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Plants respond to herbivore attack with a dramatic functional reorganization that involves the activation of direct and
indirect defenses and tolerance, which in turn make large demands on primary metabolism. Here we provide the first
characterization of the transcriptional reorganization that occurs after insect attack in a model plant-herbivore system:
Nicotiana attenuata Torr. ex Wats.-Manduca sexta. We used mRNA differential display to characterize one-twentieth of the
insect-responsive transcriptome of N. attenuata and verified differential expression for 27 cDNAs. Northern analyses were
used to study the effects of folivory and exposure to airborne methyl jasmonate and for kinetic analyses throughout a 16-h-
light/8-h-dark cycle. Sequence similarity searches allowed putative functions to be assigned to 15 transcripts. Genes were
related to photosynthesis, electron transport, cytoskeleton, carbon and nitrogen metabolism, signaling, and a group
responding to stress, wounding, or invasion of pathogens. Overall, transcripts involved in photosynthesis were strongly
down-regulated, whereas those responding to stress, wounding, and pathogens and involved in shifting carbon and
nitrogen to defense were strongly up-regulated. The majority of transcripts responded similarly to airborne methyl
jasmonate and folivory, and had tissue- and diurnal-specific patterns of expression. Transcripts encoding Thr deaminase
(TD) and a putative retrotransposon were absent in control plants, but were strongly induced after herbivory. Full-length
sequences were obtained for TD and the pathogen-inducible a-dioxygenase, PIOX. Effects of abiotic and biotic stimuli were

investigated for transcripts encoding TD, importin «, PIOX, and a GAL83-like kinase cofactor.

Progress in the molecular biological understanding
of plant defense responses against pathogens is con-
siderable and a detailed biochemical and genetic un-
derstanding of the signal cascades mediating local, as
well as systemic responses is rapidly unfolding (for
review, see Baker et al., 1997; Hammond-Kosack and
Jones, 1997; Somssich and Hahlbrock, 1998). In con-
trast, our understanding of the molecular mecha-
nisms of plant-insect interactions is in its infancy.
With the exception of two notable advances, namely
the characterization of the first herbivore-specific
elicitors (Alborn et al., 1997; Pohnert et al., 1999) and
the demonstration of the central role of the octade-
canoid pathway for resistance in three plant-insect
systems (Howe et al., 1996; McConn et al., 1997;
Baldwin, 1998), knowledge about the molecular basis
of herbivore resistance is only beginning to emerge
(Korth and Dixon, 1997; Stotz et al., 1999; Reymond et
al., 2000; Ryan, 2000).
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Overlap in the signaling pathways regulating
pathogen- and insect-plant interactions has been re-
ported (for review, see Hammerschmidt and Schultz,
1996, Reymond and Farmer, 1998) and should be
expected. Herbivores force their way past a plant’s
protective barriers with a diverse array of feeding
apparatuses and in doing so, cause wounds that can
be opportunistically used as points of entry for mi-
crobes. Moreover, many plant-herbivore associations
require a microbial partner (Berenbaum, 1988) and
plant resistance traits against herbivores may target
the microbial fauna, as well as the herbivores. Some
herbivores (e.g. aphids) vector pathogenic organisms
during feeding (Carter, 1973), which should select for
defense responses that do not distinguish between
microbes and herbivores.

The interaction between the specialist lepidopteran
herbivore Manduca sexta and its natural host Nicotiana
attenuata has the essential elements of a model system
for plant-herbivore interactions: strong induced re-
sistance (Baldwin, 1998; van Dam et al., 2000) medi-
ated by rapidly activated direct (nicotine: Baldwin,
1999) and indirect (volatile emission: Halitschke et
al., 2000, 2001; Kahl et al., 2000) defenses that are
activated by products of the octadecanoid cascade
(for review, see Baldwin and Preston, 1999). In nature
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N. attenuata is attacked by a suite of specialist and
generalist herbivores (Baldwin and Ohnmeiss, 1993)
and the feeding damage of one of these herbivores,
namely M. sexta, is “recognized” by the plant, as
evidenced by an endogenous jasmonic acid (JA) burst
(McCloud and Baldwin, 1997). Attack by these lar-
vae, or simply the addition of their oral secretions to
mechanical wounds, results in an apparent change in
defensive strategies: it switches from deploying a
direct defense (nicotine induction) to a putative in-
direct defense (volatile emission; Kahl et al., 2000).
This switching is mediated by yet another herbivore-
specific hormonal response: an ethylene burst (Kahl
et al., 2000). Moreover, the JA-induced resistance in
this species comes at a substantial fitness costs (Bald-
win, 1998), which in turn results from decreased
intra-specific competitive ability (van Dam and Bald-
win, 1998). In short, this model system exhibits a rich
suite of phenotypic responses that are known to be
important for plant-herbivore interactions.

Here we present the first installment of the molec-
ular characterization of the N. attenuata-M. sexta in-
teraction in analyzing one-twentieth of the insect-
responsive transcriptome of N. attenuata by mRNA
differential display (DDRT-PCR). By applying the
DDRT-PCR methodology to hydroponically culti-
vated host plants continuously attacked by larvae for
24 h, we were able to simultaneously detect up- and
down-regulated mRNAs, early and late responses,
local and systemic responses, as well as shoot- and
root-specific responses. Given the importance of the
octadecanoid cascade in resistance in this species
(Baldwin, 1998), and the role of methyl jasmonate
(MeJA) in intra- and inter-plant signaling (Farmer
and Ryan, 1990; Karban et al., 2000), we additionally
examined the effects of airborne MeJA on mRNA
accumulation. Our analysis provides the first
glimpse into the large transcriptional changes that
occur in N. attenuata after herbivore attack. We con-
sider the similarities between the responses to patho-
gens and herbivores and the metabolic reorganization
demanded by these defense responses.

RESULTS

We used DDRT-PCR to monitor changes in tran-
script accumulation in plants of N. attenuata exposed
to folivory by first-instar larvae of M. sexta. With the
goal of characterizing local and systemic responses,
we pooled equal amounts of RNA extracted from
shoots and roots for reverse transcription. Hydro-
ponic culture provided standardized shoot tissue, as
well as root tissue devoid of soil contamination. The
expression window of the DDRT-PCR analysis pre-
sented here was defined by the combination of a
single arbitrary primer R1 (selected from a complete
set of 20 primers) with a complete set of 10 anchor
primers and represents about one-twentieth of the
insect-responsive transcriptome of N. attenuata
(Bauer et al., 1993).
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A total of 79 cDNA fragments exhibited differential
expression on the display gel. All of the cDNAs were
re-amplified by PCR, subcloned, and sequenced in
sets of three to five per transformation. The analysis
of 320 single-sequence runs allowed us to assign
the 79 cDNAs to 53 contigs, revealing that several
cDNAs had been multiply primed. Of the 53 individ-
ual sequences, 49 transcripts were detectable on
northern blots. Herbivore-induced changes in tran-
script accumulation were verified for 27 cDNAs (Ta-
ble I). Clone pDH64.4, encoding 185 rRNA, was not
differential, but was added, since it served to stan-
dardize RNA blots. Sequence similarity searches al-
lowed us to assign presumptive functions to 15 of the
27 differentially accumulating cDNAs. According to
their functions, the genes can be divided into seven
groups related to photosynthesis, electron transport,
cytoskeleton, carbon metabolism, nitrogen metabo-
lism, signaling, and a group of genes responding to
stress, wounding, or invasion of pathogens.

The photosynthesis-related clones pDH61.1,
pDH64.7, and pDH69.3 encode the LHB C1 subunit
of the peripheral light-harvesting antenna (LHC II) of
photosystem II (Schwartz et al., 1991), the small sub-
unit (RBC S) of Rubisco (Pinck et al., 1984), and the
subunit CHL H of the Mg protoporphyrin IX che-
latase (Kruse et al., 1997), respectively. The Mg che-
latase catalyzes the committed step in chlorophyll
biosynthesis by inserting Mg®* into protoporphyrin
IX, thereby directing tetrapyrrols to the chlorophyll
rather than the heme pathway (for review, see
Grimm, 1998). Clone pDH11.1 encodes a protein with
homology to the FixO protein of Bradyrhizobium ja-
ponicum and is therefore likely to possess a cyto-
chrome c-type function relating the gene to the respi-
ratory electron transport chain (Preisig et al., 1993). A
cytoskeletal compound is represented by pDH9.4,
which is similar to B-tubulin of the fungus Glomus
coronatum (M. Stommel and P. Franken, unpublished
data). Carbon metabolism is represented by pDH14.2
encoding biosynthetic Thr deaminase (TD), which
catalyzes the committed step in iso-Leu biosynthesis
by converting Thr to 2-ketobutyrate (Samach et al.,
1991). As indicated by the similarity to the Arabidop-
sis ferredoxin-dependent Glu synthase (Fd-GOGAT;
Lin et al., 1999), the gene product encoded by
pDHS55.2 is involved in nitrogen metabolism. Signal-
ing, sensu lato, is represented by pDH40.1 and
pDH63.5, which share similarities with importin « of
tomato (T. Kunik, L. Mizrachy, V. Citovsky, and Y.
Gafni, unpublished data) and the potato kinase cofac-
tor StubGALS3 (Lakatos et al., 1999), respectively.

Responses to stress, wounding, or pathogens are
found in a group of genes encoded by cDNAs with
similarity to the wound-inducible Sn-1 gene from bell
pepper (pDH6.1; Pozueta-Romero et al.,, 1995), the
dehydration-responsive protein RD22 from Arabidop-
sis (pDH19.3; Yamaguchi-Shinozaki and Shinozaki,
1993), a potato germin (pDH20.2; Campbell et al.,
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Table I. Summary of pDH clones containing cDNA inserts isolated by DDRT-PCR

The length of the inserts is given in base pairs excluding the 3'-poly(A) stretch. In addition, anchor primers used in combination with the single
random primer R1 for DDRT-PCR and the GenBank accession nos. are listed. Sequence similarities and expectation (E) values obtained from
BLAST searches correspond with the highest scoring matches with nucleotide or protein sequences found in the GenBank or The Arabidopsis
Information Resource databases. Accession nos. of the heterologous sequences are given in parentheses.

BLAST Results

Anchor GenBank
Clone Length . .
Primer Accession No. Sequence similarity E value
bp

pDHe6.1 210 Al AW191805 Bell pepper Sn-1 gene (X79230) 2% 1072

pDH9.4 645 Al AW191806 G. coronatum B-tubulin (AAF08229) 6 X 1082

pDH9.8 618 Al AW191807 No similarities found -

pDH10.4 582 Al AW191808 Caenorhabditis elegans cosmid F54B3 7 X107
(Z48583)

pDH10.7 571 Al AW191809 Arabidopsis unknown protein 4x10772
(AAC14534)

pDH11.1 711 A2 AW191810 B. japonicum FixO protein homolog 7 X 107%
(B47468)

pDH14.2 289 A2 AW191811 Tomato threonine deaminase gene 6x10°°
(M61915)

pDH19.3 485 A2 AW191812 Arabidopsis dehydration-induced pro- 2 x 10722
tein RD22 (Q08298)

pDH20.2 273 A3 AW191813 Potato germin-like protein mRNA 9x 107"
(AF067731)

pDH21.4 347 A3 AW191814 No similarities found -

pDH23.5 252 A3 AW191815 Human chromosome 4 clone 5% 1073
B366024 (AC004067)

pDH25.4 172 A3 AW191816 Rice protein similar to retrotransposon 6Xx107°
RIRET (BAA88170)

pDH30.4 163 A3 AW191817 No similarities found -

pDH31.5 123 A3 AW191818 No similarities found -

pDH39.1 672 A4 AW191819 Tomato cDNA clone cLEB8F13 1x1071%
(Al483151)

pDH40.1 615 A4 AW191820 Tomato importin a-subunit (022478) 7 X 10°°

pDH41.6 433 A5 AW191821 Tobacco mRNA for pathogen-induced 1x 10713
oxygenase (AJ007630)

pDH46.4 289 Ab AW191822 Tobacco blp5 mRNA for luminal- 4x107°3
binding protein BiP (X60058)

pDH48.4 604 Ab AW191823 Tomato cDNA clone cLER17A21 1 %107
(A1775929)

pDH55.2 164 Ab AW191824 Arabidopsis ferredoxin-dependent glu- 4x107"
tamate synthase GLU2 (AAC78549)

pDH55.7 163 Ab AW191825 Wild tobacco unknown gene up- 5X 10748
stream of cnx5 (AF124162)

pDH61.1 270 A7 AW191826 Tomato /hbCT1 gene for LHCII type llI 8 x107%
(X60275)

pDH63.5 374 A8 AW191827 Potato mRNA for GAL83 protein 8 X 1078
(AJ012215)

pDH64.4 74 A8 AW191828 Tetrameles nudiflora 18S ribosomal 2x 1072
RNA gene (U41502)

pDH64.7 566 A8 AW191829 Nicotiana sylvestris mRNA for the 1 x 101
small subunit of Rubisco (X01722)

pDH68.1 152 A9 AW191830 No similarities found -

pDH69.3 162 A9 AW191831 Tobacco Mg protoporphyrin IX che- 8 x 1078
latase (CHL H) mRNA (AF014052)

pDH73.2 276 A10 AW191832 No similarities found -

1998), a rice retrotransposon (pDH25.4; T. Sasaki, T.
Matsumoto, and K. Yamamoto, unpublished data),
the pathogen-inducible oxygenase PIOX from to-
bacco (pDH41.6; Sanz et al., 1998), and a luminal-
binding protein (BiP) from tobacco (pDH46.4; De-
necke et al., 1991).
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Northern analyses were conducted to determine the
effects of folivory and exposure to airborne MeJA,
respectively, on transcript accumulation in shoots and
roots compared with untreated control plants (Fig. 1).
Herbivore attack increased the accumulation of 16
transcripts: 12 in shoots (pDH9.8, pDH10.7, pDH14.2,
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pDH20.2, pDH21.4, pDH25.4, pDH31.5, pDH39.1,
pDH48.4, pDH64.7, pDH68.1, and pDH73.2). We did
not observe antagonistic effects of herbivory and
MeJA exposure.

Considering the data obtained from these treat-
ments (Fig. 1) and the putative function of particular
genes (Table I), we selected a subset of 17 cDNAs for
a more detailed kinetic analysis. For this analysis the
accumulation of transcripts in roots and shoots after
herbivore attack was determined by northern analy-
sis of untreated control and attacked plants har-
vested six times throughout a 16-h light/8-h dark
cycle (Fig. 2). This sampling design allowed us to
simultaneously monitor diurnal changes in transcript
accumulation. Diurnal effects on transcript accumu-
lation were pronounced for pDH10.4, pDH21.4,
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Figure 1. Accumulation of transcripts in shoots (S) and roots (R) of
plants exposed for 24 h to folivory by caterpillars (CAT) and airborne
methyl jasmonate (MeJA), respectively, in comparison to untreated
control plants (CON). Northern blots were hybridized with the indi-
cated pDH gene probes. The probe pDH64.4 encoding N. attenuata
18S rRNA served as control for equal blotting.

pDH20.2, pDH21.4, pDH23.5, pDH25.4, pDH41.6,
pDH46.4, pDH55.2, pDH63.5, and pDH73.2), three in
roots (pDH11.1, pDH19.3, and pDH30.4), and one in
shoots and roots (pDH55.7). Herbivore attack de-
creased the accumulation of nine transcripts: seven
in shoots (pDH31.5, pDH39.1, pDH40.1, pDH61.1,
pDH64.7, pDH68.1, and pDH69.3), one in roots
(pDH9.4), and one in shoots and roots (pDH10.4; see
also Fig. 2). The accumulation of transcripts encoded
by pDH6.1 and pDH48.4 simultaneously decreased in
shoots and increased in roots. In contrast to the ma-
jority of transcripts that were detectable in shoot or
root tissue of untreated control plants, transcripts en-
coded by pDH14.2 and pDH25.4 were absent in con-
trols, but strongly induced in shoots after herbivory.

Exposure of plants to airborne MeJA resulted in
qualitatively similar patterns of changes in transcript
accumulation as did folivory for 15 of differentially
expressed transcripts (Fig. 1; pDH9.8, pDH10.4,
pDH11.1, pDH14.2, pDH19.3, pDH23.5, pDH30.4,
pDH40.1, pDH41.6, pDH46.4, pDH55.2, pDH55.7,
pDH61.1, pDH63.5, and pDH69.3; for effects of high
concentrations of MeJA on pDHI14.2, pDH40.1,
pDH41.6, and pDH63.5, see Fig. 3). With the excep-
tion of pDH10.4 (decrease in shoots), caterpillar at-
tack resulted in stronger effects compared with the
exposure of airborne MeJA. Compared with control
plants, weak or no effect of airborne MeJA could be
seen for 12 clones (pDH6.1, pDH9.4, pDH10.7,
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Figure 2. Time course of transcript accumulation in shoots and roots
of plants exposed to folivory (+) for the indicated time intervals.
Undamaged control plants (—) were harvested simultaneously. Plants
were grown under a 16-h-light regime with the 2-h sample taken after
5 h of light and the 18-h sample taken after 5 h of darkness (lanes
bordered by dashed lines). Blots are indexed with the corresponding
gene probes including the 18S-rRNA probe as control.
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Figure 3. Accumulation of transcripts encoding TD (pDH14.2),
importin-a (pDH40.1), PIOX (pDH41.6), and the putative kinase
cofactor pDH63.5 in response to biotic and abiotic stimuli. RNA was
extracted from shoots 72 h after inoculation with TMV with carbo-
rundum powder, 24 h after inoculation with the disarmed strain
LBA4404 of A. tumefaciens (AT), and 12 h after folivory by caterpil-
lars (CAT), repeated wounding in 30-min intervals (WDG), applica-
tion of MeJA to leaves (MeJA), exposure to ethylene (ETH), applica-
tion of MSA to leaves (MSA), and of ABA to roots (ABA), respectively.
The control lanes correspond to untreated plants (CON 1), plants
treated with lanolin paste (CON 2), and plants treated with carbo-
rundum powder (CON 3), respectively. Equal blotting was verified by
hybridization with the 18S-rRNA probe.

pDH25.4, pDH46.4, pD61.1, pDH63.5, and pDH69.3
and weak for pDH6.1, pDH14.2, pDH23.5, and
pDH48.4. Changes in the amounts of transcripts
found in roots were weak or absent and did not show
pronounced diurnal effects (Fig. 2). With respect to
herbivory, transcripts of pDH63.5 displayed an in-
consistent expression pattern in independent experi-
ments (Figs. 1-3). The fastest responses to herbivory
were found for pDH14.2, pDH41.6, and pDH46.4
with increases in transcripts already visible 2 h after
larvae had been placed on the plants.

The effects of abiotic and biotic stimuli on mRNA
accumulation were investigated for transcripts en-
coding TD (pDH14.2), importin-a (pDH40.1), PIOX
(pDH41.6), and the putative kinase cofactor pDH63.5
(Fig. 3). Accumulation of TD-specific transcripts in-
creased dramatically upon herbivory and application
of MeJ A to leaves, whereas the response to wounding
was weak and treatments with tobacco mosaic virus
(TMV), the disarmed strain of Agrobacterium tumefa-
ciens, ethylene, methyl salicylate (MSA), and abscisic
acid (ABA) did not show any effects compared with
the corresponding controls. Transcripts of pDH40.1
accumulated slightly in response to ethylene, MSA,
and ABA, were slightly reduced upon herbivory, and
were absent in plants inoculated with TMV. Larval
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Insect-Induced Changes in Transcript Accumulation

feeding, wounding, and MeJA all showed strong ef-
fects on the accumulation of PIOX transcripts,
whereas A. tumefaciens, ethylene, and MSA were
much less effective. Amounts of transcripts encoded
by pDH63.5 strongly accumulated after inoculation
with TMV and A. tumefaciens and weakly in response
to wounding, MeJA, ethylene, and MSA. Herbivory
did not evoke changes compared with the control,
but the wound-response was suppressed during lar-
val feeding (Fig. 3).

Tissue-specific expression of TD and PIOX was
investigated in undamaged plants during vegetative
growth, bolting, and flowering (Fig. 4). TD-specific
transcripts were readily detected in apical buds of the
developing axis, barely detectable in the stems of
the vegetative stage, the leaves of bolting plants, and
the calyx of flowering plants, and not detectable in
all other tissues. PIOX-specific transcripts were abun-
dant in the leaves of vegetative, bolting-, and
flowering-stage plants. Small amounts of transcripts
were detectable in all other tissues. It is interesting
that the highest expression for TD- and PIOX-specific
transcripts was found in bolting plants, albeit in dif-
ferent plant organs.

To estimate the copy number of TD and PIOX
genes in the genome, Southern blots were prepared
from genomic DNA digested with EcoRV. Blots were

1 2 3
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Figure 4. Tissue-specific accumulation of transcripts encoding TD
(probe pDH14.2) and PIOX (probe pDH41.6) in undamaged plants
during vegetative growth (1), bolting (2), and flowering (3). Total
cellular RNA was extracted from roots (R), leaves (L), axis (A), apical
buds (B), calyx (C), and flowers without calyx (F), respectively.
Hybridizations with 18S rRNA are provided as controls for equal
blotting.
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probed for TD and PIOX using the 3’-specific gene
probes pDH14.2 and pDH41.6, respectively, which
did not contain internal Eco-RV sites (Fig. 5). Three
pronounced bands and one weak band were detected
for TD and two bands of different intensity for PIOX.

Full-length sequences of PIOX and TD were iso-
lated from a cDNA library as described in “Materials
and Methods.” The clone p51A1 (PIOX) contained a
2,178-bp cDNA insert consisting of a 54-bp 5'-
untranslated region (UTR), a 1,932-bp open reading
frame (ORF) terminated by a TAA stop codon, and a
167-bp 3'-UTR followed by a 25-bp poly(A) stretch
(Fig. 6). The sequence of the cDNA insert of the clone
pDH41.6 (which was generated by DDRT-PCR) ex-
tends beyond the 3’ end of p51A1, indicating variable
processing of 3’ ends. In accordance with the notion
that plant 3’-UTRs contain multiple polyadenylation
signals similar to the mammalian consensus se-
quence AATAAA (Joshi, 1987, Wu et al., 1995), we
found putative signals at the positions indicated in
Figure 6. The nucleotide sequence of p51A1 showed

kb

14.2
41.6

N

I

05 =

0.1 =

Figure 5. Southern blots of genomic DNA of diploid N. attenuata
restricted with EcoRV and hybridized with the gene probes pDH14.2
(TD) and pDH41.6 (PIOX). The gene probes did not contain Eco-RV
sites.
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94% identity to tobacco PIOX (Sanz et al., 1998). The
ORF of p51Al translated into a polypeptide of 643
amino acids with a predicted molecular mass of 73.8
kD and 97% similarity to the deduced amino acid
sequence of tobacco PIOX. Database searches re-
vealed additional similarities of 85% to a FEEBLY-
like protein from Arabidopsis (X. Lin, S. Kaul, C.D.
Town, M. Benito, T.H. Creasy, B. Haas, D. Wu, C.M.
Ronning, H. Koo, C.Y. Fujii, T.R. Utterback, M.E.
Barnstead, C.L. Bowman, O. White, W.C. Nierman,
and C.M. Fraser, unpublished data), of 71% to the
tomato FEEBLY protein (van der Biezen et al., 1996),
and of 37% to the chicken prostaglandin G/H syn-
thase 2 precursor (Xie et al., 1991). Alignments of the
amino acid sequences show high similarity through-
out the entire length between the sequences of p51A1,
tobacco PIOX, and the Arabidopsis FEEBLY-like pro-
tein (Fig. 7).

Screening with the pDH14.2 gene probe for TD
clones provided a 5’'-truncated sequence, designated
as pTD18.2, which in turn served to generate a 5'
gene probe as described in “Materials and Methods.”
Using the 5’ gene probe we isolated the clone pTD13,
which harbored a 2,082-bp ¢cDNA insert encoding
full-length TD. The cDNA featured a 5'-UTR of 46 bp,
an OREF of 1,806 bp, and a 3'-UTR of 208 bp followed
by a poly(A) stretch of 22 bp (Fig. 8). Compared with
pTD13, the 3'-UTRs of pTD18.2 and pDH14.2 were
extended, indicating variable 3’ processing of the
mRNAs as observed for PIOX. The ORF of the pTD13
insert encodes a polypeptide of 601 amino acids with
a calculated molecular mass of 65.6 kD. Alignments
of the amino acid sequence of N. attenuata with other
sequences available in databases revealed similarities
of 73% to tomato TD (Samach et al., 1991), 73% to
Arabidopsis TD (X. Lin, S. Kaul, C.D. Town, M. Be-
nito, T.H. Creasy, B. Haas, D. Wu, C.M. Ronning, H.
Koo, C.Y. Fujii, T.R. Utterback, M.E. Barnstead, C.L.
Bowman, O. White, W.C. Nierman, and C.M. Fraser,
unpublished data), 59% to yeast TD (Kielland-Brandt
et al., 1984), 58% to Escherichia coli TD (Cox et al.,
1987), and 46% to human Ser deaminase (Ogawa et
al., 1989). Catalytic domains, regulatory domains,
and exon-intron boundaries are highly conserved,
whereas the putative chloroplast transit peptide
shows only moderate similarity between the three
plant species (Fig. 9).

DISCUSSION

We employed DDRT-PCR to initiate the global
characterization of molecular responses of N. attenu-
ata to folivory by the specialist herbivore M. sexta.
Investigating one-twentieth of the transcriptome, we
found herbivore-induced changes in the abundance
of 27 transcripts of plant origin, which implies that
the insect-responsive transcriptome of N. attenuata
contains more than 500 different mRNA species.
Among those, about 200 genes would be expected to

Plant Physiol. Vol. 125, 2001
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361 GACCCTTTTAATGAAGGTGCAGGCAGTGAACTTTCATTTTTTGGGAGGAATATGCTACCTGTTGATCAGCATAATCAGTTAAAGAAGCCA 450
D PF NEGAGSTETLST FFGRUNMMLU PV VDQHNUGQTULZ KTE K P

451 GACCCAATGGTGGTAGCAACGAAGCTGCTAGCGAGGAGAAATGTTCTGGACACAGGAAAACAATTTAACATGATCGCTGCTTCTTGGATA 540
D P MV V ATI KU LTULA ARI ERNUVVYVYVDTGIE K QF NMTIAA ATSWI

541 CAGTTTATGATTCATGATTGGATCGATCATCTGGAAGATACTAAGCAGATTGAGCTTAGGGCACCTGAAGAAGTTGCAAGTCAATGCCCA 630
Q FM I HDWIDUHLEHUDTIU K QI ETVLTZ R AZPTETEJV VI ATST GQTCTP

631 CTAAAATCCTTTAAGTTTTTCAAGACCAAGGAAATTCCTACTGGCTTTTATGAAATCAAGACCGGTCACTTGAACAGACGTACCCCCTGG 720
L XK S F KF F KTZ XETIZPTSGT FVYZETZ KT GUHTLINT RTI RTUPW

721 TGGGATGGAAGTGCTATATATGGGAGCAATGCAGAAGTTTTAAAGAAAGTGAGAACATTTAAATATGGGAAGCTGAAACTATCAGCAGAT 810
W DG S A I Y G S NAEUVULIEXZ XV RTT FI K Y G KL KTUL S ATD

811 GGGCTACTCGAAATAGACGAAAATGGGAAAATCATATCTGGCGATGTTCGTAACACTTGGGCTGGACTTTCGGCACTACAGGCTCTCTTT 900
G L L EI DENINJZGZ XKTII S$ GDV RNTMWAGTILTSA ATLUGOQA ATLTF

901 GTTCAAGAGCATAATTCTGTTTGTGATGTCTTGAAGAAAGAATATCCAGAATTGGAGGACGAAGACTTGTATCGTCATGCAAGGCTGGTT 990
V Q EHN SV CDV VL K KTEYU?PELTEDTETDTILTVYURUHA AT RTILYV

991 ACTTCTGCTGTTATTGCAAAAGTTCACACCATAGATTCGACTCTTGAGCTTCTCAAAACCGATACCCTTCTAGCAGGAATGCGTGCCAAT 1080
T S AV I A KV HTTIDWTV VETLTZLTZE KTDTTILTLA AGUMT RAN

1081 TGGTATGGATTACTAGGGAAGAAGTTTAAGGATACATTTGGGCACGTTGGAGGTTCCATTTTGGGTGGTTTTGTAGGAATGAAAARACCT 1170
W Y G L L G K XK F KDTV FGHV GG S IL GGV F VG MIEKTZ K P

1171 GAGAATTATGGAGTGCCTTATTCCTTGACTGAGGAATTTACGAGTGTTTATCGGATGCATCAACTTCTACCTGATAACCTGCAGCTGAGG 1260
ENY GV PY $ L TETETFTS SV Y RMUHOQTLTILUZPUDINTULGQTLR

1261 AATATAGATGCAACACCTGGACCAAACAAATCTCTCCCTTTGACTAATGAGATTCCCATGGAAGATTTAATTGGGAGCAAAGCAGAGGAG 1350
N I D ATUZPGUPNJIZKSTLUPTILTIUNJTETIZPMETDTLTIGSTZ KGTEE

1351 AATTTAGCAAGAATTGGTTTTACTAAGCAAATGGTATCAATGGGTCACCAAGCCTGTGGAGCTCTTGAGCTTTGGAATTATCCAATGTGG 1440
N L AR I GF T XK QM V S M GHOQATC CGA ATLTETLUWNDNUY P MW

1441 ATGAGGGATCTTATTCCTCAAGATGTCGATGGCACTGATAGGCCAGATCATGTTGACCTTGCTGCCCTTGAAATTTATAGAGACAGAGAA 1530
M R b L I P QDVDGTUDUZ RU®PUDU HVYVDTLA AATILTETIT YU RTUDTRE

1531 AGGAGTGTTGCTAGGTACAATGAATTTCGTAGAGGAATGCTGCAAATTCCCATCTCCARATGGGAAGATTTGACAGATGATGAAGAAGTC 1620
R S VA RYNZETFURIURGMTLTOQQQTIUPTI S X WEUDTZLTUDTDTEE V

1621 ATTAATACACTTCGTGAAGTATATGGTGATGATGTAGAAGAATTGGATC TGATGGTTGGAATGGCTGCGGAGAAAAAGATAAAGGGTTTT 1710
I N T L REV Y DDV ETETZLUDTLMV VS GMAR® AZTETZ KT KTTZ KTGTF

1711 GCCATCTCCGAGACTGCCTTTTTCATATTCCTCATCATGGCATCAAGGAGGCTAGAGGCAGACAGATTTTTCACCAGCAATTACAACGAG 1800
A I S ETAFUFTIFILTIMASZ RIRTLTEI BADT RTEFTFT S NmYy N E

1801 GAGACATATACAAAGAAAGGACTGGAATGGGTGAATACAACAGAAAGCTTGAAAGATGTCTTAGATCGACATTACCCAGAGATGACAGAG 1890
E T Y T XK K 6L EW UV NTTESTULI KDV VILUDU RUHTYU®PEMTE

1891 AAATGGATGAACTCCAGCAGCGCATTCTCTGTTTGGGACTCTTCTCCAGAACCTCACAATCCTATTCCACTCTACTTTCGCGTTCCTCCA 1980
K WM NS S SAF 8§V WDS S PEPHNDNZ PTIUPTILTYT FIRUVUPFP

1981 CAG?ﬁ?ATCCATCATTCGACTTATCAAGGCAACCACATATTGGAATTCTACAGCATTCCTGCACGTTTTATTAAATTTAAATATGAAA&Z 2070

Q
2071 AATGTGCTTGATTTAATTTTACCTTCAAGTTTGTAATAAACTGAGAATAGTCGACCAAATTCATTGTTTACTTTTTCTAGCCG (A) 44 2153

2154 AGATACATGGACTATACATTGATTATACATAATTATATACATACTATATATGAATTATATATATTCGTCGG (A),,

3’-Extension of pDH41l.6

Figure 6. Nucleotide and deduced amino acid sequence of clone p51A1 encoding full-length N. attenuata PIOX. The stop
codon is marked with a star and putative polyadenylation signals within the 3’-UTR are underlined. Within the 5’-UTR two
nonsense codons out-of-frame followed by one in-frame are indicated by dots. The clone pDH41.6, generated by
DDRT-PCR, starts at position 1,792 (arrow) and is identical in sequence to p51A1 except for a 71-bp extension beyond the
3" end of p5TA1. Numbers refer to the nucleotide sequence not counting the poly(A) stretches. The GenBank accession

number of p51AT is AF229926.

encode unknown functions since BLAST queries of
40% of the cDNAs did not reveal similarities to
known genes (Table I).

Down-Regulation of Photosynthesis-Related Genes

Herbivory strongly diminished the abundance of
transcripts of the three photosynthesis-related genes
Ihb C1 (pDH61.1), chl H (pDH69.3), and rbc S
(pDH64.7). Airborne MeJA reduced only transcript
amounts of [hb C1 and chl H, whereas rbc S was not
affected (Fig. 1; Table I). Consistent with the litera-
ture, dramatic diurnal effects were seen in the accu-
mulation of transcripts of [hb C1 and chl H, but not of
rbe S (Kloppstech, 1985; Gibson et al., 1996; Papen-
brock et al., 1999). The diurnal effects were superim-

Plant Physiol. Vol. 125, 2001

posed on the herbivore-induced responses (Fig. 2).
Decreased amounts of rbc S transcripts or Rubisco
had been observed after treatments with ABA, MeJA,
or sugars, and after wounding, stress, or exposure to
phytopathogens, respectively. ABA, MeJA, and sug-
ars decreased the amounts of LHC II subunits or
transcripts concomitantly (Reinbothe et al., 1994 and
refs. therein; Koch, 1996). The expression of photo-
synthetic and defense genes is known to be inversely
correlated, with sugars being substrates and central
regulators of the carbon reallocation between sources
and sinks (Somssich and Hahlbrock, 1998; Roitsch,
1999). From this respect, the herbivore-induced sup-
pression of the chl H, [hb C1, and rbc S might benefit
the plant by redirecting the carbon flux toward
defenses.
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Figure 7. Alignment of deduced amino acid sequences of N. attenuata PIOX (att__piox; GenBank accession no. AF229926),
tobacco PIOX (tob_piox; GenBank accession no. AJ007630), Arabidopsis FEEBLY-like protein (ara_feebly; GenBank
accession no. AAF24612), tomato FEEBLY protein (tom__feebly; GenBank accession no. U35643), and chicken prostaglan-
din G/H synthase 2 precursor (chick__pgh2; GenBank accession no. P27607). Amino acid identity is indicated by black
shading and similarity by gray shading. Uppercase letters in the consensus sequence indicate fully conserved residues,
lowercase letters indicate partial conserved residues.
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CTTCTTCAAAAATTCTTCTATTTTCCTCTATCAAATATAGTACGATATGGAAGTTCTTTGTCAAGCCCCAGCTGGAAACTCAAATTTTGC
® M E V L ¢C Q A P A G N S N F A
CTGTAACCCCAAATTTACAGCAATTAGAACCAGAGCAATTTCTAGCAATGACACATTTAAAGTAATTTCCAGTACTGGCAACAACAAGAA
¢ N P X F TAI®RTU RATLISSDNDTT FI KUV VI S S TOGUNN K K
AATGAAGGGCGCGATACGTACTTCGATTCCAAAACCATCAGCATTGCCATTGAAGGTCTCACAATTATCTCCATCAGCTGATTCAATGCC
M K G A IRTS I PZ XKUPSATLTUZPTLI KV YV S QL S P S ADSMTEP
TGTTCCAGCGTCTTTGCAGGACGTCGAGGCGGGGAAGTTGATAGAGAATAATCCATCAGGGGGCGATACAGAGGAATTGTTTCAGTATCT
vV PA S L QDVEA AGTZ KT LTIZENN?NUZ®PSGGDTTETETLTFOQYTL
TGTTGAAATATTGGC TTCTAGAGTGTATGATGTAGCAATTGATTCCCCCTTGCAAAATGCAGC TAAGCTTTCCAAGAAGC TTGGAGTTAR
v E I L A SRV YDV ATIUDSZ&PILOGONA AABATZ KT LSTZ K KTLGUVN
CTTTTGGATCAAAAGAGAGGATATGCAGTCCGTGTTCTCGTTCAAGCTTAGAGGAGCTTATAACATGATGACCAAACTCTCARAAGGAGCA
F W I KRETDMG QS V F®Ms F K L R G A Y N M M T K L S8 K E Q
GTTAGAAAGAGGGGTTATAACTGC TTCAGCTGGAAATCATGCACAAGGTGTTGCATTAGGTGCTCAGAGACTTAAATGTACTGCTACGAT
L ER GV I TA S SAGNU HAGQG GV VA ALGA AGQRTILIEKTCTA ATI
TGTCATGCCTGTTACCACACCAGAGATCAAGATTGAAGCAGTTAAGAACTTGGATGGTARAGTAGTTC TACATGGTGACACATTTGATAA
VM PV TTU®PETIZ KTITEA AV VI EKN?NTZLUDTGTZE XKV VL HGUDTTF DK
AGCTCAGGAACATGCTTTAAAGTTGGCTGAAGATGAAGGTCTCACATTCATCCCGCCTTTCGATCACCCAGATGTGATCATAGGCCAAGG
A Q EHA UL KULAEWDEGTLTT FTI?PPPF DHPDUVITIG QG
TACAATTGGAACGGAGATTAATCGTCAACTTAAAGATATACATGCAGTATTTGTGCCTGTAGGAGGAGGAGGTTTAATAGCTGGTGTTGC
T I ¢ T ETINU RU QTULI KU DTIUHAVYVT FVPUVGG G G L I A GV A
TGCATATTTCAAAAGGGTTGCTCCTCATACAAAGATTATTGGAGTTGAGCCATTTGGTGCAAGTTCAATGACACAATCTTTGTACCATGG
A Y F K RV APHTI KTIIGVEPTFGASSMTOQQSTUL Y H G
AGAAAGAGTAAAGTTGGAACAAGTTGATAATTTTCCAGATGGCGTAGCTCTTGCACTAGTTGGTGAAGAAACTTTCCGTCTTTGCAAAGA
E RV KLEG QU VDNTFADTGV VA AV VALV VG GETETT FH RTILTCTZEKTD
TTTAATAGACGGAATGGTCTTAGTCAGTAACGATGC TATTAGTGCTGCAGTARAGGATGTGTACGACGAAGGACGGAACATATTAGAGAC
L I DGMV LV S NUDA BATI S AV KDV Y DEGRNTIULET
ATCAGGTGCACTTGCCATAGC TGGAGCTGAAGCTTACTGCAAATACTATAACATAAAGGGCGAAAACGTTGTAGCAATTGC TAGTGGAGC
S G A L A I AGAZEA ATYT CI KXY JYDNTIIZ KSGENUVVATIA ASSGA
CAATATGGACTTCAGCAAACTAAAATTAGTCGTCGATTTAGCAGATATTGGTGGACAGAGGGAAGCTCTGCTGGCTACTTTTATGCCAGA
N M D F S KL K L VVDLADTIG GG GU QI REA BATILTLATT FMTZPE
AGAACCAGGAAGCTTCAAAAAATTCTGCGAACTTGTGGGACCTATGAATATTACTGAATTTAAGTACAGATATAATTC TGGAAGAAAACA
E P G S F KK FCEULVGUPMNDNTITTETFIE RKYRYNSGURZKDQ
AGCTCTGGTACTCTACAGTGTTGGTGTTAATACAAAATCGGATC TTGAGTCAATGTTGGAGAGGATGAAATCATCACAGCTGAATACTGT
AL VL Y SV GV DNTJU XK SDTILESZSMMTLEZRMTE K S S QL NTV
CAATCTCACAAATAATAATTTGGTCAAAGAACATCTAAGGCATTTGATCGGAGGCAGATCAGAACCAAGTAATGAGATTTTCTGTCAATT
N L TN NNL V KE EUHTULU RUHILMMSGT G GU RS EUPSNUETITFTCQF
CATATTTCCTGAGAAGCCTGGAGCTTTAAGGAAGTTTTTAGATGCTTTCAGCCCTCGTTGGAATATAAGTTTGTTCCATTATCGTGAACA
I F P E K P GAULU RIEKTFILUDA ATFSPRUWNTI S UL FHYRE Q
GGGAGAACTTGATGCCAAGTGTGTTAGTTGGATTCCAAGTTCCARAAGGTGAGATAGAAGAGTTCCGAGTTCAAGCTAACAATCTTGGTTA
¢ EL DASVLVGFQVUPZ XKGETIZETETFU RUYVQANNTILGY

1801 TTCATATGAAATCGAGAGTCTCAACGAGGCTTCTCAACTTATAATGGAGTGAACAAGATTGATGTATTACTTAGTACTAGAGTATTTGGC
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AGCTAGTAGATTTGGTATGAATAATGATCCTTTGTGTCTTATC TAATGGTC TTTAGTTCCATTAAGAAATAAGTTTGTAT (A) 4,
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3’-Extension of pTD18.2 and pDH14.2

Figure 8. Nucleotide and deduced amino acid sequence of clone pTD13 encoding full-length N. attenuata TD. The stop
codon is marked with a star, putative polyadenylation signals within the 3’-UTR are underlined, and an in-frame nonsense
codon in the 5’-UTR is indicated by a dot. The partial cDNA clone pTD18.2 starts at position 487 (black arrow) of the
nucleotide sequence of pTD13 and extends 46 bp beyond the 3" end of pTD13. In pTD18.2 we found two conservative base
substitutions marked with triangles at position 1,126 (T to A) and position 1,801 (T to C), respectively. The cDNA clone
pDH14.2 generated by DDRT-PCR starts at position 1,820 (white arrow) and matches in sequence to pTD18.2. Numbers
refer to the nucleotide sequence not counting the poly(A) stretches. The GenBank accession number of pTD13 is AF229927.

Other Down-Regulated Genes

The bell pepper gene Sn-1 is homologous to
pDHS6.1, encodes a protein with similarity to two
major latex proteins from opium poppy, and shares
motifs with major allergen proteins and PR proteins.
SN-1 is wound inducible and is proposed to be a
secretory protein likely to participate in the early
disease resistance response (Pozueta-Romero et al.,
1995; Osmark et al., 1998). Genes encoding proteins
with similarity to major latex proteins have also been
found to be induced by ethylene (Aggelis et al., 1997)
and to be repressed by plant-parasitic nematodes

Plant Physiol. Vol. 125, 2001

(Hermsmeier et al.,, 2000). We found herbivory to
diminish transcripts of pDH6.1 in leaves (Figs. 1 and
2), indicating that major latex proteins are involved
in plant-pathogen and plant-insect interactions.

A cytoskeletal compound is encoded by pDH9.4
and is most similar to B-tubulins from the zygomy-
cete fungus G. coronatum and Arabidopsis. Tran-
scripts of the Arabidopsis homolog accumulate pref-
erentially in roots, at low levels in flowers, and are
barely detectable in leaves (Oppenheimer et al.,
1988). We found transcripts encoded by pDH9.4 to be
restricted to root tissue and to be diminished after
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Figure 9. Alignment of deduced amino acid sequences of TDs from N. attenuata (att__td; GenBank accession no.
AF229927), tomato (tom__td; GenBank accession no. P25306), Arabidopsis (ara__td; GenBank accession no. AAF04418),
Saccharomyces cerevisiae (yeast__td; GenBank accession no. P00927), E. coli (ecoli__td; GenBank accession no. P04968),
and the Ser deaminase from human (human__sd; GenBank accession no. P20132). Amino acid identity is indicated by black
shading and similarity by gray shading. Uppercase letters in the consensus sequence indicate fully conserved residues,
lowercase letters indicate partial conserved residues. The five catalytic domains C1 to C5 and the eight regulatory domains
R1 to R7 as defined by Taillon et al. (1988) are displayed as bars. Exon-intron boundaries determined for the tomato gene
by Samach et al. (1991) are indicated by triangles. Pro residues in a putative chloroplast transit peptide of N. attenuata and
tomato are indicated by dots in the upper and lower row, respectively, above the alignment.
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herbivory (Fig. 1). Decreases in B-tubulin mRNA
have also been reported after treatment of soybeans
with elicitors of defense responses (Gianfagna and
Lawton, 1995) and infection of parsley cells with
Phytophthora infestans (Gross et al., 1993). In both
cases the decrease in B-tubulin transcripts was ac-
companied with an increase in transcripts encoding
components of the defense response.

A homolog of importin «, a subunit of the nuclear
pore-targeting complex, is encoded by pDH40.1. Im-
portin o mediates the import of cytosolic proteins
into the nucleus (Adam, 1995; Gorlich, 1997). Plant
importin a binds to virulence factors of A. tumefaciens
and several phytopathogenic viruses (Ballas and
Citovsky, 1997; Kunik et al., 1998). Transcripts of
pDH40.1 were shoot specific and amounts were di-
minished after herbivory, application of MeJA, and
inoculation with TMV. Treatments with ABA and
MSA induced a slight increase, whereas the disarmed
strain of A. tumefaciens did not affect accumulation of
transcripts (Figs. 1 and 3). These data suggest that
ABA and MSA are not regulating responses of im-
portin « to biotic stimuli.

Clone pDH63.5 is similar to StubGALS83, a cofactor
of the potato kinase complex StubSNF1 (Lakatos et
al.,, 1999). SNF1-type complexes regulate carbohy-
drate and fatty acid metabolism during nutritional or
environmental stresses (Hardie et al., 1998; Roitsch,
1999). The GALS83-like protein AKINp1 from Arabi-
dopsis showed an expression pattern very similar to
pDH63.5, which was most abundant in roots, but
declined rapidly in shoots within 30 min of illumina-
tion (Fig. 2; Bouly et al., 1999). In contrast, transcripts
of StubGALS83 were reported to be most abundant in
leaves and barely detectable in roots of potato (Laka-
tos et al., 1999). The evaluation of expression patterns
of pDH63.5 derived from three independent experi-
ments was hampered by the low abundance of tran-
scripts in shoots due to the strong suppression by
light (Figs. 1-3). Although effects of herbivory com-
pared with controls are ambiguous, the data clearly
show decreased transcript levels after herbivory
compared with wounding, application of MeJA,
MSA, and ethylene, and in particular to treatments
with A. tumefaciens and TMV, which caused strong
increases in transcript accumulation (Fig. 3). These
findings provide evidence that larval cues suppress
wound responses during feeding and suggest that
SNF1 kinase complexes might be involved in the
allocation of resources during exposure of the plants
to pathogens or herbivores.

Up-Regulation of TD: Shifting Carbon to Defense?

Biosynthetic TDs are highly conserved among bac-
teria, fungi, and plants and show significant similar-
ity to human Ser deaminase, as well (Fig. 9). The
conservation of catalytic domains (Taillon et al.,
1988), exon-intron boundaries, and putative plastid-
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targeting sequences (Samach et al., 1991) in combina-
tion with the similar developmental expression of TD
in potato, tomato, and N. attenuata provide strong
evidence that pTD13 indeed encodes biosynthetic TD
and not biodegradative TD (Szamosi et al., 1993). In
undamaged plants, TD transcripts (pDH14.2) accu-
mulated mainly in the apex of the emerging axis,
which consists of vegetative and flower buds (Fig. 4).
These findings are consistent with data obtained for
tomato where the peak enzyme activity was found in
sepals from buds and flowers (Szamosi et al., 1993)
and for potato where the transcript accumulation
was restricted to bud tissue (Hildmann et al., 1992).
Among the genes presented in this work, TD showed
the strongest and most specific response to insect
attack: transcripts encoding TD strongly accumu-
lated after herbivory and application of MeJA to
leaves, weakly in response to low concentrations of
airborne MeJA and wounding, and not at all after
inoculation with TMV, A. tumefaciens, or exposure to
ABA, ethylene, and MSA (pDH 14.2; Figs. 1 and 3; see
also Schittko et al., 2001). Local induction of TD
transcript accumulation after wounding or applica-
tion of ABA or JA has been reported for potato and
tomato, but data on systemic responses are contra-
dictory (Hildmann et al., 1992; Pena-Cortez et al.,
1993; Dammann et al., 1997). Discrepancies in our
results of the ABA treatment might be due to differ-
ences in the applied concentrations of ABA and in the
experimental setup. Two possible roles for TD sug-
gest a central role in defense responses against phy-
tophagous insects: the provision of 2-ketobutyrate to
fuel the synthesis of defensive compounds found in
glandular trichomes or epicuticular waxes, du-
vatrienediol diterpenes, and sugar esters (Keen and
Wagner, 1985; Severson et al., 1985; Chortyk et al.,
1996); and the induction of pathogenesis-related (PR)
proteins via a-aminobutyric acid, a derivative of
2-ketobutyrate (Lotan and Fluhr, 1990; Eyal et al.,
1992). The strong herbivore-induced expression of
TD might indeed reflect the high demand in enzyme
for the synthesis of defense compound precursors.

Up-Regulation of Genes Responding to Stress,
Wounding, and Pathogens

Transcripts of a BiP accumulate constitutively in
roots, but exert a marked responsiveness to her-
bivory in shoot tissues (pDH46.4; Figs. 1 and 2). BiPs
are molecular chaperones that mediate import and
maturation of secretory proteins in the endoplasmic
reticulum (ER), but also remove malfolded proteins
during ER stress (Jelitto-Van Dooren et al., 1999). ER
stress is for instance encountered after a burst of PR
gene induction, since PR proteins are manufactured
and delivered via the secretory pathway. Since BiPs
accumulate locally and systemically with identical
timing, gaseous signals, in particular nitric oxide,
ethylene, and MeJA are considered candidate com-
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pounds (Jelitto-Van Dooren et al., 1999). Ethylene
and MeJA also play important roles in insect-plant
interactions (Fig. 1; Stotz et al., 2000; Kahl et al., 2000)
and massive overexpression of BiP mRNA has been
reported to follow persistent wounding of soybean
leaves by whiteflies (Kalinski et al., 1995). The insect-
induced overexpression of BiP could be linked to the
overexpression of TD via the TD-mediated induction
of PR proteins discussed above.

Clone pDH25.4 shares the highest similarity with a
gene from rice, which is similar to the copia-like
retrotransposon RIRE 1 from Oryza australiensis
(Noma et al., 1997). Several types of plant retrotrans-
posons have been shown to be transcriptionally acti-
vated by mechanical stimuli, wounding, MeJA, SA,
and pathogens (for review, see Kumar and Bennet-
zen, 1999). The insect-induced accumulations of leaf-
specific transcripts encoding the putative retrotrans-
poson, BiP (pDH46.4) and TD (pDH14.2) are
strikingly similar over a day/night cycle (Fig. 2). This
might indicate a coordinated regulation e.g. via a
common trans-acting factor that binds to identical
cis-acting elements of the corresponding promoters.

PIOX catalyzes the first step in a-oxidation of lin-
olenic, linoleic, and oleic acid, respectively, to the
corresponding 2(R)-hydroperoxy fatty acids. Sug-
gested functions of PIOX are the synthesis of signal-
ing compounds belonging to the oxylipin pathway,
e.g. precursors of JA, or the production of substances
toxic to pathogens (Sanz et al., 1998; Hamberg et al.,
1999). In undamaged plants, transcripts of PIOX ac-
cumulate in photosynthetic tissues (pDH41.6; Fig. 4)
and amounts increase substantially after herbivory,
wounding, and application of MeJA, whereas air-
borne MeJA, A. tumefaciens, and MSA were less ef-
fective (pDH41.6; Figs. 1 and 3). Sanz et al. (1998)
found the expression of tobacco PIOX also to be
induced by wounding and JA. Compared with the
effect of herbivory in our experiments (Fig. 2), the
response reported by Sanz et al. (1998) was equally
fast during the incompatible plant-pathogen interac-
tion, but about 14 h delayed during the compatible
interaction. It is obvious that PIOX (pDH 41.6) con-
fers less insect specificity than TD (pDH 14.2) and is
also not expressed ectopically after herbivory (Figs. 3
and 4). The FEEBLY-like protein of Arabidopsis dis-
plays 85% similarity to N. attenuata PIOX, but only
71% similarity to the tomato FEEBLY protein, not
considering the C-terminal extension of the tomato
protein (Fig. 7). Therefore, the Arabidopsis protein is
more likely to exert the function of PIOX than of
FEEBLY, with FEEBLY presumably playing a role in
nitrogen metabolism according to its mutant pheno-
type (van der Biezen et al., 1996).

Clone pDH19.3 encodes a homolog of RD22, a
seed-specific protein of Arabidopsis that is induced
in vegetative-stage plants during drought, salt stress,
or application of ABA (Yamaguchi-Shinozaki and
Shinozaki, 1993). In contrast to RD22, transcripts of
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pDH19.3 were only detectable in roots and increased
slightly after herbivory and exposure to airborne
MeJA (Fig. 1). In spite of the higher BLAST scores for
RD22, the amino acid sequence of pDH19.3 shares
65% similarity with the RD22 protein and the auxin
down-regulated protein ADR6 from soybean (Datta
et al., 1993). Amounts of ADR6 mRNA are strongly
diminished in soybean roots parasitized by the soy-
bean cyst nematode (Hermsmeier et al., 1998), indi-
cating that the functions of proteins with similarity to
RD22 or ADRG6 are not restricted to developmental
and environmental stimuli.

Germin-like proteins (GLPs) constitute a superfam-
ily of enzymes that are functionally diverse and in-
volved in many developmental and stress-related
processes (Dunwell and Gane, 1998). Among the
plant GLPs, oxalate oxidase, an H,O,-producing en-
zyme, is understood best (Berna and Bernier, 1999).
We isolated a homolog (pDH20.2) of a GLP from
potato (Campbell et al., 1998), which is constitutively
expressed in roots and induced in leaves after her-
bivory (Figs. 1 and 2). Among the numerous stimuli
promoting the accumulation of GLPs, induction by
pathogens has been reported in many cases (Vallelian-
Bindschedler et al., 1998; Berna and Bernier, 1999 and
refs. therein) and our results demonstrate that plants
utilize GLPs for responses to herbivory, as well.

Other Up-Regulated Genes

Fd-GOGAT catalyzes the assimilation of nitrogen
into Glu that provides, together with Gln, the sub-
strate for the biosynthesis of the main products of
nitrate assimilation (Temple et al., 1998). The enzyme
is also essential for the refixation of photorespiratory
ammonium liberated from Gly (Somerville and
Ogren, 1980). The partial clone pDH55.2 shares 86%
and 93% amino acid similarity with two forms of
the Arabidopsis Fd-GOGAT, designated GLU1 and
GLU2, respectively (Lam et al., 1995). Expression of
GLU1 is restricted to leaves, whereas transcripts
of GLU2 are abundant in leaves and roots. GLU1 is
assumed to play a major role in photorespiration and
primary nitrogen assimilation, whereas GLU2 drives
nitrogen assimilation in roots and maintains a basal
assimilation in leaves (Coschigano et al., 1998). Al-
though pDHS55.2 is more similar to the root-specific
GLU2, we found pDH55.2 primarily expressed in
leaves (Fig. 1). Herbivory and airborne MeJA in-
duced accumulation of pDH55.2 transcripts, which
implies that up-regulation of Fd-GOGAT might be
involved in the herbivore-induced allocation of nitro-
gen to defense. Baldwin et al. (1994a) and Baldwin
(1998) demonstrated that "’"NO; was rapidly assimi-
lated, reduced, and used to synthesize nicotine after
MeJA induction and herbivory, a process that has to
involve Fd-GOGAT.

The deduced amino acid sequence of clone
pDH11.1 shares 58% similarity with the cytochrome
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c-type FixO protein from B. japonicum, which oper-
ates in the bacterial respiratory chain and is essential
for root nodulation and symbiotic nitrogen fixation
(Preisig et al., 1993). Transcripts of pDH11.1 were
absent from shoots, but very abundant in roots and
increased slightly after herbivory and exposure to
airborne MeJA (Fig. 1). The gene product of pDH11.1
presumably has a vital function since transcripts ac-
cumulate constitutively to high amounts, but the cur-
rent lack of information on eukaryotic homologs of
FixO does not allow one to draw conclusions beyond
its general role in oxidation. The herbivore-induced
increase could be indicative of an increased
catabolism.

Concluding Remarks

The estimate that more than 500 genes of N. attenu-
ata respond to herbivory, together with the fact that
about one-half of the known genes are involved in
plant-pathogen interactions provides evidence that
plant-insect interactions reach comparable complex-
ities and specificities. A high complexity is also evi-
dent from the data obtained for Arabidopsis (Rey-
mond et al., 2000; Stotz et al., 2000). None of the
genes presented in this work share similarity with
insect-responsive genes hitherto isolated from Arabi-
dopsis. The finding that five genes (encoding
B-tubulin, germin, an LHC II subunit, PIOX, and RBC
S) that showed pronounced responses in the
Nicotiana-Manduca system did not respond in Arabi-
dopsis exposed to folivory by Pieris rapae (Reymond
et al., 2000) demonstrates that species specificity adds
to an even higher complexity. The ”ask-the-plant-
approach” via DDRT-PCR allowed to isolate genes,
which would have been difficult to predict to be
elicited or repressed by herbivore attack a priori, but
from the vantage of hindsight, their responses are
reasonable. The recruitment of pathogen-responsive
transcripts and the repression of photosynthetic
genes were expected responses (Batz et al., 1998), but
the insights into how a plant recruits nitrogen and
carbon from primary metabolism for defense re-
sponses are unexpected. The patterns of transcript
accumulations in herbivore-attacked plants and
those treated with JA were largely similar, consistent
with a central role played by JA in herbivore resis-
tance in this species (Baldwin, 1998). Fifteen of the 27
genes responded to airborne MeJA, with signaling
being particular effective for BiP (pDH46.4) and
PIOX (pDH41.6; Fig. 1). N. attenuata co-occurs in its
native habitat with sagebrush (Artemesia tridentata), a
species that releases MeJA into the atmosphere
(Farmer and Ryan, 1990; Karban et al., 2000), hence
the responsiveness of BiP and PIOX may contribute
to interactions between these two species. The anal-
ysis provided evidence for exclusively insect-
responsive promotors (in pDH25.4 and pDH14.2).
The response of these genes in addition to five addi-
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tional insect-elicited transcripts are characterized
more fully in a second companion paper (Schittko et
al., 2001) and the active components responsible for
the insect-specific elicitation are described in a third
companion paper (Halitschke et al., 2001). Insect-
responsive promoters will not only allow researchers
to engineer insect-resistance, but also to analyze the
contribution of individual transgenes to the Darwin-
ian fitness of natural plant populations exposed to
herbivory.

MATERIALS AND METHODS
Rearing of Insects and Cultivation of Plants

Larvae of the tobacco hornworm (Manduca sexta L., Lep-
idoptera, Sphingidae) were hatched overnight at 28°C from
eggs received from Carolina Biological Supply (Burlington,
NC). Seeds of the inbred line DI-92 of Nicotiana attenuata
Torr. ex Wats. had been collected from T40S R19W section
10 of southwest Utah in 1988 and were germinated in
smoke-treated soil (Baldwin et al., 1994b). One-week-old
seedlings were then adapted to hydroponic growth condi-
tions by transferring them to communal 25-L hydroponic
boxes containing 0.292 g/L of Peter’s hydrosol (W.R.
Grace, Fogelsville, PA) and 0.192 g/L of Ca(NOj;),. The
day/night cycle was set to 16 h of illumination at 1,000 to
1,500 umol m~? s~ ! photosynthetically active radiation
from high-pressure Na lights at 32°C and 8 h of darkness at
28°C with 65% constant relative humidity. After 5 d, plants
were placed individually into culture vessels each contain-
ing 1 L of no-nitrogen hydroponic solution (Baldwin and
Schmelz, 1994). Nitrogen was supplied by adding 2 mL of
1 m KNOj after transferring to the individual vessels and
another 1 mL after 7 to 10 d. Treatments were initiated 18 h
after the second addition of nitrogen with plants in the
vegetative stage of growth with approximately 12-cm ro-
sette diameters (21 d post-germination, dpg). Untreated
plants harvested during vegetative growth (21 dpg), bolt-
ing (25 dpg), and flowering (50 dpg) were used in the
analyses of tissue-specific gene expression.

Treatments

Twenty freshly hatched larvae were placed on the ro-
sette leaves of individual plants and allowed to feed for 12
or 24 h. Undamaged plants of the same age were harvested
as controls for the caterpillar treatment. MeJA (Aldrich,
Deisenhofen, Germany), which was close to its thermody-
namic equilibrium (90.1% 1R, 2R MeJA and 8.3% 1R, 2S
MeJA) for the two naturally occurring epimers, was ap-
plied in lanolin paste (Aldrich) to leaves following the
procedure of Baldwin et al. (1996). We applied a total of 250
wng of MeJA in four 10-uL droplets of lanolin to four fully
expanded leaves of each plant, whereas controls were
treated with lanolin paste only. Exposure of plants to air-
borne MeJA was carried out by placing seven 10-uL drop-
lets of lanolin paste with a total of 437.5 ug of MeJA on the
lid of individual hydroponic containers. Ethylene was lib-
erated from 100 ug of ethephon supplied in four 10-uL
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droplets of lanolin paste on leaves. This quantity of ethe-
phon releases an amount of ethylene comparable with the
amount released by a rosette-stage plant under attack by
M. sexta larvae (Kahl et al., 2000). MSA was supplied in the
same way, but at a concentration of 132 ug per plant,
whereas ABA was added to the hydroponic solution to
final concentration of 1 um. Plants were wounded with a
fabric pattern wheel in 30-min intervals during a 12-h time
course, as described in Baldwin and Schmelz (1994). Inoc-
ulation with the disarmed strain LBA4404 of Agrobacterium
tumefaciens (Life Technologies, Karlsruhe, Germany) was
carried out by dispersing a total of 400 wL of cell suspen-
sion (ODgg, = 1) to eight rows of wounds generated with
the fabric pattern wheel on four fully expanded leaves. For
virus treatments, four leaves per plant were wounded us-
ing mesh 200 carborundum powder and inoculated with
each 1.25 ug of the strain Ul of the TMV suspended in 50
wL of distilled water (Preston et al., 1999).

Extraction of Nucleic Acids, Hybridizations, and
Labeling Procedures

Total cellular RNA from four to six plants per treatment
was isolated according to Pawlowski et al. (1994). For gel
electrophoresis, aliquots of 20 ng of RNA were mixed with
5 volumes of 1X MOPS [3-(N-morpholino)-propanesul-
fonic acid] buffer, pH 7, containing 48% (v/v) formamide,
5.2% (v/v) formaldehyde, 20 pug ml ™' ethidium bromide,
0.045% (w/v) Orange-G dye (Sigma, Deisenhofen, Germa-
ny), and 10% (v/v) glycerol, denatured for 10 min at 68°C,
and chilled on ice. Samples were separated alongside RNA
size standards (Life Technologies) on gels prepared from
1.2% (w/v) agarose in 1X MOPS buffer, pH 7, containing
2% (v/v) formaldehyde. High-molecular weight genomic
DNA was extracted from leaves following the protocol of
Richards (1997) and 10 ug of DNA digested with EcoRV
was subjected to Southern blotting. High-stringency north-
ern and Southern hybridizations were performed as de-
scribed in Hermsmeier et al. (1998) with the following
modifications. Nucleic acids were blotted onto Nytran Su-
perCharge membrane (Schleicher & Schuell, Dassel, Ger-
many) using a vacuum blotter (model 785, Bio-Rad, Mu-
nich). Size standards were visualized by incubating the
membranes 15 min in 5% (v/v) acetic acid, followed by 10
min in 0.5 M sodium phosphate buffer, pH 5.2, containing
0.04% (w/v) methylene blue (Sigma) and 5 to 10 min of
repeated rinses in water. The hybridization buffer con-
tained 5X sodium chloride/sodium phosphate/EDTA, 70
mM sodium phosphate buffer, pH 7, 50% (v/v) deionized
formamide, 1% (w/v) SDS, 5X Denhardt’s solution, and 0.1
mg/mL denatured fish DNA (Acros, Geel, Belgium). Tem-
plates for radiolabeling were cDNA inserts PCR amplified
from the pCR2.1-TOPO vector (Invitrogen, Groningen, The
Netherlands) employing the TOPO-F primer (CTCATC-
GATGGATATCTGCAGAATTCGCCC) in combination
with the TOPO-R primer (CTCATCGATAGTGTGCTG-
GAATTCGCCC) synthesized by MWG Biotech (Ebersberg,
Germany). PCR products were gel purified using the
NucleoSpin Extract kit (Machery-Nagel, Diiren, Germany).
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Radiolabeling was carried out in 20-uL PCR reactions con-
taining 1.5 mm MgCl,, 10 um each dATP, dGTP, and dTTP,
0.5 um TOPO-F primer, 0.5 um TOPO-R primer, 0.1
units/uL Platinum Tag DNA polymerase (Life Technolo-
gies), 1 um a->*P-dCTP (NEN, Cologne), and 10 ng of the
gel-purified template cDNA in a final 1X concentrated
reaction buffer supplied with the polymerase. Unincorpo-
rated nucleotides were removed with ProbeQuant G50 spin
columns (Amersham-Pharmacia, Braunschweig, Germa-
ny). Double-stranded probes were denatured for 30 min at
room temperature in final 0.1 M NaOH prior to hybridiza-
tion. Autoradiographs were recorded on film (Biomax MS,
Kodak, Rochester, NY) using a Transscreen for signal am-
plification (Amersham-Pharmacia).

DDRT-PCR

Total cellular RNA isolated from 20 plants exposed to
herbivory for 24 h and from 20 undamaged control plants
was used as starting material for DDRT-PCR. RNAs from
shoots (whole green parts of the plants) and roots were
extracted separately and blended in a 1:1 ratio prior to
first-strand ¢cDNA synthesis. The DDRT-PCR procedure
was performed according to Hermsmeier et al. (1998) with
the following modifications. A single arbitrary primer R1
(TACAACGAGG) was used in combination with the 10
anchor primers Al (T,,AA), A2 (T,,AC), A3 (T,AG), A4
(T1,CA), A5 (T1,CC), A6 (T1,CG), A7 (T1,GA), A8 (T1,GC),
A9 (T,,GG), and A10 (T,,GT), respectively. Primers were
synthesized by MWG Biotech. Platinum Tag DNA poly-
merase (Life Technologies) was employed for intrinsic hot
start in DDRT-PCR. Dried display gels were exposed to
Kodak Biomax MR film (Amersham-Pharmacia). Re-
amplified cDNAs were purified using the NuleoSpin Ex-
tract kit (Machery-Nagel) and cloned into the pCR2.1-
TOPO vector (Invitrogen) according to the manufacturer’s
recommendations. Of each transformation, four to eight
colonies were screened for plasmid inserts via PCR em-
ploying the TOPO-F and TOPO-R primers described above.
Depending on the insert sizes, each three to five colonies
were selected for plasmid preparation using the Nucle-
ospin Multi 8 kit (Machery-Nagel). Inserts of plasmids
were sequenced on an ABI Prism 377 XL DNA sequencer
using the BigDye terminator kit (PE-Applied Biosystems,
Weiterstadt, Germany) and sequence data were analyzed
using the Lasergene software package (DNASTAR, Madi-
son, WI). Sequence similarity searches in the GenBank and
The Arabidopsis Information Resource databases were per-
formed using the BLAST algorithms (Altschul et al., 1997).
Sequence alignments were generated with the ClustalX
program (Thompson et al., 1997).

Screening of cDNA Library

Poly(A)" RNA was isolated from shoots of soil-grown N.
attenuata plants that had been exposed to folivory by M.
sexta larvae for 24 h using the Dynabead mRNA purifica-
tion kit (Dynal, Hamburg). The cDNA library was pre-
pared using the Uni-ZAP XR library kit (Stratagene, Am-

Plant Physiol. Vol. 125, 2001



sterdam). Library construction, screening, and in vivo
excision of pBluescript II SK followed the instruction man-
ual supplied with the kit. A partial sequence, designated
pTD18.2, was obtained after screening with the 3’ gene
probe pDH14.2. The sequence of pTD18.2 was used to
derive the sequences of the primers TD-FWD (GCT-
TATAACATGATGACCAAACTC) and TD-REV (GCAC-
CAAATGGCTCAACTCC) that were employed to generate
a 455-bp PCR product from the 5’ end of pTD18.2. The PCR
product served as a 5’ gene probe to screen for the corre-
sponding full-length clone pTD13. The gene probe
pDH41.6 was used to isolate the full-length clone p51A1.
Double-strand sequencing of the excised plasmid clones
was conducted by GATC (Konstanz, Germany).
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