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Abstract Colorado potato beetle (CPB) is a leading pest of
solanaceous plants. Despite the economic importance of
this pest, surprisingly few studies have been carried out to
characterize its molecular interaction with the potato plant.
In particular, little is known about the effect of CPB
elicitors on gene expression associated with the plant’s
defense response. In order to discover putative CPB
elicitor-responsive genes, the TIGR 11,421 EST Solanaceae
microarray was used to identify genes that are differentially
expressed in response to the addition of CPB regurgitant to
wounded potato leaves. By applying a cutoff corresponding
to an adjusted P-value of <0.01 and a fold change of >1.5
or <0.67, we found that 73 of these genes are induced by
regurgitant treatment of wounded leaves when compared to
wounding alone, whereas 54 genes are repressed by this
treatment. This gene set likely includes regurgitant-respon-
sive genes as well as wounding-responsive genes whose
expression patterns are further enhanced by the presence of
regurgitant. Real-time polymerase chain reaction was used
to validate differential expression by regurgitant treatment
for five of these genes. In general, genes that encoded
proteins involved in secondary metabolism and stress were
induced by regurgitant; genes associated with photosynthe-
sis were repressed. One induced gene that encodes aromatic
amino acid decarboxylase is responsible for synthesis of the
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precursor of 2-phenylethanol. This is significant because 2-
phenylethanol is recognized by the CPB predator Perillus
bioculatis. In addition, three of the 16 type 1 and type 2
proteinase inhibitor clones present on the potato microarray
were repressed by application of CPB regurgitant to
wounded leaves. Given that proteinase inhibitors are known
to interfere with digestion of proteins in the insect midgut,
repression of these proteinase inhibitors by CPB may
inhibit this component of the plant’s defense arsenal. These
data suggest that beyond the wound response, CPB elicitors
play a role in mediating the plant/insect interaction.

Keywords Colorado potato beetle - Herbivore - Plant/insect
interaction - Potato - Real-time PCR - Regurgitant

Introduction

The interaction of an herbivorous insect with a plant involves
a mechanical wound as well as the presence of insect elicitors.
In recent years, responses of plants to insect infestation have
been profiled in a number of species by using molecular
techniques. In particular, identification of plant genes differ-
entially expressed in response to herbivory has been under-
taken in Nicotiana, Arabidopsis, Populus, and Picea
(Reymond et al. 2000, 2004; Hermsmeier et al. 2001;
Schittko et al. 2001; De Vos et al. 2005; Ralph et al.
2006a, b). These studies and others have demonstrated that
insect infestation tends to induce expression of genes that are
important in direct defenses like proteinase inhibitors,
polyphenol oxidases, and lignins, as well as genes involved
in indirect defenses such as generation of volatile com-
pounds that are recognized by predatory and parasitic natural
enemies of the infesting insects. In contrast, genes respon-
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sible for photosynthesis and general metabolism are usually
repressed by insect infestation. This compromises plant
growth and productivity.

One factor that appears to mediate interactions between
an herbivorous insect and its plant host is the composition
of the regurgitant or saliva produced by the insect. Specific
elicitors isolated from the regurgitant of pest insects applied
to mechanically wounded leaves often results in a plant
response that more closely mimics the response to insect
feeding. A variety of different elicitors have been charac-
terized to date. For example, glucose oxidase from the
salivary glands of Helicoverpa zea (Boddie) altered defense
responses when applied to wounded leaves of tobacco
(Eichenseer et al. 1999; Musser et al. 2002). Recently, a
small peptide, inceptin, resulting from the proteolysis of the
plant-derived enzyme cATP synthase, was identified as an
elicitor from the caterpillar Spodoptera frugiperda
(Schmelz et al. 2006). Elicitors can alter the composition
of volatile defensive blends that are generated by the plant
during the defense response, illustrating that the plant’s
response to insect herbivory at the molecular level is
different from that to wounding alone. For instance,
application of a (3-glucosidase isolated from Pieris brassi-
cae (L.) regurgitant to a wounded leaf of cabbage resulted
in the generation of a volatile blend that is also produced by
herbivory (Mattiacci et al. 1995).

Not all elicitors are peptides. Fatty acid—amino acid
conjugates (FACs) are perhaps the best characterized
elicitors of volatile production (e.g., Pohnert et al. 1999).
Application of volicitin, a FAC component of S. exigua
(Hiibner) saliva, to a wounded leaf elicited volatiles similar
to those produced by insect infestation rather than those
resulting from mechanical injury alone (Alborn et al. 1997).
Work from the Baldwin group (Halitschke et al. 2001,
2003; Schittko et al. 2001; Roda et al. 2004) has examined
the effect of regurgitant from Manduca sexta (L.) on
Nicotiana attenuata and has isolated FACs that mimic the
effect of the regurgitant. Roda et al. (2004) found that
regurgitant treatment led to differential expression of 138
genes, 63 of which were upregulated and 75 that were
downregulated. FACs in the regurgitant were responsible
for 53 upregulated and 56 downregulated genes. In a
comparison of wounded poplar leaves versus application of
regurgitant from forest tent caterpillar, Malacosoma disstria
Hiibner, to negligibly wounded leaves, Major and Con-
stabel (2006) found that 38 genes were induced by both
treatments, and these genes tended to be involved in stress
and secondary metabolism. In contrast to the study in
tobacco, only two genes were unique to regurgitant
treatment, suggesting that regurgitant in this case only
augmented the wound response. Clearly, a number of insect
elicitors may affect the plant response to insect attack.
However, it is less clear to what extent these observations

@ Springer

of specific plant—insect interactions can be extended to
interactions between other species.

Colorado potato beetle (CPB), Leptinotarsa decemli-
neata (Say) (Coleoptera: Chrysomelidae), is a serious pest
of potato, Solanum tuberosum, and other solanaceous
crops. This herbivorous insect results in hundreds of
millions of dollars of crop losses annually. Despite the
economic impact of CPB on solanaceous crops, little is
known about the components of CPB regurgitant, or how
CPB regurgitant affects the defense response of potato at
the molecular level. We have recently begun to characterize
CPB regurgitant produced from insects reared on tomato
and have concluded that it contains a proteinaceous
component that inhibits genes that encode proteinase
inhibitors in tomato (Lawrence et al. 2007). Kruzmane et
al. (2002) have shown that CPB regurgitant enhances
peroxidase and polyphenol oxidase activity in potato; these
studies also demonstrated that ethylene is increased in
regurgitant-treated wounded leaves. It has been shown that
potato plants produce a suite of volatiles—including 2-
phenylethanol—upon attack by CPB that attract the CPB
predator Perillus bioculatus (F.) (Heteroptera: Pentatomidae;
Schiitz et al. 1997; Weissbecker et al. 1999). However, a
molecular examination of the specific CPB/potato interaction
by examining the effect of regurgitant treatment has not been
undertaken.

As part of our ongoing studies to characterize CPB—potato
interactions at the molecular level, we have used an 11,421
EST Solanaceae microarray to identify additional genes in
potato whose expression is altered by putative elicitors
present in the regurgitant of CPB raised on potato. Experi-
ments that compared gene expression profiles of mechani-
cally wounded leaves to which CPB regurgitant was applied
versus mechanically wounded leaves without regurgitant
revealed that the plant’s molecular response to wounding
plus CPB regurgitant is not the same as that induced by
wounding alone. This set of regurgitant-responsive genes
likely comprises both genes that are responsive to regurgitant
but not wounding, as well as those genes that are responsive
to wounding, but for which this response is augmented by
the presence of regurgitant. The addition of CPB regurgitant
alters the expression of a suite of defense-associated genes
compared to wounding alone, including a gene putatively
involved in the synthesis of 2-phenylethanol. Our study
provides evidence that CPB modulates the potato’s defense
response against this devastating herbivore potentially via
elicitors present in its regurgitant.

Methods and Materials

Plant Material Potato tubers from S. tuberosum var.
Kennebec were planted in individual 10-cm pots contain-
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ing Metromix® (Scotts, Marysville, OH, USA) and
Osmocote® (Scotts). Plants were grown for 4 weeks in a
greenhouse, and only plants with at least eight leaves were
used in the tests. For real-time polymerase chain reaction
(PCR) experiments, plants were grown for 4 weeks in a
growth chamber with a 16:8 (light to dark, L to D) cycle
at 25°C during the light phase and 20°C during the dark
phase.

CPB Rearing and Regurgitant Isolation CPB came from a
colony at the USDA—ARS Insect Biocontrol Laboratory
that originated from eggs provided by the New Jersey
Department of Agriculture in 1996. Field-collected insects
from potato fields at the USDA—ARS Beltsville Agricul-
tural Research Center (Beltsville, MD, USA) were intro-
duced annually to maintain genetic diversity. CPB were
reared on S. tuberosum var. Kennebec and maintained in a
laboratory under a 16:8 (L to D) cycle at approximately 25°
C. Regurgitant was collected from the oral cavity of fourth
instar CPB with a P200 Pipetteman (Gilson, Oakland, CA,
USA). The regurgitant was centrifuged for 5 min at
10,000xg and the supernatant was collected and stored at
—80°C.

Wounding, Regurgitant Treatment, and Infestation Two
separate series of experiments were carried out—one
for microarray analyses and a second for real-time PCR
analyses. Mechanical wounding involved crushing the
leaf from the sixth node from the bottom with pliers,
while avoiding the major veins, at 1-cm intervals. One
hundred microliter of a 1:3 aqueous dilution of the
regurgitant or 100 pl of water (control) were added to
wounded leaves. Plants were incubated for 4 h after
which the wounded leaves were excised and frozen
rapidly in liquid nitrogen. For microarray experiments,
five plants were pooled for each sample, and the
experiments were repeated three times, i.e., there were
three biological replicates.

In the second series of experiments for real-time PCR
analysis, five treatments were carried out: control (untreat-
ed) plants, water-treated wounded plants, regurgitant-
treated wounded plants, mildly CPB-infested plants, and
acutely CPB-infested plants. Water- and regurgitant-treated
wounded plants were treated as described above. For
infestation treatments, plants were divided into two groups;
the sixth leaf from the bottom was covered with a fine mesh
sleeve, and ten third- to fourth-instar CPB larvae were
added. The first infestation level was achieved by leaving
the ten CPB on the plant for 1 h and then removing them.
The plants were harvested 3 h later. The second infestation
level was achieved by leaving the ten CPB on the plant for
4 h, removing them, and then harvesting the plant
immediately. For real-time PCR (Fig. 1), two plants were

pooled for each sample, and experiments were repeated
four times.

RNA Isolation for Microarray and Real-Time PCR For
microarray analyses, RNA was isolated from S. tuberosum
leaves with Qiagen’s RNeasy kit by using the protocol
recommended by the manufacturer (Qiagen, Valencia, CA,
USA). The protocol is available at http://www.tigr.org/tdb/
potato/microarray SOPs.shtml. For real-time PCR, RNA
was isolated by using Qiagen’s RNeasy Plant Mini kit
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Fig. 1 Real-time PCR of five genes from S. tuberosum var. Kennebec
that are differentially expressed by treatment of wounded leaves with
regurgitant of L. decemlineata. W=wounded+water, W+ Reg=wound-
ed+regurgitant 1:3, /2/3hR=1 h infestation followed by 3 h recovery,
4hI=4 h continuous infestation. a STMEV47, ZPT2—-13 transcription
factor; b STMCK44, carbonic anhydrase; ¢ STMFBS59, class IV
chitinase; d STMEPSS, aromatic amino acid decarboxylase; and e
STMDJ96, Zim domain protein 1, JAZ 1, transcription factor. Fold
change levels of gene expression were expressed as RQ. As such, an
RQ of 1 indicates a sample exhibiting the same relative transcript
abundance as the control. The data were log;, transformed prior to
graphing; hence, equal relative transcript abundance in control and
treatment samples result in a log RQ value of 0. Each bar represents
four biological replicates with error bars representing standard error
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adding an RNase free DNAse step using the manufacture’s
protocol (Qiagen).

Microarrays Two-color spotted cDNA microarrays were
used to carry out gene expression profiling experiments.
The TIGR 10K EST Solanaceae microarray contains
11,412 annotated cDNA clones spotted as randomized
duplicates on the array. Because our primary objective
was to identify regurgitant-responsive genes, hybridizations
were carried out in which wounding plus regurgitant leaf
samples were cohybridized (paired) with wounding plus
water leaf samples. This direct comparison provides greater
ability to identify genes differentially expressed in response
to regurgitant. The variance is smaller in the direct
comparison technique than in indirect comparisons where
arrays pairing wounding plus water vs. control leaf samples
are compared to arrays pairing wounding plus regurgitant
vs. control leaf samples (Dobbin and Simon 2002). For
each treatment—control comparison, three biological repli-
cates were analyzed; for each biological replicate, a dye
swap of technical replicates was performed. In total, six
arrays for wound and wound plus regurgitant were carried
out. The TIGR Solanaceae Expression Profiling Service
performed all the microarray procedures including cDNA
labeling, hybridization, data quantification, and data nor-
malization by using LOWESS (protocols available at http://
www.tigr.org/tdb/potato/microarray SOPs.shtml). The data
from the microarray experiments are available from the
TIGR Solanaceaec Gene Expression Database (http:/www.
tigr.org/tigr-scripts/tdb/potato/study/potato_study hybs.pl?
study=86&user=&pass=&sort=id&order=asc).

Exported data were analyzed in R (Thaka and Gentleman
1996) with the BioConductor suite of packages (Gentleman
et al. 2004). Quality assessment of the raw and background-
corrected data was carried out by inspection of ratio—
intensity plots (also known as minus—add (MA) plots)—
pairwise correlations of ratio (M) values between slides;
and distribution and density of intensity (A) values. Data
were analyzed with the linear models for microarray data
package (Smyth 2005) and exploratory analysis for two-
color spotted microarray data (marray) package (Yang and
Paquet 2005) by using methods described in Dudoit and
Yang (2002), Smyth and Speed (2003), Smyth (2004),
and Smyth et al. (2005). Within-array data were normalized
by two-dimensional spatial loess and print-tip loess
detrending procedure. Data were then scaled to have the
same median-absolute-deviation across arrays. Nonspecif-
ic filtering was applied to reduce false discovery rate by
removing invalid and low intensity genes. Intensity
filtering was done with the genefilter package to remove
genes whose A values were smaller than 7 in at least 75%
of the samples. Linear models were fitted to the normal-
ized data by using duplicate correlations, and empirical
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Bayes analysis was used to compute moderated ¢-statistics,
which were then used to obtain P-values. For multiple
testing, the P-value adjustment method of Benjamini and
Hochberg (1995) was applied to control the false discovery
rate (i.e., expected proportion of truly nondifferentially
expressed genes among the rejected hypotheses). An
adjusted P-value cutoff of 0.01 was used to generate
differentially expressed gene lists. Differentially expressed
genes were chosen if the fold change was >1.5 (induced) or
<0.67 (repressed).

Real-time PCR TagMan Reverse Transcription reagents
(Applied Biosystems, Foster City, CA, USA) were used to
synthesize cDNA. Reaction conditions were 1x TagMan
RT buffer, 5.5 mM MgCl,, 500 uM dNTPs, 2.5 uM
random hexamers, 0.4 U/ul RNase Inhibitor, and 1.25 U/ul
multiscribe reverse transcriptase and incubated at 25°C
10 min, 48°C 30 min, and finally 95°C 5 min.

Real-time PCR was performed with a 7500 Real-Time
PCR System (Applied Biosystems) by using the following
parameters: 50°C 2 min, 95°C 10 min, followed by 40
cycles of 95°C 15 s, 60°C 1 min. Power SYBR Green PCR
Master Mix (Applied Biosystems) was used in a final
reaction volume of 25 pl. Target gene primers were used at
a final concentration of 900 nM and 18S ribosomal
endogenous control primers at 100 nM.

To utilize the comparative Cr method of relative
quantitation of gene expression, validation experiments
were performed on all target gene primers (primer pairs
listed in Table 1). The primers used for 18S rRNA were as
described in Nicot et al. (2005). All target gene primers had
amplification efficiency similar to the 18S amplicon
(absolute value of the slope of ACrt (target gene-18S) vs.
log input RNA were all <0.1). Dissociation curves were
performed for all primer pairs to check specificity of
primers for the target gene. Fold change levels of gene
expression were expressed as relative quantitation (RQ)
values by using a “calibrator” sample as a reference with
Sequence Detection Software version 1.4 (Applied Bio-
systems). As such, an RQ of 1 indicates a sample exhibiting
the same relative transcript abundance as the control. The
data were log; transformed prior to graphing; hence, equal
relative transcript abundance in control and treatment
samples resulted in a log RQ value of 0.

Results and Discussion

Genes are Both Induced and Repressed by CPB Regur-
gitant As an important step towards our long-term goal of
better understanding the contribution of CPB to the CPB—
potato interaction, we set out to use microarray gene
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Table 1 Primer pairs selected for real-time PCR

Clone ID 5'-3" Sequence 3'-5" Sequence

STMDJ96 CAAACAAAACCCCACAAACTACTTCACT GCTGTGGCATTGACACTTGACACTT
STMFB59 GGAACTGTTGGTTCTAGTGATGATTC TGTAGCACATATGTCCAGTTTCATGT
STMEPS88 GGCAACTTTCATGCGTCAAA GCACTAATTCGCTGATGAAATTGT
STMEV47 AAGAAGTCTAATAGCAGCAAGAGGAT GGATTTAAAAAAAGCATCGCAAA
STMCK44 CCATTGAGTACGCTGTTCTTCATC AAGCACTGTGGCCAATGACA

18S rRNA*? GGGCATTCGTATTTCATAGTCAGAG CGGTTCTTGATTAATGAAAACATCCT

?The GenBank accession number for 18S rRNA is X67238

expression profiling to identify genes whose expression is
modulated by the presence of CPB regurgitant. Regurgi-
tant-responsive genes can serve as vital reporter genes for
investigations of CPB—potato interactions and particularly
for identification of components of CPB regurgitant that act
as elicitors to induce or repress the expression of these
genes. Accordingly, leaves were wounded and treated with
either CPB regurgitant at a 1:3 dilution or with water. Two-
colored microarrays were performed to compare these two
conditions. This experimental design provided the most
direct means to identify genes whose expression is
modulated by CPB regurgitant, since our primary objective
was to identify regurgitant-responsive genes rather than
investigate the effect of regurgitant on the expression of
wounding-responsive genes. Four hours following wound-
ing was chosen as the most appropriate time point for these
analyses, based on the rationale that most genes that are
induced early in the defense response would still be
upregulated at 4 h; genes that are induced only later in the
defense response would be commencing upregulation at
4 h, and genes that are differentially expressed only as an
indirect consequence of the wounding plus or minus
regurgitant treatment would not yet have been upregulated
at4 h, i.e., allowing us to minimize secondary effects of the
plant/insect interaction. Korth and Dixon (1997) have
demonstrated that while the timing of maximum expression
of genes in response to wounding or wounding plus
regurgitant can differ over the course of the defense
response, both treatments result in a local induction of
gene expression over baseline levels within a few hours of
treatment, and that this induction persists for many hours.
This and other studies (e.g., Christopher et al. 2004;
Delessert et al. 2004) suggest that while the timing of
sample harvest is critical to detect peak levels of gene
expression during the defense response, a relatively broad
window of opportunity exists to detect statistically different
levels of gene expression for the majority of genes
differentially expressed during the defense response. Con-
sequently, we decided to focus on a single time point
following wounding of the leaves for our microarray
analysis. A limitation to this approach is that the time
course of the regurgitant-associated induction or repression

of gene expression is not known, which affects to some
extent our ability to make biological inferences from the
data. It is also possible that the analysis failed to identify
those regurgitant-responsive genes that are significantly
induced or repressed very early or very late in response to
the treatment but not at 4 h following wounding. Similarly,
this analysis would not reveal regurgitant-responsive genes
that are not present on the TIGR Solanaceae microarray.

Analyses of the microarray data revealed 127 genes
whose transcript abundance was significantly different in
plants treated with mechanical wounding plus regurgitant
compared to plants that were treated with mechanical
wounding alone. The genes selected as significantly
differentially expressed had an adjusted P-value of <0.01
and a fold changed of >1.5 (induced) or <0.67 (repressed).
The regurgitant-responsive gene set can include genes that
are regurgitant but not wounding responsive, as well as
genes that are wounding responsive but whose expression
patterns are intensified by regurgitant. Annotations for these
differentially expressed genes are based on similarities to
annotated sequences at the National Center for Biotechnol-
ogy Information queried using Basic Local Alignment
Search Tool (BLAST)X (Altschul et al. 1997).

There were 73 genes found to be induced (adjusted
P-value<0.01, fold change>1.5) by adding CPB regurgi-
tant to wounded leaves compared to the addition of water to
wounded leaves (Table 2). They include proteins involved
in secondary metabolism, general metabolism, protein
expression, transcriptional regulation, stress, and pathogen
responses. Not unexpectedly, a number of genes that
encode proteins of unknown function were also induced.
This can be in part ascribed to the lack of complete coding
sequence information for a number of cDNAs represented
on the array, which reduces the probability of retrieving a
significant match from a sequence similarity search.

Interestingly, a total of 54 genes were repressed (adjusted
P-value<0.01, fold change<0.67) in wounded leaves in the
presence of regurgitant (Table 3). Genes associated with
photosynthesis and stress were the most prevalent among
downregulated genes. Genes were considered repressed if,
in addition to a P-value of <0.01, the fold change was
<0.67. Genes of secondary metabolism were more abundant
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Table 2 Genes of S. tuberosum var. Kennebec induced by treatment of wounded leaves with regurgitant of L. decemlineata

Clone ID Description Notes FC Adjusted P-value
I 2nd Ist 2nd
spot spot spot spot

General metabolism

STMERG62 Copper-containing amine oxidase 1.75 1.76 0.006 0.006

STMCU61  Glyceraldehyde-3-phosphate dehydrogenase 1.63 1.61 0.003 0.004

STMHX09  Oxidoreductase family protein 1.77 1.74 0.001 0.001

STMEW21  Pyruvate decarboxylase 1.51 1.42 0.007 0.007

STMHV89  Pyruvate decarboxylase 1.52 1.50 0.005 0.006

STMIPOS UDP-glycosyltransferase 85A8 2.11 1.99 0.003 0.003

STMGA89  Phosphoribosylpyrophosphate synthetase 1.61 1.64 0.003 0.013

STMIS31 Dihydrodipicolinate reductase aa metabolism 1.51 1.47 0.003 0.013

STMIJCS81 UDP-glucoronosyl and UDP-glucosyltransferase Carbohydrate 1.36 1.62 0.004 0.004

STMIB34 Glycosyltransferase putative Cell wall 1.64 1.53 0.003 0.003

STMFBO08 Acyl-CoA synthetase putative Fatty acids 2.10 2.04 0.004 0.004

STMIF62 Omega-6 desaturase Fatty acids 1.77 1.69 0.003 0.007

STMGH41  Omega-6 fatty acid desaturase Fatty acids 1.97 1.86 0.006 0.007

STMER74 Ferric-chelate reductase Iron uptake 1.52 1.51 0.004 0.005

STMGA88  CXE carboxylesterase Lipids 1.61 1.80 0.003 0.010

STMER46 Allantoinase Nitrogen 1.79 1.79 0.007 0.010

STMCP60 Allantoinase putative Nitrogen 1.73 1.71 0.010 0.011

STMDIO05 Glutamine synthetase Nitrogen 1.54 1.57 0.009 0.009

Other

STMIX86 Amino acid transporter family protein 1.52 1.55 0.003 0.003

STMEQ77  Auxin efflux carrier family protein 1.56 1.49 0.006 0.007

STMIJG89 Late embryogenesis abundant protein 5 1.86 1.87 0.009 0.010

STMER95 Multidrug resistance-associated protein MRP1 Transport 1.47 1.53 0.003 0.004

STMEJ57 Glucose-6-phosphate/phosphate translocator 2 Transport 1.56 1.74 0.004 0.010

Protein expression
STMIGO07 Syntaxin-related protein Nt-syrl 1.54 1.49 0.009 0.012
STMIO78 tolB protein-related protein 2.10 1.81 0.009 0.010
Secondary metabolism 1.00

STMIU03 20G-Fe(II) oxygenase 1.64 1.52 0.003 0.004

STMIV90 Copper amine oxidase Lignin 1.51 1.52 0.007 0.011

STMIS10 Cytochrome P450 1.67 1.68 0.003 0.004

STMIJC24 Cytochrome P450 2.05 1.96 0.003 0.004

STMIZ25 Cytochrome P450 1.58 1.62 0.004 0.012

STMIJF12 Cytochrome P450 71D10 1.75 1.59 0.003 0.003

STMIJF13 Cytochrome P450 71D10 1.82 1.65 0.004 0.006

STMIZ06 Cytochrome P450 76A2 (CYPLXXVIA2) 1.53 1.53 0.005 0.010

STMEV43  Cytochrome P450 76A2 (CYPLXXVIA2) 1.55 1.57 0.009 0.009

STMHW65  Cytochrome P450 76A2 (CYPLXXVIA2) 1.51 1.51 0.007 0.010

STMIWI1 Multicopper oxidase 1.51 1.50 0.003 0.004

STMEZ84 N-hydroxycinnamoyl-CoA: tyramine N-hydroxycinnamoyl Phenylpropanoids 1.72 1.75 0.007 0.007

transferase

STMIP12 Peroxidase Lignin 2.01 1.97 0.006 0.007

STMIR86 Peroxidase chain A Lignin 1.69 1.82 0.009 0.015

STMEP54 Rhizome secoisolariciresinol dehydrogenase Lignin 1.90 1.88 0.001 0.003

STMFB13 Terpene synthase Terpenes 1.81 1.89 0.003 0.004

STMHI44 Terpene cyclase Terpenes 1.59 1.57 0.001 0.004

STMGR31 Transferase family protein 1.53 1.42 0.004 0.005

STMIJEG63 Tyramine hydroxycinnamoyl transferase Phenylpropanoids 1.89 1.86 0.004 0.004

STMIP44 Tyramine hydroxycinnamoyl transferase Phenylpropanoids 1.62 1.60 0.009 0.011

STMEPS88 Aromatic amino acid decarboxylase 1A Volatiles 1.96 1.83 0.010 0.010

Stress
STMIP26 Alternative oxidase 1b 1.58 1.76 0.003 0.004
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Table 2 (continued)

Clone ID Description Notes FC Adjusted P-value
I 2nd Ist 2nd
spot spot spot spot

STMGP26 ~ Avr9/Cf-9 rapidly elicited protein 284 Pathogen 1.72 1.74 0.007 0.011

STMEO91 Class 11 Chitinase 1.51 1.46 0.003 0.005

pathogen

STMFB59 Class IV Chitinase 1.75 1.73 0.006 0.007

pathogen

STMEHG61 Extracellular dermal glycoprotein putative/EDGP Wounding 1.58 1.51 0.006 0.011

STMEG50  Formate dehydrogenase 1.52 1.53 0.007 0.007

STMET22 Glutathione S-transferase 1.60 1.59 0.004 0.004

STMJA60 Hinl-like protein Pathogen 1.60 1.57 0.006 0.012

STMDWI19  Pathogenesis-related protein 10 Methy jasmonate 1.49 1.52 0.004 0.005

STMCEF73 Pathogenesis-related protein 10 Methy jasmonate 1.58 1.54 0.003 0.007

STMIRS8S Pathogenesis-related protein 10 Methy jasmonate 2.00 1.87 0.004 0.006

STMEY92  Universal stress protein 1.85 1.78 0.003 0.004

STMHYO05  Unknown 1.73 1.61 0.006 0.010

STMHL75 Vacuolar processing enzyme-1b 1.51 1.51 0.006 0.008

STMEP50 Wound-induced protein 1 Wounding 1.51 1.48 0.005 0.006

STMEZ47 Pathogen-inducible alpha-dioxygenase Herbivore 1.66 1.64 0.003 0.003

Transcription factors

STMGC50  Myb-related transcription factor 1.51 1.68 0.004 0.009

STMDJ96 ZIM domain protein 1 1.51 1.52 0.004 0.005

STMEV47  ZPT2-13 1.53 1.45 0.005 0.015

Unknown

STMEP34 Cys-rich domain 1.58 1.55 0.009 0.011

STMIX36 DC1 domain-containing protein 1.50 1.32 0.004 0.005

STMJA37 No current TC 1.84 1.85 0.008 0.010

STMEV12  No significant match 1.68 1.63 0.010 0.015

FC Fold change

when compared to genes repressed by regurgitant treatment
(Tables 2 and 3).

Expression patterns of five genes found to be differen-
tially expressed by CPB regurgitant with the microarray
were confirmed with real-time PCR with independent
experimental material (Fig. 1). The genes were chosen to
represent different functional categories. These experiments
further compared transcript abundance in water-treated and
regurgitant-treated wounded leaves to that of control
(unwounded) leaves as well as to two infestation treat-
ments. The latter one provided an additional control to
determine whether wounding plus regurgitant was a
reasonable substitute for infestation in generating a defense
response. All five genes showed expression patterns in
regurgitant-treated wounded leaves and water-treated
wounded leaves that were in agreement with the microarray
data. For four genes—STMEV47 (similar to ZPT2—13 zinc
finger protein), STMFB59 (similar to class IV chitinase),
STMDJY6 (similar to ZIM domain protein), and STMEPSS
(aromatic amino acid decarboxylase)—real-time PCR data
demonstrated that transcript abundance in regurgitant-
treated wounded leaves was significantly higher than in

water-treated wounded leaves. With the exception of
STMEPSS, each of these genes was also upregulated by
wounding alone relative to control untreated plants; for
these three genes, the presence of regurgitant served to
amplify the induction of gene expression over wounding
alone. The fifth gene that was tested, STMCK44 (similar to
carbonic anhydrase), was downregulated by wounding and
further downregulated by wounding plus regurgitant,
consistent with the microarray data. Each of these five
genes was also differentially expressed in response to CPB
infestation of leaves in the same pattern produced by
mechanical wounding plus regurgitant (Fig. 1), lending
validation to the wounding/regurgitant method. Two differ-
ent infestation treatments were carried out to contrast the
effect with the addition of regurgitant to wounded leaves.
Infestation consisted of either 4 h of continuous infestation
(4hl) or the leaves were subjected to 1 h of infestation
followed by 3 h of recovery (1hI3hR). Neither of these
infestation treatments was specifically designed to mimic
the wounding treatment in intensity or timing and, as such,
comparison of the amplitudes of gene responses to
mechanical wounding plus or minus regurgitant to those
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Table 3 Genes of S. tuberosum var. Kennebec repressed by treatment of wounded leaves with regurgitant of L. decemlineata

Clone ID Description Notes FC Adjusted P-value
Ist 2nd Ist 2nd
spot spot spot spot

General metabolism

STMHE94  NADH:ubiquinone oxidoreductase 0.61 0.61 0.007 0.011
STMCL39  H-protein Amino acids 0.65 0.64 0.003 0.003
STMCNG66  Putative glucosyltransferase Cell walls 0.66 0.73 0.003 0.012
STMGQ22  Endo-beta-1 4-p-glucanase Cell walls 0.64 0.64 0.004 0.004
STMGBS9  Expansinll precursor Cell walls 0.60 0.61 0.004 0.006
STMIR2S5 Glyceraldehyde-3-phosphate dehydrogenase Glycolysis 0.59 0.59 0.004 0.004
STMCK16  GDSL-motif lipase/hydrolase family protein Lipids 0.59 0.56 0.004 0.008
STMCG91  Nitrite reductase Nitrogen 0.66 0.64 0.004 0.008
STMIX44 N-acetylglucosaminyl-transferase Oligosaccharides 0.59 0.61 0.004 0.004
Other
STMIF38 Senescence-associated protein 0.66 0.65 0.003 0.004
STMI1J79 Fasciclin-like arabinogalactan-protein (FLA9) 0.61 0.68 0.004 0.004
STMIC16 GAST]1 protein precursor GA induced 0.57 0.55 0.003 0.003
Photosynthesis
STMCK44  Carbonic anhydrase 0.54 0.55 0.003 0.004
STMCV75  Carbonic anhydrase 0.55 0.55 0.003 0.003
STMCR16  Carbonic anhydrase 0.56 0.54 0.003 0.003
STMCLO1 Carbonic anhydrase 0.57 0.55 0.003 0.003
STMIW27  Carbonic anhydrase 0.58 0.57 0.003 0.003
STMCP14  Glyceraldehyde-3-phosphate dehydrogenase A chloroplast 0.62 0.64 0.003 0.003
STMEWO09  Glyceraldehyde-3-phosphate dehydrogenase A chloroplast 0.62 0.64 0.0023 0.00
STMCM20  Glyceraldehyde-3-phosphate dehydrogenase A chloroplast 0.63 0.64 0.003 0.003
STMHQ84  Photosystem II 10 kDa polypeptide 0.64 0.65 0.003 0.004
STMBBO03  Rubisco 0.62 0.65 0.003 0.006
STMEQO78  Thylakoid lumenal 16.5 kDa protein 0.65 0.64 0.003 0.003
Protein expression
STMJI48 Immunophilin putative/FKBP-type peptidyl-prolyl cis—trans 0.64 0.62 0.004 0.004
isomerase
STMDS45  Ribosomal protein L14 putative 0.64 0.67 0.004 0.004
STMDS44  Ribosomal protein L14 putative 0.66 0.72 0.004 0.005
STMCQ24  Ribosomal protein S1-like RNA-binding domain 0.66 0.69 0.003 0.004
STMIOS81 Trypsin putative 0.58 0.60 0.008 0.013
Stress
STMIX39 Chitin-binding lectin 1 precursor (PL-I) 0.49 0.52 0.007 0.010
STMCQI19  Chitin-binding lectin 1 precursor (PL-I) 0.56 0.60 0.008 0.010
STMET49 Cold-stress inducible protein 0.62 0.69 0.005 0.016
STMJI39 Proline-rich protein 0.56 0.57 0.003 0.003
STMGL17  Proline-rich protein 0.58 0.61 0.001 0.003
STMDO51  Proline-rich protein, putative 0.67 0.62 0.005 0.007
STMDB28  Proline-rich protein, putative 0.68 0.66 0.004 0.006
STMJIM27  Protease inhibitor/seed storage/lipid transfer protein 0.61 0.61 0.010 0.019
STMGAS57  Proteinase inhibitor type-2 TR8 0.60 0.60 0.005 0.008
STMGY25  Wound-induced proteinase inhibitor I 0.64 0.65 0.004 0.009
STMCMS83 24K germin like protein Herbivore 0.46 0.47 0.003 0.003
STMCX35 24K germin like protein precursor Herbivore 0.49 0.46 0.003 0.003
STMFB56  Germin-like protein Herbivore 0.53 0.54 0.004 0.004
STMFB14 Germin-like protein Herbivore 0.55 0.55 0.006 0.009
STMIW53  Aspartic proteinase Wound 0.64 0.65 0.006 0.007
Transcription factor
STMIZ44 Transcription regulator 0.64 0.63 0.001 0.004
Unknown
STMIW44  Expressed protein 0.61 0.64 0.003 0.003
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Table 3 (continued)

Clone ID Description Notes FC Adjusted P-value
Ist 2nd Ist 2nd
spot spot spot spot

STMIV24 No current TC 0.65 0.63 0.003 0.003

STMBB26  No current TC 0.66 0.69 0.001 0.003

STMCB92  No significant match 0.52 0.62 0.004 0.004

STMIJI40 No significant match 0.61 0.64 0.003 0.004

STMIM94  No significant match 0.64 0.68 0.004 0.004

STMII8O No significant match 0.65 0.66 0.005 0.007

STMIR33 No significant match 0.66 0.68 0.004 0.004

STMIP15 No significant match 0.69 0.66 0.003 0.003

STMIJJ57 No significant match 0.61 0.80 0.004 0.040

FC Fold change

evoked by the infestation treatments should be interpreted
with care. Each of the genes examined by real-time PCR
showed a greater response to 4hl than to 1hI3hR; addition-
ally, transcript abundance for most genes exhibited greater
variance in the lhI3hR treatment. Taken together, the
quantitative real-time PCR experimental data demonstrated
that four genes are differentially expressed by wounding, the
expression is enhanced by regurgitant and infestation also
results in differential expression of these genes.

Photosynthesis and Carbohydrate Metabolism Twenty per-
cent of the genes repressed by regurgitant encoded photosyn-
thetic proteins (Table 3). Examples include genes involved in
photosynthetic electron transport such as a photosystem II
reaction center protein and a thylakoid lumenal 16.5 kDa
protein. This observed downregulation of photosynthetic
genes is consistent with the findings of Hermsmeier et al.
(2001). A number of genes associated with the utilization of
carbon resources were repressed by regurgitant, including
carbonic anhydrase, glyceraldehyde-3-phosphate dehydroge-
nase, and Rubisco. However, this was not an overriding
pattern, as other genes involved in carbohydrate metabolism
were induced when regurgitant was added to wounded
leaves. For example, genes that encode pyruvate decarbox-
ylase, glyceralydehyde-3-phosphate dehydrogenase, and uri-
dine diphosphate (UDP)-glycosyltransferase were induced by
regurgitant. Glyceraldehyde-3-phosphate dehydrogenase
poses an interesting case in our study, as different genes that
encode this enzyme showed upregulation or downregulation
at 4 h after wounding plus regurgitant. Enzymes encoded by
different members of this gene family are targeted to
different cellular compartments and participate in differ-
ent biochemical pathways: Chloroplastic glyceraldehyde-
3-phosphate dehydrogenase catalyzes a step of the
reduction phase of the Calvin cycle (photosynthetic
carbon reduction cycle), while cytosolic glyceralde-

hyde-3-phosphate dehydrogenase is an enzyme of
glycolysis. Furthermore, different forms of cytosolic
glyceraldehyde-3-phosphate dehydrogenase exist that
allow carbon flux through glycolysis even under non-
favorable energy status conditions, such as when low
concentrations of ATP are encountered (Dennis and
Blakeley 2000). Clearly, CPB exerts an influence through
its regurgitant not only on the plant’s carbon acquisition
via photosynthesis but also on the plant’s utilization of its
carbon resources. That some genes associated with carbon
metabolism are upregulated by regurgitant while others are
downregulated indicate that this modulation is not a
wholesale induction or repression of resource utilization;
rather, it would appear that the presence of CPB
regurgitant signals changes to the plant that result in more
subtle redirection of carbon flux through metabolic net-
works in the attacked leaves. It will be of interest to
determine how CPB regurgitant influences carbon flux
through the biochemical pathways associated with the
genes shown to be regurgitant responsive in this study.

Protein Synthesis and Nitrogen Metabolism We detected a
suite of differentially expressed genes associated with
nitrogen-based biochemical pathways. Notably, genes that
encode allantoinase were induced by CPB regurgitant in
potato. Allantoinase is an enzyme of ureide metabolism that
catalyzes the conversion of allantoin to allantoate. The
ureides are nitrogen-rich organic compounds that are
important for nitrogen transport and remobilization. Ureides
are best characterized in nitrogen-fixing legumes, but
recently enzymes implicated in ureide metabolism have
been described in nonureide-type legume (Yang and Han
2004) and nonlegume species (Yang and Han 2004; Todd
and Polacco 2006). The potato putative allantoinase genes,
along with a putative allantoinase gene from tomato, show
high sequence similarity to a functionally characterized
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Arabidopsis allantoinase; these genes were distinct from
genes that encode a phylogenetically related enzyme,
dihydroorotase (Yang and Han 2004). Complementation
studies with the Arabidopsis allantoinase gene confirmed
the biochemical activity of the enzyme encoded by this
gene, and mutagenesis studies were used to show that
allantoinase allows the plant to utilize allantoin as a sole
nitrogen source. In black locust, there is an upregulation of
allantoinase in the fall and spring and, hence, is proposed to
play a role in seasonal nitrogen cycling (Yang and Han
2004). Allantoinases have been linked previously to plant
defense in potato. A putative allantoinase was induced in
potato tuber by treatment with a crude elicitor made from
hyphal wall components of the fungus Phytophthora
infestans (Nakane et al. 2003).

Other genes associated with nitrogen utilization that
were upregulated in the presence of regurgitant include
glutamine synthetase (likely associated with nitrogen
reassimilation and recycling) and a gene that encodes a
protein similar to an amino acid transporter. Together, these
results suggest that plants alter their nitrogen utilization
strategies in response to elicitation by regurgitant over and
beyond changes brought about in response to wounding.
Our data suggest that these changes invoke enhanced
recycling and remobilization of nitrogen resources in
attacked leaves. While considerable attention has been paid
to the effect of soil nitrogen availability on allocation of
plant resources to defense and the effect of leaf nitrogen
content on the performance of herbivorous insects (e.g.,
Stamp 2003 and references therein), much less is known
about repartitioning and reallocation of nitrogen resources
in plants upon infestation and how this may affect not only
the insect’s performance but also the plant’s ability to resist
attack to promote damage repair and to resume growth and
development following attack. Clearly, nitrogen resource
utilization in plants under attack by herbivorous insects
requires further investigation.

Secondary Metabolism Genes involved in secondary me-
tabolism were prominent in the list of upregulated genes of
plants that had been wounded and treated with regurgitant.
Eight different genes that encode cytochrome P450s were
induced. Cytochrome P450s are a complex superfamily. In
fact, 272 genes have been identified in the Arabidopsis
genome (Schuler and Werck-Reichhart 2003). They are
involved in biosynthetic reactions that produce such
compounds as phenylpropanoids, alkaloids, and terpenoids.
Terpenoids make up a portion of the volatiles created by
infestation-induced plants, which could play a part in
attraction of predator insects and parasitoids to the infested
potato. Two genes encoding proteins involved in terpene
synthesis are induced in these plants as well. In addition,
several genes that may encode proteins involved in phenyl-
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propanoid biosynthesis are induced: tyramine hydroxycin-
namoy! transferase, copper amine oxidase, and peroxidase.

A gene that encodes aromatic amino acid decarboxylase
was induced, and confirmation of this result by real time
RT-PCR is presented in Fig. 1d. This enzyme is involved
in the production of phenylalanine-derived volatile com-
pounds important for insect attraction (Tieman et al.
2006). Phenylpropanoids are often anti-insecticidal com-
pounds. Aromatic amino acid decarboxylase is the enzyme
responsible for the precursor of 2-phenylethanol (Tieman
et al. 2006), which is a volatile specific to CPB-damaged
plants (Schiitz et al. 1997) and is found to be particularly
attractive to the CPB predator P. bioculatis (Weissbecker
et al. 1999). This suggests that 2-phenylethanol is a
volatile produced in response to regurgitant treatment of
wounded potato plants. This plant response is part of a
tritrophic interaction, which may indirectly result in plant
defense.

Genes Implicated in Pathogen Defense and/or General
Stress Response Many of the genes identified as differen-
tially expressed in response to regurgitant application to
wounded leaves have been associated either with defense
against pathogens or as part of general stress response.
Generally, pathogen-induced genes are induced by the
phytohormone salicylic acid, while wounding-associated
genes are induced by jasmonic acid. However, overlap in
these pathways is well-documented, and it will be of
interest to test the regulation of these genes by these
compounds.

Chitinases were among those pathogen-associated genes
affected by regurgitant application. Two chitinase genes
were identified as regurgitant-induced (a class IV and class
II). The class IV chitinase identified by BLAST search and
the class II chitinase were found to be involved with the
response to pathogen attack (Biichter et al. 1997; Shinya et
al. 2007). The induction of the class IV chitinase is
confirmed by real-time PCR data in Fig. lc. Three genes
with homology to pathogenesis protein 10 were also
induced by regurgitant. The homolog of this gene is
induced by methyl jasmonate and salicylic acid in S.
surattense (Liu et al. 2006). This suggests that the protein
may have a broad defense function.

A noteworthy category of repressed genes are those
genes associated with stress. In tomato, we have found that
proteinase inhibitors Pinl and Pinll are repressed by CPB
regurgitant (Lawrence et al. 2007). There are 16 type 1 and
type 2 proteinase inhibitor clones on the potato microarray.
Three of these inhibitors are repressed by CPB regurgitant.
Since proteinase inhibitors act by inhibiting digestion of
proteins in the insect midgut, this repression may represent
a mechanism by which the insect subverts the plant’s
defense mechanism.
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Other potentially interesting genes that are repressed by
regurgitant are the germins. Of the eight germin genes
found on the potato microarray, four are repressed by CPB
regurgitant. Germins are a large multigene family, which
may contain superoxide dismutase activity, and some
subfamilies may be induced by pathogens and herbivores
(Lou and Baldwin 2006; Zimmermann et al. 2006). For
example, the silencing of a germin from N. attenuata results
in increased mass of M. sexta feeding on the plant and
increases Tupiocoris notatus preference for the transgenic
plant (Lou and Baldwin 2006). In Arabidopsis, 32 germins
have been identified (Zimmermann et al. 2006). An
extensive study of germins from barley examined members
of each of the six identified subfamilies (Zimmermann et al.
2006). The barley sequence of HvGER2a showed the
greatest similarity to the potato CPB repressed germin
genes when examined by using BLASTX. The gene in
barley is wound and cold-induced (Zimmermann et al.
2006) but the protein does not seem to have superoxide
dismutase activity. Therefore, it is unclear how this protein
or the potato germins might function. Perhaps knowing
how CPB regurgitant inhibits germins in potato may offer
insight into transgenic approaches that may circumvent this
repression.

In summary, we have presented the first examination of
transcriptional profiling of genes affected by CPB regur-
gitant. This is a valuable first step given the agronomic
importance of this plant/insect interaction. It also affords
the opportunity to characterize promoters from a number of
regurgitant-induced genes. We found both induced and
repressed genes due to regurgitant addition to wounded
leaves. Characterization of the regurgitant may further
elucidate the components involved in induction of potato
genes by CPB regurgitant. CPB regurgitant affects the
expression of a diverse set of genes: While many of these
genes can be associated with classical stress and defense-
associated mechanisms, including defensive chemistry
biosynthesis, a number of these genes are related to the
utilization of carbon and nitrogen resources. Interestingly,
at least one of these regurgitant-responsive genes may be
implicated in tritrophic interactions. As such, this study
demonstrates that CPB regurgitant affects the expression of
genes beyond those typically associated with the host’s
defensive arsenal and illustrates the complexity of the
interactions that occur between herbivorous insects and host
plants and potentially with other organisms.
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