cases, be mimicked by mechanical
wounding (Baldwin, 1988; Baldwin et al., 2001;
Kessler and Baldwin, 2002). Several different types of
elicitors in the oral secretions and regurgitant (R) of
herbivorous insects have been reported to alter the
wound response of a plant. For example, a
�-glucosidase in the R of Pieris brassica larvae elicits
the release of volatile organic compounds that func-
tion as indirect defenses (Mattiacci et al., 1995). A
second enzymatic elicitor found in the salivary
glands of Helicoverpa zea larvae was identified as Glc
oxidase (GOX; Musser et al., 2002). GOX activity was
shown to inhibit wound-induced nicotine accumula-
tion and induced resistance in tobacco (Nicotiana taba-
cum) and is thought to function by the production of

H2O2 at the wound site. N-(17-Hydroxylinolenoyl)-
l-Gln (volicitin), identified in R of Spodoptera exigua
larvae (Alborn et al., 1997, 2000; Turlings et al., 2000),
was the first fatty acid-amino acid conjugate (FAC)
that showed biological activity in inducing volatile
emissions in corn (Zea mays) plants. Subsequently,
several FACs have been identified in R of other her-
bivorous insect larvae (Pohnert et al., 1999; Turlings
et al., 2000; Halitschke et al., 2001).

As demonstrated in other papers in this series,
attack by Manduca sexta larvae elicits a suite of direct
and indirect defense responses in its native host plant
Nicotiana attenuata. These induced defense responses
are accompanied by a large-scale transcriptional re-
organization (Hermsmeier et al., 2001; Schittko et al.,
2001; Winz and Baldwin, 2001; Hui et al., 2003). Many
of the defensive and transcriptional responses elic-
ited by Manduca spp. attack can be mimicked by
applying Manduca spp. R to mechanically produced
puncture wounds (McCloud and Baldwin, 1997; Ha-
litschke et al., 2000; Kahl et al., 2000; Schittko et al.,
2001, 2000; Winz and Baldwin, 2001), and FACs in
Manduca spp. R have been shown to be necessary and
sufficient to elicit the release of terpenoid volatiles,
an endogenous jasmonic acid burst, and changes in
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transcript accumulation of six herbivore-responsive
genes in N. attenuata (Halitschke et al., 2001). Because
herbivores transfer a bewildering array of potential
elicitors to the plant during feeding and plants re-
spond to herbivore attack with a bewildering array of
responses, we provide a quantitative analysis of the
proportion of transcriptional changes elicited by R
from different Manduca spp. and two different con-
stituents of R, namely: FACs and H2O2.

To conduct this analysis, we created a microarray
enriched in M. sexta- and R-induced N. attenuata
genes. Companion papers in this series using cDNA
differential display (DDRT)-PCR and subtractive hy-
bridization with magnetic beads (SHMB) techniques
to identify differentially expressed genes in N. attenu-
ata by comparing mRNA from M. sexta-attacked
plants with that from developmentally synchronized
unattacked control plants (Hermsmeier et al., 2001;
Hui et al., 2003) did not discriminate between
herbivore-specific and wound-induced transcript ac-
cumulations. The expression of a subset of the iden-
tified genes was shown to be specifically regulated
by constituents of M. sexta R (Schittko et al., 2001). In
this study, we compared the mRNA of plants me-
chanically wounded and had their wounds treated
with either water or with M. sexta R with a cDNA-
amplified fragment-length polymorphism (cDNA-
AFLP; Bachem et al., 1998) analysis to identify addi-
tional genes exhibiting R-specific patterns of
expression. We spotted PCR fragments of the newly
identified differentials together with previously char-
acterized N. attenuata expressed sequence tags and
genes derived from DDRT-PCR, SHMB, and cDNA-
AFLP display of Manduca spp.-attacked plants
(Hermsmeier et al., 2001; Hui et al., 2003) on polyep-
oxide coated glass slides to create a cDNA microar-
ray containing 241 genes.

The larvae of two Manduca spp. (M. sexta and
Manduca quinquemaculata) have been responsible for
the majority of leaf area lost from N. attenuata plants
to insect herbivores in the past 15 years of field
observations in Utah (I.T. Baldwin, unpublished
data). To determine the relevance of FACs in orga-
nizing the transcriptional response of a plant, we first
compared the transcriptional response of N. attenuata
to R from these two species. Although FACs are a
minor constituent of R, the two species have very
similar FAC compositions (Halitschke et al., 2001),
and if the transcriptional responses are not similar,
we could infer that FACs play a minor role in deter-
mining herbivore-specific responses. After finding
that more than 68% of the genes are similarly regu-
lated by the R of the two Manduca spp., we analyzed
the contribution of the two most abundant FACs in
Manduca spp. R, N-linolenoyl-l-Gln and N-linolenoyl-
l-Glu at concentrations equivalent to that found in R.
We find that these two minor constituents of R ac-
count for 56% of the R-specific transcript accumula-
tion. Furthermore, we examined the role of H2O2, a

product of GOX activity, in the elicitation of
R-elicited transcripts and find only 18% of the genes
elicited by GOX treatment responded similarly to
treatment with larval R, whereas a majority (42%)
showed opposite changes in transcript accumulation.
These results underscore the importance of FACs in
determining N. attenuata’s “recognition” of Manduca
spp. attack.

RESULTS

cDNA-AFLP Analysis

We amplified the EcoRI/MseI cDNA fragments by
PCR after subtractive hybridization, and we identi-
fied, isolated, and sequenced fragments of 73 genes,
of which 22 had similarity to known genes in the
databases (Table I). The microarray analysis of plants
elicited by a single treatment of R to wounds (Fig.
1A) confirmed the differential expression of 53% of
the 73 genes derived from the cDNA-AFLP analysis,
but this may be an underestimation because the
cDNA-AFLP analysis was conducted on mRNA from
plants elicited multiple times, whereas in the mi-
croarray analysis, plants were only elicited by a sin-
gle treatment. All sequences, with one exception, had
not been identified in previous display analyses of
Manduca spp.-attacked N. attenuata plants and con-
firm the pattern that a substantial proportion of the
transcriptome of a plant is altered during attack.
Comments on a selection of these genes follow.

DH54 provided a 438-bp fragment of the N. attenu-
ata �-dioxygenase (�-DOX), which catalyzes the
�-oxidation of fatty acids to hydroperoxy fatty acids
and may be involved in signal generation (Sanz et al.,
1998; Hamberg et al., 1999). �-DOX had been previ-
ously cloned twice by DDRT-PCR (Hermsmeier et al.,
2001; Voelckel and Baldwin, 2003) with arbitrary
primer R1, and a full-length sequence was isolated by
a cDNA library screen (Hermsmeier et al., 2001).
DH45 had sequence similarity to TSC40-4 from N.
tabacum, a 60S ribosomal protein L34, which is known
to be wound-induced (Gao et al., 1994). DH02, DH24,
DH48, and DH57 had similarity to N. tabacum chlo-
roplast genome DNA (Shinozaki et al., 1986). DH49
had similarity to a potato mRNA for a Ser/Gly hy-
droxymethyltransferase (Kopriva and Bauwe, 1995),
which catalyzes the interconversion of Ser and Gly
and is a component of the photorespiratory pathway,
which recycles carbon and nitrogen lost from the
Calvin cycle by the oxygenation of ribulose 1,5-
bisphosphate. DH19 had similarity to a N. plumbag-
inifolia (P.C. LaRosa and A.C. Smigocki, unpublished
data) and a tomato (Giritch et al., 1998) metal-
lothionein-like protein. Some type 2 metallothioneins
are thought to function as potent metal chelators, but
others play roles in different cell death pathways,
including senescence and the hypersensitive re-
sponse after pathogen attack (Butt et al., 1998). DH60
had similarity to tomato PTO-responsive protein
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(rg1) mRNA (R.L. Thilmony and G.B. Martin, unpub-
lished data) and again implicates pathogen recogni-
tion after herbivore attack. Prior work with DDRT-
PCR of N. attenuata plants attacked by M. sexta larvae
provided clone, RC144, which has similarity to a
putative tomato pto gene (Hui et al., 2003). DH44 had
similarity to a P. kitakamiensis PAL gene. PAL repre-
sents the keystone enzyme in synthesis of phenolics.
Several phenolic compounds are induced in N. at-
tenuata by feeding of M. sexta larvae (Keinanen et al.,
2001; Roda et al., 2003). DH58 had similarity with a
timothy grass mRNA for putative protein translation
factor (R. Suck, S. Hagen, O. Cromwell, and H.
Fiebig, unpublished data). DH63 had similarity with
a petunia mRNA for triose phosphate isomerase
(Bennissan and Weiss, 1995), which catalyzes the in-
terconversion of dihydroxyacetone phosphate and
d-glyceraldehyde 3-phosphate and plays an impor-
tant role in gluconeogenesis, fatty acid biosynthesis,
pentosephosphate pathway, and photosynthetic car-
bon fixation. In petunia corollas, this gene is induced
by gibberellins, and its expression is highly corre-
lated with respiration (Bennissan and Weiss, 1995).
DH47 had similarity to a pea mRNA for chloroplast
outer membrane pore protein (Pohlmeyer et al.,
1997), which may mediate the transport of Gln and
Glu to and from the choloroplast and thereby regulate
the export of reduced nitrogen. DH32 had similarity to
a N. sylvestris ATPase mitochondrial �-subunit, a fam-
ily that is known to be stress responsive (Lalanne et
al., 1998). DH51 had similarity with a potato mRNA
for a low-temperature and salt-responsive protein (E.
Nakane, H. Yoshioka, K. Kawakita, and N. Doke,
unpublished data).

Quantitative Analyses

Prior analysis of R found the FAC profiles from the
two Manduca spp. to be very similar (Halitschke et
al., 2001). To determine the relevance of FACs in
R-specific responses, we compared the responses to
M. sexta R with those to M. quinquemaculata R. We
spotted the fragments isolated by cDNA-AFLP to-
gether with PCR fragments of previously identified
genes (Hermsmeier et al., 2001; Hui et al., 2003) to
create a microarray highly enriched in N. attenuata
genes with Manduca spp.-responsive expression.

To examine the suitability of the microarray for this
analysis, we compared the expression ratios (ERs) of
a set of genes (Thr deaminase, light-harvesting com-
plex protein, �-DOX, and unknowns pDH68.1 and
pDH39.1) that had been extensively characterized with
northern-blot analyses in previous studies using similar
experimental treatments (Halitschke et al., 2001; Schit-
tko et al., 2001). All of the previously identified pat-
terns of R- and FAC-elicited transcript regulation of
these “control genes,” namely the up-regulation (�-
DOX) or down-regulation (Thr deaminase, light-
harvesting complex protein, pDH68.1, and pDH39.1)
that M. sexta R-treatment alters in the wound response
of N. attenuata were confirmed with the microarray,
despite experimental differences in timing of harvests
and treatment applications between the studies.

The microarray analysis revealed M. sexta-specific
changes in expression levels of 134 (56%) of the 241
genes spotted on the array (ERs can be found in
Supplementary Table II, which can be viewed at
www.plantphysiol.org). The transcripts of 67 genes
showed significant up-regulation, whereas 78 genes

Table I. Sequence similarities (BLAST query) of N. attenuata cDNAs derived by cDNA-AFLP analysis of mRNA from plants that were
wounded and immediately treated with water or treated with M. sexta oral secretions and regurgitants

Clone Accession No. Sequence Similarity E Value

DH02 CA591820 N. tabacum chloroplast genome DNA (Z00044) 4e-68
DH05 CA591823 Tomato (Lycopersicon esculentum) Hsc70 gene (L41253) 6e-24
DH17 CA591835 Tomato ripening-regulated protein DDTFR10 (AF204787) 5e-33
DH19 CA591837 Nicotiana plumbaginifolia metallothionein-like protein (U35225) 5e-59
DH23 CA591841 N. tabacum Rubisco SSU pseudogene (M32420) 2e-10
DH24 CA591842 N. tabacum chloroplast genome DNA (Z00044) 4e-77
DH25 CA591843 N. tabacum mRNA C-7 (X64399) e-133
DH31 CA591849 Tomato unknown mRNA (AF261140) 3e-29
DH32 CA591850 Nicotiana sylvestris ATPase �-subunit nsatp2.20.1 (U96498) 3e-91
DH40 CA591858 N. tabacum mRNA C-7 (X64399) 2e-93
DH43 CA591861 Sunflower (Helianthus annuus) NADPH thioredoxin reductase (L36129) 2e-31
DH44 CA591862 Popolus kitakamiensis gene for Phe ammonia-lyase (PAL; D43802) 2e-17
DH45 CA591863 N. tabacum (TSC40–4) 60S ribosomal protein L34 (L27107) e-134
DH47 CA591865 Pea (Pisum sativum) pore protein (Z73553) 5e-19
DH48 CA591866 N. tabacum chloroplast genome DNA (Z00044) e-117
DH49 CA591867 Potato (Solanum tuberosum) Ser/Gly hydroxymethyltransferase (Z25863) e-107
DH51 CA591869 Potato StLTSR low-temperature and salt-responsive protein (AB061265) 3e-15
DH54 CA591872 N. attenuata pathogen-inducible �-dioxygenase (AF229926) 0.0
DH57 CA591875 N. tabacum chloroplast genome DNA (Z00044) e-107
DH58 CA591876 Timothy grass (Phleum pratense) putative protein translation factor SUI (AJ249397) 1e-35
DH60 CA591878 Tomato Pto-responsive gene (Prg1) (AF146690) 5e-59
DH63 CA591881 Petunia (Petunia hybrida) triosephosphate isomerase (X83227) 3e-29
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showed significant down-regulation at either of the
two times (1 or 10 h) after elicitation (Fig. 1B, left
panel). The majority (81%) of the transcripts were
regulated at 1 h after elicitation and a minority (19%)
at 10 h. Therefore elicitation by M. sexta R is a rapidly
induced and rapidly waning response. This response
was largely mimicked by elicitation by R of M. quin-
quemaculata (Fig. 1A). Forty-two (63%) up-regulated
genes and 52 (67%) down-regulated genes showed
the same transcriptional regulation with a similar
kinetic after treatment with M. quinquemaculata R
(Fig. 1B, right panel). Additionally, two of the up-
regulated genes and three of the down-regulated
genes showed the same directional regulation but
with a different kinetic (data not shown). In sum-
mary, even though FACs compose only a minor frac-
tion of the R of the two Manduca spp., which could
differ in other unmeasured potential elicitors, the
similarity of the response of the plant suggested that
FACs were of fundamental importance.

To directly determine the elicitor activity of FACs,
we applied the two most abundant FACs in the R of

both Manduca spp. and compared the response of the
plant to that elicited by M. sexta R. Because purified
FACs are not water-soluble, the two compounds
were dissolved in water containing trace quantities of
Triton detergent. To control for potential Triton-
mediated effects, the array was hybridized against a
cDNA derived from mRNA extracted from plants
wounded and treated with only the Triton-
containing solution. Because the M. sexta R was di-
luted in water, this array was hybridized against
cDNA derived from mRNA extracted from plants
wounded and treated with water. Elicitation by the
two FACs was remarkably similar to the elicitation
by M. sexta R (Fig. 2A). Thirty-four (51%) of the
up-regulated genes and 33 (42%) of the down-
regulated genes after application of M. sexta R
showed the same transcriptional regulation with a
similar kinetic after treatment with the FACs at spit-
comparable concentration (Fig. 2B, right panel). Addi-
tionally, nine of the up-regulated genes and five of the
down-regulated genes showed the same regulation
but with a different kinetic (data not shown). In sum-

Figure 1. A, Correlation between ERs of 250 N.
attenuata genes 1 and 10 h after application of
M. sexta or M. quinquemaculata oral secretions
and regurgitant (R) to mechanically produced
puncture wounds in fully expanded N. attenuata
leaves. Each gene is represented by two data
points corresponding to the mean ER of four
replicate spots of the two probes for each gene
(see “Materials and Methods”). Each array was
hybridized with Cy3- or Cy5-labeled cDNA
generated from plants that were wounded and
immediately treated with either water (Cy5) or
Manduca spp. R (Cy3). Expression limits used to
define either up- and down-regulated expres-
sion are depicted as gray lines. B, Number of
genes exhibiting significantly altered, up-
regulated (š) or down-regulated (™), expression
at either 1 or 10 h after application of R of M.
sexta larvae (left panel) and expression patterns
(š, ™, or not regulated) of these genes in re-
sponse to application of R of M. quinquemacu-
lata (right panel) at the same analysis time. For
example, 67 genes were up-regulated by M.
sexta R treatment, of which 42 are also up-
regulated, one was down-regulated, and 23
genes were not regulated by M. quinquemacu-
lata R treatment at the same analysis time.
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mary, despite the obvious differences between R and
Triton matrices, N-linolenoyl-l-Gln and N-linolenoyl-
l-Glu at concentrations found in R were sufficient to
elicit a majority of the plant’s complicated Manduca
spp.-specific transcriptional response.

GOX-derived H2O2 has been implicated in the dif-
ferential regulation of tobacco defense responses
(Musser et al., 2002), and we elicited plants with
GOX-derived H2O2 and determined the similarity to
M. sexta R-elicited responses. Note that we identified
genes elicited by the GOX treatment and compared
these with genes elicited by R treatment. Both mi-
croarrays include the appropriate controls (wound �
buffer or water controls) and are therefore normal-
ized for the respective wound response for their
treatment. H2O2 treatment up-regulated 37 (15%) and
down-regulated 41 (17%) transcripts of the 241 genes
spotted on the microarray within 2 h (Fig. 3, left
panel). Only three (8%) of the up-regulated and eight
(20%) of the down-regulated genes showed compa-
rable changes in transcript accumulation 1 h after
treatment with M. sexta R (Fig. 3, right panel). We

conclude that GOX-derived H2O2 plays only a minor
role in elicitation of Manduca spp.-specific plant
responses.

Qualitative Analyses

A complete listing of the mean (� se) ERs of all
spotted genes can be found in Supplementary Table
II. The observed expression patterns elicited by R-
and FAC-treatments reflect a basic shift in plant me-
tabolism in response to herbivore attack. Overall,
genes coding for photosynthetic enzymes (small sub-
unit of Rubisco, light-harvesting complex protein)
were down-regulated by all treatments including the
application of GOX-derived H2O2. The exception to
this trend was seen with photosystem II (PSII) O2-
evolving complex, which was up-regulated at 1 h by
Manduca spp. R, but down-regulated by FACs and
H2O2. Two additional subunits of PSII, similar to Nt-
PII10 and a spinach (Spinacia oleracea) PSII polypep-
tide, were down-regulated by Manduca spp. R and
FACs but not by H2O2. Furthermore, a majority of

Figure 2. A, Correlation between ERs of 250 N.
attenuata genes 1 and 10 h after application of
M. sexta oral secretions and regurgitant (R) or a
mixture of the two most abundant FACs of
Manduca spp. R dissolved in a Triton-containing
solution at concentrations equivalent to that of R
to mechanically produced puncture wounds in
fully expanded N. attenuata leaves. Each gene is
represented by two data points corresponding to
the mean ER of four replicate spots of the two
probes for each gene (see “Materials and Meth-
ods”). The arrays were hybridized with Cy3- or
Cy5-labeled cDNA generated from plants
treated with water (Cy5) or M. sexta spp. R (Cy3)
and a Triton control (Cy5) or FAC solution (Cy3),
respectively. Expression limits defining up- and
down-regulated expression are depicted as gray
lines. B, Number of genes exhibiting signifi-
cantly altered (up-regulated [š] or down-
regulated [™]) expression either 1 or 10 h after
application of R of M. sexta larvae (left panel)
and expression patterns (š, ™, or not regulated)
of these genes in response to application of
FACs (right panel) at the same analysis time.
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these photosynthesis-related genes retained their
patterns of regulation 10 h after elicitation.

Genes coding for enzymes of the oxylipin-signaling
cascade (13-lipoxygenase [LOX]; allene oxide syn-
thase [AOS]; hydroperoxide lyase [HPL]) were
strongly up-regulated by Manduca spp. R and FAC
treatments. Surprisingly, these genes were down-
regulated in response to H2O2 treatment. Further-
more, a gene coding for a germin homolog, an en-
zyme involved in production of endogenous H2O2,
was up-regulated in response to the H2O2 treatment
but down-regulated by Manduca spp. R.

The same expression pattern observed for genes of
the oxylipin-signaling cascade, namely up-regulation
by Manduca spp. R and FACs but down-regulation by
H2O2, was found in transcripts coding for WRKY tran-
scription factors, a luminal binding protein, a Glu
synthase, and an ATPase �-subunit. A set of genes
involved in herbivore-induced activation of secondary
metabolism, 3-hydroxy-3-methylglutaryl-coenzyme A
reductase, �-DOX, and NADPH thioredoxin reduc-
tase, was up-regulated by R and FAC but did not
respond to H2O2.

Similarly, the majority of genes down-regulated by
Manduca spp. R and FACs was either down-regulated
by (histone H3, major intrinsic protein MIP2, and
metallothionein-like proteins) or not responsive to
(GAL83 and Ser carboxypeptidase) H2O2 treatment.
In addition to these genes, for which the R-induced
regulation could be attributed to FACs in the
Manduca spp. R, some genes showed R-induced ac-
cumulation that could be elicited by neither FACs
nor H2O2. Thr deaminase, a C-7 mRNA, membrane
channel protein, protein translation factor sui1, PTO-
responsive gene 1, RNA polymerase II, and triose-
phosphate isomerase were down-regulated by
Manduca spp. R but not by FACs and H2O2. Genes
up-regulated by Manduca spp. R, but not by FACs or
H2O2 code for Mg protopophyrin IX chelatase, thia-
zole, and Gly/Ser hydroxymethyltransferase.

DISCUSSION

By comparing the transcriptome of N. attenuata
plants elicited by either wounding alone or wound-
ing plus the addition of M. sexta R to the wounds, we
identified fragments of 73 genes (Table I). The list of
genes identified by this cDNA-AFLP display analysis
contained only one previously identified gene from
prior analyses: �-DOX (Hermsmeier et al., 2001). The
lack of overlap is consistent with earlier predictions
of a large herbivore-induced transcriptome (Herms-
meier et al., 2001; Hui et al., 2003; Voelckel and
Baldwin, 2003). Moreover, the microarray proved to
be an efficient tool for the verification of differential
gene expression, and when combined with various
display procedures, it provides a powerful means of
analyzing ecological questions in non-model systems
without the attendant bioinformatics overload.

We investigated the eliciting mechanism of the
transcriptional reorganization in N. attenuata by an-
alyzing two characterized types of elicitors identified
in larval R, GOX enzyme activity (Musser et al.,
2002), and FACs (Alborn et al., 1997; Turlings et al.,
2000; Halitschke et al., 2001). A large proportion of
the specific alteration in transcript accumulation
could be attributed to the activity of FACs in
Manduca spp. R. Treatment of N. attenuata with R of
two closely related herbivore species, M. sexta and M.
quinquemaculata, which had similar FACs profile (Ha-
litschke et al., 2001), induced similar expression pat-
terns (Fig. 1). Treatment of wounds with only two of
the eight FACs found in Manduca spp. R, elicited
more than 55% of the response (Fig. 2). The total
influence of FACs in the herbivore-induced tran-
scriptional reorganization is likely underestimated in
our study, because the applied FACs represent only a
limited portion of the total FAC bouquet of R (Ha-
litschke et al., 2001). Furthermore, the synthetic FACs
were applied in a chemical environment differing (in
pH, matrix constituents, etc.) from that found in nat-
ural R collected from larvae. The large number of
coregulated genes in response to Manduca spp. R and
FACs points to the existence of an unknown trans-
activating factor in N. attenuata that responds to
FACs and organizes the transcriptional response of
the plant. The identification of the putative Manduca
spp.-recognition element would represent a major
milestone in understanding plant-insect interactions.

Changes in transcript accumulation elicited by
GOX-produced H2O2 do not correlate with R-induced
responses (Fig. 3). The majority of genes elicited by
H2O2 treatment had the opposite patterns of regula-
tion as was elicited by Manduca spp. R and FAC treat-
ments, suggesting the activation of different signaling
cascades. Therefore, a signaling cascade suggested
for activation of defense genes in tomato, involving
H2O2 downstream of octadecanoid and systemin sig-
naling (Orozco-Cardenas et al., 2001) is unlikely to
mediate the activation of Manduca spp.-specific de-
fense responses in N. attenuata.

Figure 3. Number of N. attenuata genes exhibiting significantly al-
tered expression 2 h after fully expanded N. attenuata leaves were
infused with a solution of Glc and GOX to produce H2O2 in situ (left
panel), and expression pattern of these genes 1 h (right panel) after
application of R of M. sexta larvae.
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MATERIALS AND METHODS

Plant Growth

Nicotiana attenuata Torr. Ex W. (seven times inbred line of seeds collected
from the DI ranch, Santa Clara, UT) seeds were germinated in smoke-treated
soil and plants were grown in individual 1-L hydroponic chambers as
previously described (Hermsmeier et al., 2001). After 10 to 14 d of growth in
1-L hydroponic chambers, plants received additional 7 mg of N as KNO3

and were randomly assigned to treatment groups 24 h before starting
treatments. All plants were grown in a growth room under the following
conditions: 28°C/16 h light, 25°C/8 h dark, and 800 to 1,000 �mol m�2 s�1

PAR at plant height from high-pressure sodium lamps.

Treatments

To simulate herbivore damage, the second fully expanded leaf of rosette
stage N. attenuata plants was treated in all experiments. For plants used in
the cDNA-AFLP analysis, one row of puncture wounds was created on each
leaf half with a pattern wheel (Dritz, Spartanburg, SC), and 5 �L of either
deionized water or a 1:10 (v:v) dilution of M. sexta oral secretion and
regurgitant (R) was applied to the fresh wounds. The treatment was re-
peated two times at 20-min intervals to create a total of three rows of
puncture wounds on each leaf half. The treated leaf of 15 individual plants
was harvested 20 min after the final treatment and pooled together for RNA
extraction.

For the microarray analysis, the second fully expanded leaf of 10 indi-
vidual rosette stage N. attenuata plants was wounded by creating three rows
of puncture wounds on each leaf half as described for the cDNA-AFLP
treatment, and 20 �L of the different treatment solutions was applied to the
fresh wounds. Treatment solutions were the following: deionized water, 1:1
(v:v) dilutions of R collected from 3rd to 4th instar M. sexta and M. quin-
quemaculata larvae, or a synthetic mixture of the two most abundant FACs in
Manduca spp. R, N-linolenoyl-l-Gln and N-linolenoyl-l-Glu (Halitschke et
al., 2001). The FACs were dissolved at R-equivalent concentrations in an
aqueous solution of 0.005% (w/v) Triton X-100 (Fluka, Buchs, Switzerland)
and diluted 1:1 (v:v) with deionized water before the treatment. To control
for possible Triton effects, we applied a 0.0025% (w/v) Triton solution to
wounds as a control. The treated leaves from 10 replicate plants were
harvested at 1 and 10 h after the treatment and flash frozen in liquid
nitrogen.

To generate H2O2 in situ, GOX and Glc solutions were injected into
unwounded leaves (Orozco-Cardenas et al., 2001). Glc (25 mm) and GOX
(from Aspergillus niger; 50 units mL�1) were introduced to the leaf in
phosphate buffer P (20 mm sodium phosphate, pH 6.5) by pressing a 1-mL
syringe onto the leaf surface and twice injecting 200 �L. Control plants
received 2� 200-�L injections of buffer P without enzyme and Glc. The
treated leaf of 10 individually treated plants in the rosette stage of growth
was harvested and flash frozen in liquid nitrogen. Pooled samples were
stored at �80°C until RNA extraction.

cDNA-AFLP

RNA was extracted as described by Hermsmeier et al. (2001) and mRNA
isolated from 100 �g of total RNA using magnetic beads (Hui et al., 2003).
RNA from R-treated plants was used as the tester sample, whereas RNA
from wounded and water-treated plants was used as the driver. First strand
was synthesized with SuperScript II RNase H� reverse transcriptase (In-
vitrogen, Groningen, The Netherlands), and the second strand synthesized
with DNA Pol I (NEB, Beverly, MA) and dsDNA blunt-ended with T4 DNA
polymerase (NEB). The blunt-ended DNA was extracted with phenol/
chloroform, precipitated, and processed following the procedures of Bachem
et al. (1998), with the modification that EcoRI/MseI restriction enzymes were
used. The adaptors were created by annealing the following primer pairs:
5�-CTAACAAGATCTACTCTAGGGCCTCGTAGACTGCGTACC-3� and 3�-
CATCTGACGCATGGTTAA-5� for EcoRI; 5�-CTAACAAGATCTACTCTA-
GGGCGACGATGAGTCCTGAG-3� and 3�-TACTCAGGACTCAT-5� for MseI.
Samples were double digested with EcoRI/MseI (NEB) and used according to
ligation, hybridization, and amplification procedures described by Bachem et
al. (1998). The PCR fragments amplified with EcoRI/MseI adaptor-specific
primers (5�-CTCGTAGACTGCGTACCAATT-3� and 5�-GACGATGAGTC-
CTGAGTAA-3�) were cloned into pCR2.1-TOPO vector (Invitrogen) and se-

quenced on a ABI Prism 377 XL DNA sequencer with the Big Dye terminator
kit (PE-Applied Biosystems, Weiterstadt, Germany), and analyzed with the
Lasergene software package (DNASTAR, Madison WI).

Fabrication of cDNA Microarray

The cDNAs cloned in the pCR2.1-TOPO and pUC18 vectors (Hermsmeier
et al., 2001; Hui et al., 2003) were PCR amplified using the following primers
derived from vector sequences close to the insert: TOP9-22 (5�-CTAGTA-
ACGGCCGCCAGTGTGC-3); TOP10-24 (5�-CGCCAGTGTGATGGATA-
TCTGCAG-3�); SMA1-19 (5�-GAATTCGAGCTCGGTACCC-3�); SMA4-23
(5�-CAGGTCGACTCTAGAGGATCCCC-3�); SMA3-22 (5�-TACGAATTC-
GAGCTCGGTACCC-3�); and SMA2-20 (5�-GTCGACTCTAGAGGATCCCC-
3�). For pCR2.1-TOPO, TOP10-24 and TOP9-22 were used. For pUC18,
primer pairs SMA3-22 and SMA2-20 and SMA1-19, and SMA4-23 were
used. The N. attenuata control gene PCR products to be spotted onto the chip
were synthesized as follows (primer sequences and templates were de-
scribed previously [Hui et al., 2003]): pi, hpl, pmt1, aos, xet, and wrky with
primers ASV5-21, ASV6-22, templates pNATPI1, pNATHPL1, pNATPMT1,
pNATAOS1, pNATXET1, and pNATTFN1, respectively; 3� region of lox
with primers LOX4-22, ASV6-22, and template pNATLOX1; and 5� region of
lox with primers ASV5-21, LOX3-21, and template pNATLOX1. For each
cDNA, two PCR fragments, with 5�-Aminolink C6 modification (Sigma-
ARK, Darmstadt, Germany) on either strand, were synthesized. Even num-
bered fragments (Table I) carry the Aminolink modification at primers
TOP9-22, SMA4-23, or ASV6-22, whereas odd numbered fragments carry
the modification at primers TOP10-24, SMA3-22, or ASV5-21. PCR products
were purified by a PCR purification kit (QIAquick, Qiagen, Hilden, Ger-
many) following the manufacturer’s instructions. Agarose gel electrophore-
sis was performed to confirm the purity and to determine the concentration
of the amplified products. Commercially available epoxy-coated slides
(Quantifoil Micro Tools GmbH, Jena, Germany) were used. Before spotting,
all of the cDNA samples were purified through a micron-MultiScreen-PCR
(Millipore, Bedford, MA) and concentrated to approximately 0.3 to 0.6 �g
�L�1 in 1� QMT Spotting Solution I (Quantifoil Micro Tools GmbH). All
cDNA samples, including the seven well-characterized Manduca spp.-
induced genes as controls, were commercially spotted four times by Quan-
tifoil Micro Tools GmbH according to their procedure on the slides using a
robot equipped with six printing tips (Biorobotics MicroGrid II Microar-
rayer, Genemachine, Apogent Discoveries, Hudson, NH). Hence each gene
was represented on the microarray by two independent PCR fragments that,
in turn, were spotted in quadruplicate. A complete list of identities and
positions of spotted PCR products on the microarray can be found at
www.plantphysiol.org. After processing, sample slides were hybridized
with 9-mer random primers 5�-labeled with Cy3 and Cy5, respectively, to
examine qualitative and quantitative characteristics of the microarrays.

Microarray Hybridization and Quantification

Pooled leaf samples were ground under liquid nitrogen, and total RNA
was extracted as described by Winz and Baldwin (2001). To exclude the
unspecific wound response, we hybridized cDNA probes derived from
plants that received the same mechanical damage but different treatment
solutions. The R-, FAC-, and H2O2- treated samples served as treatment
(Cy3) and the water- and Triton-treated samples, respectively, were labeled
and hybridized as controls (Cy5).

Poly(A�) RNAs were isolated from 400 �g of total RNA with Dynabeads
Oligo(dT)25 (Dynal Biotech, Oslo) and used for reverse transcription. To
synthesize the first strand, 2 �g of poly(A�) RNAs was mixed with 4 �g of
random hexamer oligonucleotide and 2 �g of oligonucleotide (dT)21 in 15.5
�L and incubated at 65°C for 10 min. Subsequently, 0.6 �L of 50� 5-(3-
aminoallyl)-2�-dUTP sodium salt/dNTPs (42.5 �L of each 100 mm dATP,
dGTP, and dCTP; 25.5 �L of 100 mm dTTP; 17 �L of 100 mm 5-(3-
aminoallyl)-2�-dUTP sodium salt (Sigma); 6 �L of 5� first-strand buffer
(Invitrogen); 3 �L of dithiothreitol (0.1 m); 1.9 �L of SuperScript II RNase
H� reverse transcriptase (Invitrogen); and 3 �L of water were added to a
volume of 30 �L and incubated at 42°C for 2 h. cDNA/mRNA hybrids were
hydrolyzed with 10 �L of NaOH (1 n) and 10 �L of EDTA (0.5 m) and
incubated at 65°C for 15 min, followed by neutralization with 25 �L of 1 m
Tris, pH 7.4.
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The cDNA mixtures were cleaned with a Microcon 30 concentrator
(YM-30, Millipore) and dried in a vacuum concentrator (Eppendorf, Ham-
burg, Germany). The pellets of both induced and control sample were
resuspended in 9 �L of NaHCO3 buffer (0.5 m, pH 9.0), added to the dried
aliquot of monofunctional N-hydroxysuccinimide-ester Cy3 dye and to Cy5
dye (Amersham Biosciences, Little Chalfont, UK), respectively, for labeling
at room temperature in darkness. After 1.5 h, the Cy3 and Cy5 reactions
were quenched with 4.5 �L of hydroxylamine (4 m). After purification with
QIAquick PCR purification kit (Qiagen), concentration and labeling effi-
ciency of the purified cDNA was checked spectrophotometrically, and
samples were dried in a vacuum concentrator (Eppendorf).

The probe solution was prepared by resuspending the dried pellets in 3
�L of water, mixing them, and adding 20 �L of polyadenylic acid (Sigma)
and 2.5 �g of yeast tRNA (Sigma). After heating at 95°C for 2 min, 90 �L of
Quantifoil Hybridization buffer was added. The probe solution was placed
onto the chip prepared according to the Quantifoil protocol. Hybridization
was carried out for 16 h in a wet hybridization chamber at 55°C. After
hybridization, the slides were immediately washed at room temperature,
initially with a solution of 2� SSC and 0.2% (w/v) SDS for 10 min, and then
with 2� SSC and 0.2� SSC solutions for 10 min each, before being dried in
a 3.5-bar nitrogen stream.

An array scanner (428, Affymetrix, Inc., Santa Clara, CA) was used to
scan the hybridized microarrays with sequential scanning for Cy5- and then
for Cy3-labeled cDNA at a maximum resolution of 10 �m pixel�1 with a
16-bit depth. The images were evaluated using the program AIDA Image
Analyzer (Raytest Isotopenmessgräte GmbH, Straubenhardt, Germany).
Each image was overlaid with a grid to assess the signal strength for both
dyes from each spot. The background correction was calculated with the
“non spot” mode of the AIDA software package.

To calculate a microarray-specific normalization factor, the measured
Cy5 and Cy3 fluorescence intensities were ranked independently, and after
discarding of the 12.5% maximum and minimum values, the remaining 75%
of the values were summed. The array-specific normalization factor was
obtained by dividing the calculated sum of Cy3 values by those of the Cy5
values. This procedure excludes the confounding effects of massively down-
and up-regulated transcripts (the 12.5% at either end of the distribution)
from the normalization procedure. The ratios of normalized fluorescence
values for Cy3 and Cy5 of each individual spot (ER) and the mean of the
four replicate spots for each cDNA (two for each gene � ER1, ER2) were
calculated. Subsequently, log-transformed ERs with a hypothetical mean of
0, corresponding to an ER of 1, were subjected to an untailed t test (P �
0.05). A transcript was defined as being differentially regulated if both of the
following criteria were fulfilled: (a) Both individual ERs (ER1 and ER2) were
equal to or exceeded the arbitrary thresholds for differential expression (0.75
and 1.25) representing 25% down- and up-regulation, respectively; and (b)
both individual ERs were significantly different from 1 as evaluated by
t-tests to control for ER-variance and ER-sample size.

The use of statistically rigorous criteria to evaluate the within-array
variance allowed us to use lower thresholds with this polyepoxide microar-
ray in comparison with the poly-Lys microarray used in the companion
paper (Hui et al., 2003). In addition, the analysis of within-array variance
provides valuable information about the quality of the mRNA used in the
hybridization and the effects of microarray age (M. Held, K. Gase, and I.T.
Baldwin, unpublished data). Moreover, an ER calculated as a mean of
replicate ERs (rather than a single value) allows one to use lower arbitrary
thresholds with greater confidence.

To evaluate these criteria, we hybridized two arrays with the same two
cDNA pools (R. Halitschke and I.T. Baldwin, unpublished data) and found that
210 of 241 genes (84%) had the same regulation identified by the criteria
described above. Of the 41 genes that did not show consistent regulation in the
two repeat hybridizations, 24 had the same direction in mean ER, but did not
meet the statistical requirements for a significant change. A complete list of all
signal ratios (� se) can be found in Supplementary Table II.
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