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The transcriptional response of hybrid poplar (Populus
trichocarpa x P. deltoides) to poplar leaf rust (Melampsora
medusae) infection was studied using the Populus 15.5K
cDNA microarray. Pronounced changes in the transcrip-
tome were observed, with approximately 20% of genes on
the array showing either induction or repression of tran-
scription within the 9-day infection timecourse. A small
number of pathogen-defense genes encoding PR-1, chiti-
nases, and other pathogenesis-related proteins were consis-
tently upregulated throughout the experimental period,
but most genes were affected only at individual timepoints.
The largest number of changes in gene expression was ob-
served late in the infection at 6 to 9 days postinoculation
(dpi). At these timepoints, genes encoding enzymes required
for proanthocyanidin (condensed tannin) synthesis were
upregulated dramatically. Phytochemical analysis confirmed
that, late in the infection, proanthocyanidin levels increased
in infected leaves. Strongly M. medusae-repressed genes at
9 dpi included previously characterized wound- and herbi-
vore-induced defense genes, which suggests antagonism
between the tree responses to insect feeding and M. medusae
infection. In this highly compatible plant-pathogen interac-
tion, we postulate that the biotrophic pathogen evades detec-
tion and suppresses early host responses.
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Poplar (Populus spp.) is an established model system for ge-
nomic studies in angiosperm tree biology (Tuskan et al. 2006).
The development and application of genomics tools to the
biology of Populus has been a key development in the quest to
understand the evolution, function, and adaptation of the ge-
nome of a long-lived, perennial, woody plant (Brunner et al.
2004; Strauss and Martin 2004; Tuskan et al. 2004, 2006). Ge-
nomic resources for Populus include large expressed sequence
tag (EST) and full-length cDNA collections, DNA microar-
rays, high-density genetic maps, application of TILLING (tar-
geting induced local lesions in genomes) as a single nucleotide
polymorphism discovery tool, and the availability of a physical
map and genome sequence of P. trichocarpa (Andersson et al.
2004; Gilchrist et al. 2006; Ralph et al. 2006; Sterky et al.
2004; Tuskan et al. 2006; Yin et al. 2004). These tools build on
the other advantages of poplar as an experimental system, in
particular its rapid growth from vegetative cuttings, a relatively
short generation time (compared with many other tree species),
and susceptibility to Agrobacterium-mediated transformation
(Busov et al. 2005; Han et al. 2000). Recently, poplar has
also received much renewed attention as a plantation forest
tree for the production of wood and fiber and as a cellulose
feedstock for biofuel production. In this larger context of pop-
lar, both as a model and applied system, many questions funda-
mental to tree biology, such as lignin and cellulose formation,
perennial growth, dormancy, and resistance against biotic and
abiotic stress are being addressed using genomic approaches
(Andersson et al. 2004; Andersson-Gunneras et al. 2006;
Brosché et al. 2005; Gu et al. 2004; Hertzberg et al. 2001;
Kohler et al. 2003; Major and Constabel 2006; Ralph et al.
2006; Smith et al. 2004).

In their natural environment, poplars are often keystone spe-
cies in temperate ecosystems, in which they interact with a
diverse array of insect pests, pathogens, or symbionts (Arimura
et al. 2004; Major and Constabel 2006; Ralph et al. 2006;
Smith et al. 2004). With the large-scale deployment of poplar
in plantation forestry and with changing environments, pres-
sure from pathogens, herbivores, and abiotic stress will likely
increase and could offset many of the possible benefits of pop-
lar as a rapidly renewable resource for biomaterials. The Popu-
lus system is therefore an important system for addressing eco-



logical questions, including the interactions of poplar with other
organisms and adaptation to the environment, using genomic
approaches.

The interaction of herbaceous plants with pathogens has
been extensively investigated using genetic and molecular
tools (Nimchuk et al. 2003), but by contrast, our knowledge of
defense mechanisms in tree species to pathogens is still largely
incomplete. Poplars are hosts for a large variety of pathogens,
including fungal biotrophs (Melampsora species), necrotrophs
(e.g., Venturia populina), bacteria (e.g., Xanthomonas popu-
lar), and viruses (e.g., Poplar mosaic virus) (Callan 1998;
Newcombe et al. 1996). One of the most destructive diseases
of poplar is Melampsora leaf rust, which causes premature leaf
drop, loss of biomass and vigor, and even death in poplar plan-
tations (Newcombe et al. 1994). M. medusae causes the major
leaf rust disease of P. deltoides found in eastern North Amer-
ica, and the pathogen has now spread to the northwestern U.S.,
following the introduction of P. trichocarpa x P. deltoides
(TD) hybrids as plantation crops (Newcombe et al. 1996). In
Europe, the leaf rust fungus M. larici-populina is a common
poplar pathogen (Frey et al. 2005). The alternate hosts for
Melampsora poplar rust fungi are usually conifers, and infec-
tion of poplar leaves in the spring occurs from conifer-pro-
duced aeciospores (Callan 1998). On infected poplar leaves,
asexual urediospores can be produced several times within a
season, so the spread of rust can proceed rapidly under moist

conditions. Although resistance to M. medusae in TD hybrids
is heritable and major resistance genes have been mapped
(Newcombe et al. 1996; Yin et al. 2004), it is not known how
this resistance is mediated at the biochemical level.

Plant-pathogen defense is an active process and is associated
with altered expression levels of up to 20% of genes within the
host plant genome (Nimchuk et al. 2003). Genes typically acti-
vated by pathogens are involved in cell-wall modifications or
encode antimicrobial proteins such as plant defensins, thionins,
B-glucanases, and chitinases (Chisholm et al. 2006; Heath
2000; Schenk et al. 2000). Many upregulated genes encode so-
called pathogenesis-related (PR) proteins, which are considered
hallmarks of an active defense. PR proteins have been described
in many species and, in some pathosystems, are directly inhibi-
tory to pathogens (Van Loon et al. 2006). Pathogen challenge
also often induces genes encoding enzymes required for bio-
synthesis of phytoalexins. These antimicrobial secondary me-
tabolites can be derived from phenylpropanoid, terpenoid, or
amino acid pathways (Dixon 2001). The plant defense response
also includes the activation of a variety of regulatory genes and
proteins including transcription factors and protein kinases
(Eulgem 2005; Nimchuk et al. 2003; Schenk et al. 2003).

The dramatic pathogen-induced alteration in transcriptional
activity has made studying the transcriptome during infection
or resistance an effective strategy for probing plant defense.
DNA microarray analysis in Arabidopsis has documented the

Fig. 1. Light micrographs of infection sites of Melampsora medusae in whole, cleared poplar leaves. A, A secondary “runner” hypha (arrow) just under the
epidermis at 1 day postinoculation (dpi). The fungal substomatal vesicle (ssv) is visible between the guard cells of the stoma. B, Optical cross sections of
several intercellular hyphae (arrows) and an intracellular haustorium (h) in a 2-day-old fungal colony. C, Extensive intercellular hyphae (arrows) in a 3-day-
old colony. D, Hyphal mass that is beginning to form urediospores (sp) just under the epidermis at 6 dpi. The fungal mass raises the epidermis so that
stomata (S) and plant epidermal cells (E) can be seen in the same focal plane as the fungus.
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upregulation of hundreds to thousands of genes following patho-
gen attack (Glazebrook et al. 2003; Maleck et al. 2000; Moy et
al. 2004; Schenk et al. 2000, 2003; Tao et al. 2003; Thilmony
et al. 2006). Microarrays are thus potent tools for identifying
novel defense functions or mechanisms from patterns of gene
expression (Restrepo et al. 2005). This general approach of de-
fense gene discovery has been successful in both compatible
(susceptible plants) and incompatible (resistant plants) plant-
pathogen interactions, since many of the same genes are ex-
pressed in both situations but differ quantitatively and in timing
(Katagiri 2004; Tao et al. 2003; Thilmony et al. 2006). For in-
stance, the successful infection of soybean with Phytophthora
sojae leads to the expression of defense genes involved in
resistance, including genes encoding PR proteins and phyto-
alexin enzymes (Moy et al. 2004). Applying gene expression
profiling to compatible plant-pathogen interactions may also
provide clues as to how biotrophic pathogens escape detection
by the host plant or interfere with host defenses and therefore
prevent the hypersensitive response and cell death. These proc-
esses are poorly understood at present for interactions of plants
with biotrophic fungi, in part because no compatible rust fun-
gus is available for Arabidopsis (Mellersh and Heath 2003) but
are likely of great importance in the evolution of specialized
biotrophic pathogens such as the rust fungi (O’Connell and
Panstruga 2006; Voegele and Mendgen 2003).

In this report, we describe experiments that aim to profile
the transcriptional response of hybrid poplar leaves in a com-
patible interaction with the biotrophic rust fungus M. medusae,
using a poplar cDNA microarray containing 15,496 elements
(Ralph et al. 2006). Our results indicate that the poplar leaf
transcriptome is dramatically altered by infection, with the
majority of changes in transcript abundance occurring late in
the infection (6 to 9 dpi). In a comparative analysis with
insect-induced defenses in leaves of the same hybrid poplar
(Ralph et al. 2006), we found that M. medusae infection down-
regulates many of the major herbivore-inducible defenses. M.
medusae rust infection strongly induced genes for enzymes of
flavonoid and proanthocyanidin (condensed tannin) biosynthe-
sis late in the infection process, linking this pathway for the
first time to the pathogen defense response in poplar. The latter
result was confirmed by induced levels of proanthocyanidins
in M. medusae—infected leaves.

RESULTS

The M. medusae-hybrid poplar interaction
is highly compatible and involves rapid hyphal growth.

To investigate defense mechanisms of hybrid poplar to
Melampsora leaf rust infection, we inoculated a susceptible P.
trichocarpa x P. deltoides hybrid (genotype H11-11) with
urediospores of M. medusae. The leaf-rust pathogen infects
and reproduces readily on this poplar hybrid and produces
uredinial pustules containing asexual urediospores 8 to 10 days
postinoculation (dpi). Preliminary Northern analysis showed
that PR-1 and phenylalanine ammonia lyase (PAL) transcripts
were upregulated as early as 1 dpi, indicating that at least some
recognition of the pathogen had occurred and some responses
had been triggered (data not shown). However, no macroscopic
symptoms were visible on the plants prior to 4 dpi.

To determine the extent of pathogen growth prior to devel-
opment of macroscopic symptoms, we examined inoculated
leaves by interference-contrast microscopy. At 1 dpi, we de-
tected infection sites within the leaf (Fig. 1A). These sites var-
ied from having only substomatal vesicles and short intercellu-
lar infection hyphae to other sites with long infection hyphae
and secondary hyphae totaling over 100 um in length. Some
secondary hyphae grew just beneath the epidermis as “runner”
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hyphae (Fig. 1A) and most infection sites had at least one large
haustorium (Fig. 1B). By 2 dpi, at most infection sites, a small
fungal colony with about five large haustoria in the central
region had developed, with a few smaller haustoria associated
with the long runner hyphae below the epidermis (not shown).
At 3 dpi, fungal growth was extensive within each colony (Fig.
1C), and at 6 dpi, hyphal masses that were beginning to form
urediospores could be seen just under the epidermis at each
infection site (Fig. 1D). By 9 dpi, mature uredia had formed
and begun breaking through the epidermis and releasing uredio-
spores (not shown). The interaction between this M. medusae
isolate and the H11-11 hybrid appeared to be highly com-
patible, since we observed no visible evidence in any cells of
defensive callose or phenolic depositions in cell walls or sur-
rounding haustoria.

M. medusae infection of hybrid poplar leaves triggers
large changes in gene expression late in the infection.

Based on these histological observations and the initial
Northern analysis, we designed timecourse studies for gene
expression profiling using a poplar cDNA microarray platform
that contained 15,496 cDNA elements from a variety of EST
libraries (Ralph et al. 2006). Infected and control leaves were
harvested at 1, 3, 6, and 9 dpi for RNA isolation, cDNA syn-
thesis, and microarray hybridization. For each timepoint, equal
amounts of pooled total RNA from five plants (infected or
control) was hybridized pairwise in four technical replicates to
determine differential gene expression. We had previously
used the same poplar microarray platform for an analysis of
gene expression of the same clonal poplar hybrid genotype in
response to feeding by forest tent caterpillar larvae Malacosoma
disstria (Ralph et al. 2006). In that study, using rigorous statis-
tical testing of biological and technical replicates, we demon-
strated that almost all observed variation in microarray signals
was due to technical rather than biological variation when
clonal trees were used under greenhouse conditions (Ralph et
al. 2006). We therefore applied the same protocol of array
analysis for the present study followed by targeted validation
of transcript abundance (discussed below). Array elements dis-
playing a 1.5x fold change between infected and control leaves
with P < 0.05 and Q = < 0.10 were considered to be differen-
tially expressed (DE). At a threshold of P = 0.05, false discov-
ery rates were estimated to be 9.1, 8.6, 0.6, and 0.9% for the 1,
3, 6, and 9 dpi timepoints, respectively, based on Q values
(Storey and Tibshirani 2003). Using these statistical criteria,
nearly 20% of elements on the array were DE at one or more
timepoints in infected leaves. A total of 1,388 elements (9.0%)
were upregulated (induced), while 1,404 elements (9.1%) were
downregulated (repressed) for at least one timepoint (Fig. 2).
Supplemental Table 1 provides a complete list of expression
data for all genes represented on the microarray.

To gain further insight into the infection process, we analyzed
the temporal patterns of up- and downregulated transcript abun-
dance (Fig. 2A). At 1 and 3 dpi, only 72 and 63 elements were
induced, respectively, while at the 6 and 9 dpi timepoints, 1,023
and 613 were upregulated, respectively. The number of corre-
spondingly downregulated elements at the 1, 3, and 6 dpi time-
points was slightly lower (22, 48, and 921 elements, respec-
tively), whereas at 9 dpi the number of repressed genes was
greater than the number induced (779 elements; Fig. 2A). Thus,
there was a dramatic increase in the number of DE genes be-
tween 3 and 6 dpi, suggesting a substantial change in the infec-
tion process and host response. We visualized the overlap in
induced gene sets for the different timepoints using a Venn dia-
gram (Fig. 2B), which confirmed the prominent shift in gene
expression between 3 and 6 dpi. While 64% (46 of 72) and 70%
(718 of 1,023) of the elements induced at 1 and 6 dpi, respec-



tively, were exclusively upregulated at these timepoints, only
17% (11 of 63) of the elements induced at 3 dpi were uniquely
expressed (Fig. 2B). The 3 dpi timepoint may, therefore, be in
the transition phase between early and late responses. Interest-

ingly, almost one-half of the genes significantly repressed at 3
dpi were also induced at 6 dpi (Supplemental Table 2), empha-
sizing this transition and perhaps indicating a release of general
repression. The overlap in induced genes at the 6 and 9 dpi time-
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Fig. 2. Summary of differentially expressed (DE) genes from microarray analysis of 15,496 array elements during infection of poplar leaves with Melamp-
sora medusae (MM). Genes were classified as DE between infected and control (C) leaves using a threshold of fold change >1.5, P < 0.05 and Q < 0.10. A,
Histograms of the fold change (MM-C) distribution for all genes at 1, 3, 6, and 9 days postinoculation (dpi). Short-dash vertical bars indicate the upper and
lower 95% confidence intervals and long-dash bars indicate maximum up- or downregulation. The number of genes up- or downregulated are indicated for
each timepoint, with numbers in parenthesis representing DE genes as a percentage. B, Venn diagram showing the overlap of up- or downregulated elements
between the various timepoints.
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points was substantial, indicating an activated defense response
at these late timepoints. Similar patterns of overlap were ob-
served for the repressed gene sets.

Despite the substantial number of induced genes, few (13 of
1,388) were upregulated significantly and none were down-
regulated at all timepoints (Fig. 2B). Thus, distinct sets of
genes are affected at different stages of the infection. Of the
genes in the common induced set, a large proportion are anno-
tated as encoding PR proteins such as PR-1, endochitinases,
glucanases, and dirigent proteins (Table 1). PR-1 and other PR
proteins are found in many if not all plants, and PR-1 is con-
sidered to be a robust marker for the induced defense response
(Van Loon et al. 2006). In addition to these known defense
genes, genes encoding ADP-ribosylation factor ARF-1, several
Myb family transcription factors, a senescence-related protein,
and a number of unknown proteins are also upregulated
throughout the entire timecourse.

Many Melampsora-repressed genes encode
photosynthesis-related and herbivore-inducible
defense proteins.

To further discern global trends and identify patterns of co-
expressed genes in the infection process, we used the divisive
DIANA algorithm (Bryan 2004) for cluster analysis (Fig. 3).
Eight unique clusters showing distinct profiles were generated,
collectively representing gene sets exclusively with up- or
downregulation and gene sets with mixed response patterns
(Fig. 3). Clusters 1 to 5 contained the majority of DE genes on
the array and generally demonstrated profiles of consistent up-
or downregulation. Clusters 6 to 8 contained fewer genes, but
they showed stronger changes in expression. We also exam-

ined clusters for functional annotation patterns and found that
most clusters typically contained genes belonging to diverse
functional categories.

We first focused on clusters that grouped genes with decreas-
ing expression, as the biotrophic nature of M. medusae and a
lack of macroscopic symptoms and major induction of gene
expression until at least 3 dpi (Fig. 2) suggests that early sup-
pression of defense could be important for successful coloni-
zation. Despite extensive screening for genes with a pattern of
very early repression, such genes were not exclusively repre-
sented as a unique cluster. While genes in cluster 6 were
among the most strongly downregulated at 1 dpi, expression
ratios were still quite variable at 1 dpi and not statistically sig-
nificant. In contrast to cluster 6, cluster 3 grouped genes that
are first upregulated and then progressively repressed during
the timecourse after 3 dpi (Fig. 3). Among the most strongly
repressed genes identified at 9 dpi in cluster 3 were many pho-
tosynthesis-related genes, including chlorophyll a/b binding
proteins and photosynthetic reaction center proteins. Other ele-
ments repressed at 6 and 9 dpi in cluster 3 included many
genes involved in carbon metabolism (such as fructose-bisphos-
phate aldolase, sugar isomerase, sucrose synthase), suggesting
an overall downregulation of primary processes as a defense
response is activated at the later time of successful infection.
No PR or other known defense-related genes were found in
this set.

Similar to those in cluster 3, genes from cluster 7 also showed
induction early in the infection process; however, in contrast,
these genes then followed a much stronger general decline in
transcript abundance, with lowest levels observed at 9 dpi (Fig.
3). Surprisingly, this cluster contained a substantial number of

Table 1. Microarray elements upregulated at all timepoints following infection with Melampsora medusae®

1 dpi 3 dpi 6 dpi 9 dpi

Clone ID AGI number E-value Annotation® FC P FC P FC P FC P
WS0173_N04  Atlg64160 1e-30 Disease resistance-responsive/dirigent

protein 1.87  0.002 270 <0.001 6.13 <0.001 3.17 <0.001
WS0147_121 At2g14580 3e-53 Pathogenesis-related protein 1 (PR-1) 2.00 <0.001 3.53 <0.001 245 <0.001 13.92 <0.001
WS0224_B11  At2g14610 3e-57 Pathogenesis-related protein 1 (PR-1) 1.67 0.019 248 <0.001 2.15 0.002 3.61 <0.001
WSO0175_A23  At2g47170  1e-97 ADP-ribosylation factor 1 (ARF1) 3.19 <0.001 8.17 <0.001 523 <0.001 7.48 <0.001
WS0145_K24  At3g03080 4e-21 NADP-dependent oxidoreductase 1.86  0.034 335 0.001 7.02 <0.001 9.11 <0.001
WS01211_N10 At3g07130 2e-73  Serine/threonine protein phosphatase 1.64 <0.001 229 <0.001 240 <0.001 1.86 <0.001
WS0161_F14  At3g10740  3e-19  Glycosyl hydrolase 3.04 <0.001 1.71 0.005 3.07 <0.001 394 <0.001
WS0209_J01 At3g12500 3e-34 Basic endochitinase 1.77  0.004 249 <0.001 236 <0.001 3.52 <0.001
WS0162_K02  At3g45600 6e-45 Senescence-associated protein 2.04 <0.001 281 <0.00I 5.14 <0.001 6.04 <0.001
WS0124_E20  At3g47540 8e-11  Basic endochitinase 1.50  0.020 2.03 0.001 1.84 0.002 2.82 <0.001
WS01218_H13  At3g55990  7e-09 Expressed protein 253 <0.001 192 0.001 220 <0.001 2.67 <0.001
WS0122_H18  At3g57260 2e-34  Glucan endo-1,3-beta-glucosidase, acidic

isoform 1.95 0.001 388 <0.001 446 <0.001 6.63 <0.001
WSO0132_123  At3g57270  7e-49 Beta-1,3-glucanase 1.69 <0.001 334 <0.001 5.77 <0.001 5.57 <0.001
WSO0181_F07  At4g37260  2e-40 Myb family transcription factor (MYB73) 1.97 <0.001 329 <0.001 274 <0.001 8.04 <0.001
WS0175_001  At4g38620 2e-12 Myb family transcription factor (MYB4) 205 0.003 498 <0.001 2.61 <0.001 11.35 <0.001
WS01211_N17 At5g09600 le-15 Succinate dehydrogenase subunit 3 1.77 <0.001 2.78 <0.001 1.88 <0.001 1.88 <0.001
WS01119_K08 At5g10360  3e-76  40S ribosomal protein 330 <0.001 1.68 <0.001 454 <0.001 2.87 <0.001
WS0204_B10  At5g13220  2e-18  Expressed protein 1.52 0.005 2.87 <0.001 229 <0.001 245 <0.001
WS0162_MO02  At5g66930  5e-73  Expressed protein 1.80 <0.001 433 <0.001 297 <0.001 6.01 <0.001
WS0213_B15  n.a. n.a. No significant hit 2.63 <0.001 4.84 <0.001 8.10 <0.001 8.58 <0.001
WS0207_E14  n.a. n.a. No significant hit 1.53  0.007 4.08 <0.001 3.54 <0.001 246 <0.001
WS0162_J02 n.a. n.a. No significant hit 2.07 0.024 380 0.001 849 <0.001 622 <0.001
WS0127_F14  n.a. n.a. No significant hit 1.88 0.001 240 <0.001 195 <0.001 3.00 0.001
WS0147_H21  n.a. n.a. No significant hit 1.78  0.001 2.17 <0.001 2.14 0.001 1.82 <0.001
WS0211_HI1 n.a. n.a. No significant hit 3.61 <0.001 2.15 <0.001 323 <0.001 4.54 <0.001
WS0122_018  n.a. n.a. No significant hit 1.56  0.013 2.14 <0.001 2.19 <0.001 1.83  0.002
WSO0153_D07 n.a. n.a. No significant hit 290 <0.001 1.99 <0.001 3.19 <0.001 227 <0.001
WS0145_C05  n.a. n.a. No significant hit 1.59 0.003 192 <0.001 1.81 0.001 1.68 0.002

* Elements with a fold-change (FC) > 1.5x (infected/control leaves) and P < 0.05 at all time points, with Q < 0.10 for at least three time points. Genes in bold
indicate known pathogen defense-related genes. dpi = days postinoculation; AGI = Arabidopsis Gene Index.
Y BLASTX vs. Arabidopsis putative annotation of array elements assigned according to The Arabidopsis Information Resource protein set using BLASTX

with a threshold of expect (E) value < 1le-05.
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genes that previous work had identified as strongly wound- and
forest tent caterpillar—inducible defense genes (Major and
Constabel 2006; Ralph et al. 2006). Therefore, we further com-
pared expression data for M. medusae infection with data
obtained from another experiment in which the same array plat-
form and same poplar genotype were used to probe herbivore-
induced gene expression (S. Ralph and J. Bohlmann, unpub-
lished). Table 2 lists expression ratios for genes highly repressed
by M. medusae infection at 9 dpi, together with corresponding
gene expression in leaves following forest tent caterpillar herbi-
vory. Surprisingly, many genes repressed by Melampsora infec-
tion at 3, 6, and 9 dpi were conversely induced 24 h after con-
tinuous herbivory, though often weakly downregulated at 2 h.
The genes on this list encode proteins that are well characterized
in poplar herbivore interactions such as Kunitz trypsin inhibitors
(TI), chitinases, polyphenol oxidase (PPO), a terpene synthase,
and other herbivore defense genes (Christopher et al. 2004;
Major and Constabel 2006; Ralph et al. 2006). In general, genes
with the lowest expression ratios at 9 dpi in the interaction with
M. medusae were among the most strongly caterpillar-induced
genes (Table 2), indicative of a largely divergent and possibly
antagonistic response of poplar to a biotrophic fungal pathogen
and insect feeding.

Strongly Melampsora-induced genes encode PR proteins
and enzymes required for flavonoid biosynthesis.

Clusters 1 and 4 contain genes with broad upward trends in
transcript abundance following infection (Fig. 3). Interestingly,
among the 50 most strongly induced genes in cluster 4 at 9
dpi, 30% are annotated for PR or cell wall-modifying func-
tions. Across all clusters, these categories comprise approxi-
mately 20% of the 100 most strongly induced genes at 9 dpi.
Cluster 1 comprises many genes with peak induction at 6 dpi
(Fig. 3) and includes several flavonoid biosynthetic as well as
PR genes. Cluster 6 also contains genes that are upregulated

strongly at 6 dpi following downregulation early in the infec-
tion, with a large proportion (22%) of genes annotated for fla-
vonoid and phenylpropanoid metabolism.

To highlight individual genes induced over the course of
infection, Table 3 presents the 15 most highly induced array ele-
ments for each timepoint. At 1 dpi, at least one known herbi-
vore-responsive gene (a Kunitz TI) shows strong induction,
which suggests that the pathogen is triggering at least a partial
wound response despite the lack of physical indications of an
attempted defense or containment of the fungus. Although many
herbivory defense genes are ultimately repressed at later time-
points, during the early response some herbivore and pathogen
response genes are upregulated in parallel. At 3 dpi, genes po-
tentially involved in pathogen responses (i.e., PR-1, chitinases,
B-1,3-glucanases, WRKY transcription factors) are well repre-
sented, accounting for 13 of 54 elements with twofold or greater
induction (Table 3). As early as 3 dpi, the induction of flavonoid
biosynthetic genes is evident (e.g., flavanone 3-hydroxylase
[F3H]), and this is even more pronounced at 6 dpi (discussed be-
low). At 9 dpi, 11 of the top 50 induced genes are annotated for
pathogen defense, together with genes associated with a broad
range of other biological functions (Table 3).

The most pronounced response to M. medusae infection of
poplar leaves, both in terms of the number of genes and mag-
nitude of induction, occurred at 6 dpi. Among array elements
significantly upregulated fivefold or more, almost one-third
are annotated as flavonoid-related genes, and six of these
rank in the top 15 (Table 3). The dramatic rise in DE genes
between 3 and 6 dpi (Fig. 2) appears to involve genes for
general phenolic secondary metabolism, several of which
were initially downregulated at 1 and 3 dpi. Most flavonoid
biosynthesis genes, however, showed unaltered gene expres-
sion at the earlier timepoints, emphasizing the dramatic
switch in metabolism at 6 dpi. The list of strongly induced
genes at 6 dpi included chalcone synthase, F3H, and leuco-
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Fig. 3. Cluster analysis of expression profiles of genes differentially expressed (DE) following Melampsora medusae infection of poplar leaves. A set of
2,988 genes were identified as DE (fold change >1.5 for infected vs. control leaves; P < 0.05) for at least one timepoint and then were clustered using the
divisive DIANA algorithm (Bryan 2004). The first eight clusters formed were examined. For each panel, fold change expression ratios are plotted for 1, 3, 6,
and 9 days postinoculation. Black dotted lines represent the expression profiles of individual array elements, and red lines represent the median expression
ratio for an entire cluster. For each timepoint, boxplot representations of the expression profile for all 2,988 array elements are provided for reference. Each
boxplot shows the median value as a line bisecting the box, upper (75%) and lower (25%) quartiles at the top and bottom box edges, the nonoutlier minimum
and maximum values as whiskers outside the box (1.5x the interquartile range), and outlier values (beyond the whiskers) as open circles.
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anthocyanidin dioxygenase (also referred to as anthocyanidin
synthase) (Table 3). Genes from the early steps of phenylpro-
panoid metabolism, such as PAL and 4-coumarate-CoA li-
gase (4CL) were also induced at 6 dpi (5- and 3.5-fold induc-
tion, respectively). Likewise, genes encoding shikimate path-
way enzymes for the biosynthesis of aromatic amino acids
were induced severalfold, for example, 3-deoxy D-arabino-
heptulosonate 7-phosphate (DAHP) synthase. These results
suggest M. medusae infection induces both the shikimate and

general phenylpropanoid pathways as well as flavonoid bio-
synthesis, which is downstream of these early steps in phenyl-
propanoid biosynthesis.

M. medusae infection induces
proanthocyanidin biosynthesis in poplar leaves.

The flavonoid pathway comprises several branches, which
together lead to a large diversity of secondary metabolites
including anthocyanins, flavonols, flavones, isoflavonoids, and

Table 2. Comparison of changes in gene expression following Melampsora medusae infection and forest tent caterpillar (FTC, Malacosoma disstria)

feeding?®
M. medusae infection FTC herbivory
1 dpi 3 dpi 6 dpi 9 dpi 2h 24h
Clone ID AGI number _ E-value  BLASTX vs. Arabidopsis® FC P FC P FC P FC P FC P FC P
SOXIY 1TE AMgIAaG  Jesbh Ammopepialoes 1,38 D0E3 hdn <0000 35 0801 [kih <0000 {87 -0 sl <1 K
SO08% 123 AMdglalss led9 Paosphoriss <0000 A0 <Ml A kel 07 <0l 05T <0 B <11 0
HO051 111 AllgI7EN0  lodw  Kaeaitr frvpain mkibinr <000 B =N el 0800 0K snoo) AR =0l =1 141
SONZY: D01 MAallgT4ids  Je-B0 Chodine hros: <001 048 < 0] BER R0l 20 <00l 031 <00l il 1K)
SOXIE 65 A48 ledT Plasss mesibvase ATPme 139 0210 045 Nl 85 000 N3T <0000 6% 0 <LK
SOLE_EE AHpllER fae05 Phosphoryase 00oG 03T UHE Gl 005) O0E <0000 0T =0 0] =1l )
(LA na n Palyphrnl usiidase 002 070 ol &8s 0007 028 <niHl Dss D os <11 (K
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RO0I4 DR Ailgl2SEa Te-bl | lend shogk predem 0 o oaws ok 0o B o) 04E <00 |4 =) L]
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* Microarray elements ranked by fold change (FC) repression by M. medusae infection at 9 dpi (P < 0.05; Q < 0.10) were compared with expression profiles
2 and 24 h following continuous FTC feeding on poplar leaves (P. trichocarpa x P. deltoides, H11-11 genotype; S. Ralph and J. Bohlmann, unpublished).
Genes in bold indicate known herbivore defense—related genes. Dark and light shading indicate significant up- and downregulation, respectively. PPO =

polyphenol oxidase. dpi = days postinoculation; AGI = Arabidopsis Gene Index.

Putative annotation of array elements assigned according to The Arabidopsis Information Resource protein set using BLASTX with a threshold of expect

(E) value < le-05.
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proanthocyanidins (also referred to as condensed tannins) hensively searched the 6-dpi induced-gene set for flavonoid-

(Winkel-Shirley 2001). To define which branch pathway is related genes. Our initial annotation of array elements (Ralph
specifically upregulated in M. medusae—infected poplar leaves et al. 2006) was manually verified with additional database
and which end products are likely to accumulate, we compre- searches and sequence alignments for genes involved in poplar

Table 3. Most highly induced microarray elements at each infection timepoint, ranked by fold induction®

Clone ID AGI number E-value BLASTX vs. Arabidopsis® Cluster FC P 1]

1 dpi
WS0211_H11 n.a. n.a. No significant hit 4 3.61 <0.001 <0.001
WSO01119_KO08 At5g10360 3e-67 40S ribosomal protein S6 1 3.30 <0.001 <0.001
WS0175_A23 At2g47170 1e-09 ADP-ribosylation factor 1 4 3.19 <0.001 0.002
WSO0161_F14 At3g10740 3e-19 Glycosyl hydrolase 4 3.04 <0.001 0.008
WS0153_D07 n.a. n.a. No significant hit 1 2.90 <0.001 0.002
WS0133_111 Atlg17860 3e-06 Kunitz trypsin and protease inhibitor 7 2.86 <0.001 0.002
WS01223_DO1 Atlg74320 2e-80 Choline kinase 7 2.63 <0.001 <0.001
WS0213_B15 n.a. n.a. No significant hit 4 2.63 0.001 0.008
WS0223_H24 n.a. n.a. No significant hit 5 2.61 <0.001 0.076
WS0222_L05 n.a. n.a. No significant hit 5 2.53 <0.001 0.018
WSO01218_H13 At3g55990 7e-09 Expressed protein 2 2.53 <0.001 0.017
WSO0211_N10 Atlgl2740 4e-42 Cytochrome P450 1 2.44 <0.001 0.006
WS0154_K17 n.a. n.a. No significant hit 7 2.40 <0.001 0.011
WS01216_019 n.a. n.a. No significant hit 2 2.36 <0.001 0.045
WS0163_H09 Atlgl8720 Se-60 Similar to YGLO10w-like protein 2 2.30 <0.001 0.042

3 dpi
WSO0175_A23 At2g47170 le-09 ADP-ribosylation factor 1 (ARF1) 4 8.17 <0.001 <0.001
WS0175_001 At4g38620 le-12 Myb family transcription factor (MYB4) 8 4.98 <0.001 0.002
WSO01221_M15  At5g24530 le-14 F3H 4 4.93 <0.001 0.001
WS0213_B15 n.a. n.a. No significant hit 4 4.84 <0.001 <0.001
WS0162_M02 At5g66930 5e-73 Expressed protein 4 4.33 <0.001 0.001
WS0207_E14 n.a. n.a. No significant hit 1 4.08 <0.001 <0.001
WS0154_NO1 At5g24530 4e-90 F3H 4 4.06 <0.001 0.025
WS0214_A24 At3g56400 3e-30 WRKY family transcription factor (WRKY4) 2 3.93 <0.001 0.038
WS0122_H18 At3g57260 2e-34 Glucan endo-1,3-beta-glucosidase, acidic isoform 4 3.88 <0.001 0.001
WS0162_J02 n.a. n.a. No significant hit 1 3.80 0.001 0.072
WS0208_C23 At2g18660 6e-28 Expansin 4 3.77 <0.001 0.016
WS0163_N08 At1g36050 2e-52 Expressed protein 4 3.73 <0.001 0.001
WS0147_121 At2g14580 3e-53 Pathogenesis-related protein 1 (PR-1) 8 3.53 <0.001 <0.001
WS0145_K24 At3203080 4e-21 Similar to allyl alcohol dehydrogenase 4 3.35 0.001 0.080
WSO0132_1.23 At3g57270 Te-49 Beta-1,3-glucanase 4 1.69 <0.001 <0.001

6 dpi
WS0204_D20 n.a. n.a. No significant hit 6 18.70 <0.001 <0.001
WS0123_C10 Atl1g75290 7e-10 Leucoanthocyanidin reductase 6 18.58 <0.001 <0.001
WS0153_P12 n.a. n.a. No significant hit 6 17.88 <0.001 <0.001
WS02010_G23 At5g13930 7e-08 Chalcone synthase / naringenin-chalcone synthase 6 17.04 <0.001 <0.001
WS01127_H15 Atlg72550 9e-11 tRNA synthetase beta subunit 6 16.68 <0.001 <0.001
WS0221_F08 At4g22880 3e-65 Leucoanthocyanidin dioxygenase 6 14.02 <0.001 <0.001
WS0204_110 n.a. n.a. No significant hit 6 12.70 <0.001 <0.001
WS0163_El11 At2g46150 9e-14 Expressed protein 6 11.87 <0.001 <0.001
WS0175_A21 Atl1g56200 1e-08 Expressed protein 6 11.51 <0.001 <0.001
WSO01212_B14 At3g51240 3e-80 F3H 6 11.45 <0.001 <0.001
WS0205_H14 At4g22880 4e-48 Leucoanthocyanidin dioxygenase 6 11.38 <0.001 <0.001
WS0122_P22 n.a. n.a. No significant hit 6 10.44 <0.001 <0.001
WS0143_M24 At3g51240 2e-36 F3H 6 9.73 <0.001 <0.001
WS0121_D23 At4g24220 Se-48 Expressed protein induced upon wounding 6 9.14 <0.001 <0.001
WS01212_M19  Atl1g33730 3e-14 Cytochrome P450 6 9.02 <0.001 <0.001

9 dpi
WS0147_121 At2g14580 Se-53 Pathogenesis-related protein 1 (PR-1) 8 13.92 <0.001 <0.001
WS0175_001 At4g38620 le-12 Myb family transcription factor (MYB4) 8 11.35 <0.001 <0.001
WS0145_K24 At3g03080 4e-21 Allyl alcohol dehydrogenase 4 9.11 <0.001 <0.001
WS0213_B15 n.a. n.a. No significant hit 4 8.58 <0.001 <0.001
WS01217_B16 At5g20620 2e-63 Polyubiquitin (UBQ4) 8 8.14 <0.001 <0.001
WS0181_F07 At4g37260 2e-40 Myb family transcription factor (MYB73) 8 8.04 <0.001 <0.001
WSO0175_A23 At2g47170 1e-97 ADP-ribosylation factor 1 (ARF1) 4 7.48 <0.001 <0.001
WSO0153_P14 At2g14610 le-56 Pathogenesis-related protein 1 (PR-1) 8 7.24 <0.001 0.001
WS0167_N13 At3g43230 3e-53 Zinc finger (FYVE type) 8 7.00 <0.001 <0.001
WS0122_H18 At3g57260 2e-34 Glucan endo-1,3-beta-glucosidase, acidic isoform 4 6.63 <0.001 <0.001
WS0162_J02 n.a. n.a. No significant hit 1 6.22 <0.001 0.001
WS0119_D08 At1g58170 3e-43 Disease resistance-responsive / dirigent protein 4 6.05 <0.001 <0.001
WS0162_K02 At3g45600 6e-45 Senescence-associated 4 6.04 <0.001 <0.001
WS0162_MO02 At5g66930 Se-73 Expressed protein 4 6.01 <0.001 <0.001
WSO0132_1.23 At3g57270 Te-49 Beta-1,3-glucanase 4 5.57 <0.001 <0.001

* F3H = naringenin 3-dioxygenase/flavonone 3-hydroxylase, dpi = days postinoculation, AGI = Arabidopsis Gene Index, FC = fold change.
® Putative annotation of array elements assigned according to The Arabidopsis Information Resource protein set using BLASTX with a threshold of expect
(E) value < le-05.
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phenolic metabolism and was subsequently confirmed by an
independent annotation of genes of phenolic metabolism in the
poplar genome (Tsai et al. 2006; Tuskan et al. 2006). Based on
this analysis, all enzymatic steps required for proanthocyanidin
biosynthesis are represented on the Populus 15.5K microarray
used in this study. Furthermore, we observed upregulation for
at least one gene at every enzymatic step, with the exception of
cinnamate 4-hydroxylase (C4H) and dihydroflavonol reductase
(DFR) (Fig. 4). Almost all enzymes of the flavonoid pathway
are represented by more than one gene (Tsai et al. 2006). Inter-
estingly, the most strongly M. medusae—induced gene family
members identified here also correspond to those genes most
highly induced by wounding in P. fremontii x angustifolia
leaves (Tsai et al. 2006).

To validate our array data and to confirm the upregulation of
flavonoid and phenylpropanoid pathway genes, we carried out
Northern analysis on a set of biologically independent experi-
ments using probes for selected biosynthetic genes (Fig. 5).
Since the DFR genes on the array did not show any infection-

induced change in expression, we included a different but pre-
viously characterized wound-induced DFR cDNA from P.
tremuloides (PtDFR) (Peters and Constabel 2002) as a probe
in the Northern analysis. Sequence comparisons indicated that
this gene was present in the P. trichocarpa genome but distinct
from the DFR isoforms present on the array. Relative to con-
trol leaves, all flavonoid genes tested, including PtDFR,
showed higher transcript levels in infected leaves (Fig. 5).
PAL, the entry point to the phenylpropanoid pathway, was also
clearly induced. Thus, our Northern data confirmed the induc-
tion of flavonoid genes as observed on microarrays and also
indicated that a DFR gene not present on the array was upregu-
lated. Although we did not test additional C4H probes, given
that all other steps in the pathway are represented, we specu-
late that another C4H isoform not represented on the array
may be M. medusae—induced.

Additional validation of microarray data was performed by
gene-specific quantitative real-time polymerase chain reaction
(qPCR), using a set of induced defense-related and flavonoid
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pathway genes, as well as several noninduced genes for com-
parison. Although the absolute expression ratios differed some-
what between qPCR and microarray platforms, there was a
good general correspondence of DE values (Table 4). The DE

Fig. 5. Northern blot analysis demonstrating upregulation of flavonoid
pathway genes by Melampsora medusae infection. RNA from leaves 9
days postinoculation was separated on agarose gels, blotted, and probed
with full-length cDNAs corresponding to the indicated genes. C = control
leaves, M = M. medusae-infected leaves, PAL = phenylalanine ammonia-
lyase (WS0154_HO05), CHS = chalcone synthase (WS02010_G23), F3H =
flavanone 3-hydroxylase (WS01212_B14), DFR = dihydroflavonol 4-
reductase PtDFR (AY147903), LAR = leucoanthocyanidin reductase
(WS0123_C10), ANS = anthocyanidin synthase (WS0205_H14), and
ANR = anthocyanidin reductase (WS02011_MO08), Actin accession = BU
823250, BU 823250, EtBr = ethidium bromide.

genes encoding PR-1, dirigent protein, F3H, glycosyl hydrolase,
laccase, anthocyanidin reductase (ANR), leucoanthocyanidin
reductase (LAR), and Kunitz TI showed comparable expression
patterns by both techniques. For a few transcripts (e.g., PAL,
Myb transcription factor, chalcone isomerase), the qPCR and
microarray data disagree, in which case the induced gene
expression obtained using cDNA microarrays may reflect induc-
tion of a closely related gene family member. Overall, the

1.2

0.8

0.4

0.0
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Fig. 6. Proanthocyanidin levels as determined by butanol-HCI assay in
Melampsora medusae—infected and control poplar leaves at 20 days
postinoculation. Bars show mean * standard error of three control or three
infected leaves. This represents a 5.3-fold induction (P < 0.001) and is rep-
resentative of multiple independent biological replicates of the experiment.

Table 4. Comparison of quantitative real-time polymerase chain reaction (PCR) and cDNA microarray analysis of gene expression in poplar leaves following

infection with Melampsora medusae®

1 dpi 3 dpi 6 dpi 9 dpi
Clone ID (annotation) FC P FC P FC P FC P
WS0153_P14 (PR-1) 1.90 0.011 3.32 0.006 2.30 0.010 10.27 <0.001
1.98 0.029 3.18 0.001 2.48 0.007 7.24 <0.001
WS0173_N04 (dirigent) 1.76 0.059 5.07 0.005 391 0.018 12.80 <0.001
1.87 0.002 2.70 <0.001 6.13 <0.001 3.17 <0.001
WS0154_NO1 (flavonone-3-hydroxylase) 0.77 0.276 2.64 0.014 1.21 0.313 5.15 <0.001
1.50 0.115 4.06 <0.001 2.74 0.001 3.59 <0.001
WS0132_L23 (glycosyl hydrolase) 1.99 0.209 2.60 0.005 2.13 0.019 4.07 0.009
1.69 <0.001 3.34 <0.001 5.77 <0.001 5.57 <0.001
WS01911_I09 (laccase) 3.70 0.002 1.54 0.117 3.97 0.011 8.23 0.007
1.04 0.821 1.17 0.392 1.70 0.011 2.68 <0.001
WS02011_MO8 (anthocyanidin reductase) 0.68 0.112 0.44 0.005 5.98 <0.001 2.16 0.008
0.87 0.723 0.77 0.527 5.24 0.002 1.63 0.247
WS0123_C10 (leucoanthocyanidin reductase) 0.15 0.125 0.26 0.062 5.87 0.012 1.94 0.112
0.76 0.012 0.86 0.131 18.58 <0.001 3.03 <0.001
WSO0133_I11 (Kunitz protease inhibitor) 1.31 0.175 0.18 0.025 0.65 0.108 0.06 0.024
2.86 <0.001 0.36 <0.001 0.61 0.001 0.18 <0.001
WSO0153_H17 (cinnamyl alcohol dehydrogenase) 0.97 0.410 1.12 0.250 0.57 0.045 1.08 0.331
0.98 0.798 1.00 0.976 1.38 0.002 1.42 0.001
WSO0155_I15 (acidic endochitinase) 0.75 0.307 0.53 0.123 0.30 0.102 2.18 0.119
1.56 0.174 1.25 0.484 1.61 0.144 0.79 0.453
WS0177_F13 (4-coumarate-CoA ligase) 0.73 0.071 0.59 0.003 0.64 0.061 1.39 0.151
1.06 0.711 1.01 0.952 1.10 0.561 1.05 0.748
WS0154_HOS5 (phenylalanine ammonia lyase) 0.14 0.076 0.08 0.032 0.04 0.045 0.26 0.113
1.04 0.597 0.51 <0.001 5.99 <0.001 3.63 <0.001
WS0181_F07 (myb transcription factor) 0.54 0.091 0.47 0.060 2.07 0.023 0.58 0.007
1.97 <0.001 3.29 <0.001 2.74 <0.001 8.04 <0.001
WS01210_MO1 (chalcone isomerase) 0.11 <0.001 0.12 <0.001 1.15 0.390 1.00 0.497
1.08 0.792 0.79 0.416 4.88 <0.001 2.01 0.030

 Values represent fold change (FC) relative to control trees. Values obtained by real-time PCR represent the mean of three or more independent technical
replicates, each consisting of pooled RNA from five biological replicates. A Student’s t-test (two-sample, unpaired, one-sided) was performed to test
significance (P) of up- or downregulation of each transcript between infected and control leaves. For each transcript, real-time PCR data is shaded light
gray, with the corresponding microarray data provided below. dpi = days postinoculation.
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gPCR expression profiles confirmed the trends seen on the
microarray for the majority of genes. Together with the clear
induction of flavonoid pathway genes demonstrated by the
Northern analysis, our data suggest that the microarray data
are representative of changes in gene expression caused by M.
medusae infection.

The important observation that transcripts of the flavonoid
pathway are more abundant at later timepoints following M.
medusae infection prompted us to conduct flavonoid analysis
of methanol extracts of M. medusae—induced and control
leaves by high-pressure liquid chromatography (HPLC). Over-
all, the leaf phenolic profiles were very similar, and no major
changes in compounds with absorption spectra corresponding
to flavonoid monomers were detected (data not shown). This
suggested that low-molecular-weight flavonoids do not accu-
mulate substantially in response to the pathogen. Because the
HPLC analysis employed does not readily detect larger poly-
meric flavonoids, we also performed butanol-HCI assays as an
alternative means to measure proanthocyanidins (Porter et al.
1986). These assays consistently showed a strong and statisti-
cally significant increase in proanthocyanidin levels in infected
leaves as compared with control leaves (Fig. 6). The induction
of proanthocyanidins in response to M. medusae was obtained
in multiple independent experiments and is consistent with
induction of LAR and ANR (Figs. 4 and 5), genes specific to
the proanthocyanidin pathway. Therefore, our data indicate
that the induction of flavonoid pathway genes during the M.
medusae—induced defense response leads to the accumulation
of polymeric proanthocyanidins.

DISCUSSION

The recent major advances in poplar genomics have facili-
tated large-scale investigations of a variety of processes unique
to tree biology, and recently, a few studies have addressed
responses of this important tree model system to biotic stress-
ors, such as virus infection and herbivore attack (Major and
Constabel 2006; Ralph et al. 2006; Smith et al. 2004). Here,
we investigate the responses of hybrid poplar to infection by
the biotrophic rust fungus M. medusae, using a Populus 15.5K
gene microarray. Since similar interactions with a biotrophic
fungus are not known for Arabidopsis, poplar now provides
one of the best established genomic systems to study this im-
portant biological interaction. Overall, our results indicate that,
while relatively few genes are DE in the first three days of rust
infection, the effects on the host transcriptome were much
more pronounced at 6 and 9 dpi. We determined that Melamp-
sora infection represses many herbivore defense genes that are
generally induced by wounding or insect feeding (Major and
Constabel 2006; Ralph et al. 2006). Our experiments revealed
that flavonoid pathway genes are strongly upregulated in the
compatible poplar—M. medusae interaction, leading to an accu-
mulation of proanthocyanidins in response to M. medusae. To
the best of our knowledge, this has not previously been known
to occur in the poplar pathogen-defense response.

Our histological analysis documented extensive growth of
M. medusae in the leaf within the first 24 h (Fig. 1). Such rapid
colonization of poplar leaves by a Melampsora rust fungus had
also been reported by Laurans and Pilate (1999), who observed
penetration of P. deltoides x P. nigra leaf stomata by M. larici-
populina within 2 h of infection and haustoria in the leaf
within 24 h of inoculation. We saw no visible evidence of
failed defenses in the plant cells, such as partial haustorial
encasements or deposition of phenolics, suggesting that the
pathogen successfully avoids detection by the host or is able to
suppress an early defense response. While we observed upregu-
lation of some defense genes, such as PR-1 at 1 dpi and 3 dpi,
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fewer than 1% of genes were DE at either early timepoint,
compared with approximately 10% DE at 6 and 9 dpi (Fig. 2).
The absence of an early induced defense response was surpris-
ing, given the considerable intercellular fungal growth and
penetration of host cells by haustoria by 1 dpi. This low-level
response in poplar is contrasted by a much larger suite of plant
genes induced within this timeframe in other compatible plant-
pathogen interactions. For example, with the 8K Arabidopsis
Affymetrix gene chip, Tao and associates (2003) identified 976
genes as induced with a virulent strain of Pseudomonas syrin-
gae within the first 30 h of infection. Following Arabidopsis
inoculation with Alternaria brassicicola (a necrotroph), over
600 genes were found to be upregulated in the same time pe-
riod (Van Wees et al. 2003). In soybean infected by Phytoph-
thora sojae, a hemibiotrophic oomycete, almost 10% of ele-
ments on a 3,920 gene array were induced at least twofold
within 24 h (Moy et al. 2004). In all these pathosystems, the
number of genes induced within 24 h is significantly greater
than what we observed, even when using a relatively low 1.5-
fold threshold. This difference was even more poignant when
we reanalyzed our data using a twofold induction threshold to
facilitate a direct comparison with other studies; in this analy-
sis, only 30 elements are scored as significantly induced at 1
dpi. The low number of responding genes is not due to a weak
infection, as the fungus is proliferating throughout the leaf at
this time (Fig. 1) and, at the end of the experiment, the leaf is
covered by pustules. Rather, this low-level response during a
strong infection appears to reflect the ability of biotrophic M.
medusae rust fungus to either actively repress or avoid stimu-
lating a rapid and major defensive response and defense-
related gene expression in leaves of hybrid poplar.

An active role of biotrophic rust fungi in suppressing host
defenses and inducing susceptibility has been established in
mixed inoculation experiments in which the ability of individ-
ual cells to resist haustorial formation by an incompatible
biotroph is compromised by the presence of compatible haus-
toria in the same or nearby cells (Heath 1983; Olesen et al.
2003). Haustoria are complex structures by which biotrophic
fungi such as rusts absorb cellular nutrients from living plant
cells; they also appear to mediate host defense suppression
(Voegele and Mendgen 2003). The mechanism by which this
occurs is not known; however, haustoria-specific proteins that
appear to be transported in the plant cell have recently been
identified in M. linii (Catanzariti et al. 2006; Dodds et al.
2004) and Uromyces fabae (Kemen et al. 2005). It is likely
that such proteins act as pathogenicity factors and help to sup-
press plant defenses. Phytopathogenic bacteria can also use
such factors to suppress plant defense responses, including hy-
persensitive cell death, papillae, and cell-wall modification
(Abramovitch and Martin 2004). Although our transcript pro-
filing data do not provide explicit clues as to a possible mecha-
nism for the suppression of defenses, a number of kinases and
other potential signaling proteins are repressed at 1 dpi relative
to control leaves. Such genes provide relevant targets for fu-
ture functional and mechanistic analysis of defense regulation
in this system.

In contrast to surprisingly few early gene-expression changes,
large changes in the host transcriptome were observed by 6 and
9 dpi (Fig. 2). An analysis of the transcriptome over the entire 9-
day infection timecourse indicated that M. medusae infection of
hybrid poplar resulted in an approximately equal number of up-
or downregulated genes (approximately 9%). Thus, across all
timepoints, the magnitude of the transcriptional response is
comparable to that observed in Arabidopsis and other species
when infected with a variety of pathogens. For example, in a
comprehensive study using the 8K Affymetrix gene chip, Tao
and associates (2003) found that approximately 2,000 genes



were DE following inoculation with virulent, avirulent, or non-
host strains of Pseudomonas syringae. In the only other pub-
lished microarray analysis of poplar-pathogen interactions,
Smith and associates (2004) reported that 1,301 genes showed
altered levels of expression in response to combined wounding
and viral infection, while 599 responded only to viral infection.
This represents 5 and 10% of the elements on a 13K Populus
array, which contains an estimated 9,000 to 10,000 unique genes
(Andersson et al. 2004). Thus, both the present report and that of
Smith and associates (2004) showed that pathogen infection of
poplar leaves has a dramatic effect on gene expression, as ob-
served in herbaceous plant-pathogen interactions.

Despite the small number of rapidly induced genes, some
induced defense-related genes were evident at 3 dpi. PR-1-like
genes as well as Myb and WRKY transcription factors were
among the most strongly induced genes at this timepoint (Table
3). PR-1 is a common marker gene for induced plant defense
against biotrophic pathogens (Van Loon et al. 2006), and both
Myb and WRKY proteins are involved in activating defenses
in herbaceous plants (Eulgem 2005). PR-1 genes were observed
to be strongly induced throughout the infection timecourse.
Analysis of the P. trichocarpa genome sequence (Tuskan et al.
2006) indicated that multiple PR-1-like genes are present in
the genome (R. Mellway and C. P. Constabel, unpublished
data). At least six of these are represented on our microarray,
and four of these show induction during our timecourse experi-
ments. Although no mechanism of action is known, studies
using transgenic plants and in vitro assays with purified pro-
teins have demonstrated an antifungal activity, including anti-
fungal activity towards rust fungi (Rauscher et al. 1999). Other
PR genes that consistently showed induced expression levels
are B-1,3-glucanases, chitinases, and osmotin-like proteins;
these have all been shown to possess direct antifungal activity
and may act synergistically (Van Loon et al. 2006).

Whereas PR-1 and other typical pathogen defense genes
were clearly upregulated at 3 dpi, we also noted the simultane-
ous downregulation of a suite of previously identified herbivore-
induced defense genes (Table 2). Most notably, Kunitz TI, chiti-
nases, and PPO, all strongly herbivore-induced genes in this
poplar hybrid (Christopher et al. 2004; Major and Constabel
2006; Ralph et al. 2006), are also significantly repressed by M.
medusae at 3, 6, and 9 dpi. Poplar PPO has been demonstrated
to have antiherbivore effects when overexpressed in transgenic
poplar (Wang and Constabel 2004), and induced poplar Kunitz
TIs are inhibitory to lepidopteran proteases (I. T. Major and C.
P. Constabel, unpublished data). Likewise, the terpene synthase
(-)-germacrene D synthase has been implicated in indirect de-
fense against herbivory, based on its role in forest tent caterpil-
lar—induced systemic volatile release (Arimura et al. 2004). In-
terestingly, at 1 dpi, many of these genes show significant induc-
tion by M. medusae, reminiscent of an early wound response
that is then turned off. This pattern of initial upregulation fol-
lowed by repression could also reflect an antagonism of patho-
gen and wound- or herbivore-induced defense responses, as
observed in other plants, and which has been suggested to indi-
cate an evolutionary trade-off between pathogen and herbivore
resistance (Felton and Korth 2000). At the level of signaling,
some clear antagonistic effects have been found for jasmonic
acid (JA) and salicylic acid (SA), key mediators for herbivory
and biotrophic pathogen defenses, respectively. In tomato, for
example, SA-induced pathogen defense completely inhibited
the wound induction of PI and PR protein induction was
blocked by JA (Doares et al. 1995). Thaler and associates
(2002) also found an inverse correlation between pest and patho-
gen resistance in induced plants, and in Arabidopsis, Cui and
associates (2005) demonstrated greater insect susceptibility for a
mutant plant expressing constitutive pathogen resistance.

The strong induction of genes encoding the flavonoid path-
way enzymes and the subsequent accumulation of proantho-
cyanidins late in the infection was unexpected because these
compounds are not typically associated with pathogen defense.
Genes encoding almost the entire pathway from Phe and malo-
nyl-CoA to proanthocyanidin synthesis were induced (Fig. 4).
The last characterized enzymatic steps in proanthocyanidin
synthesis are carried out by LAR and ANR, two recently iden-
tified enzymes that define parallel routes to proanthocyanidin
biosynthesis (Tanner et al. 2003; Xie et al. 2003). ESTs for
both enzymes are present on the array and exhibit induction
following inoculation, suggesting that both enzymes partici-
pate in proanthocyanidin synthesis in poplar. This would be
consistent with the structure of P. tremuloides proanthocyanidin,
which is derived from both LAR and ANR starter subunits
(Ayres et al. 1997). The induction of these proanthocyanidin-
specific genes correlated well with our phytochemical analy-
sis, which detected enhanced proanthocyanidin accumulation
but no induction of other flavonoids or phenolics. The HPLC
methods used are able to separate a variety of poplar phenolics
and flavonoids, but HPLC profiles of control and infected
leaves were virtually identical. We found no evidence for in-
duced synthesis of lignin or monolignols, and expression of
key genes of the lignin pathway such as caffeoyl-CoA O-
methyl transferase, cinnamoyl-CoA reductase, or cinnamyl
alcohol dehydrogenase typically varied by less than twofold
during the infection (data not shown). A number of laccases
(diphenol oxidases) were upregulated at 6 dpi and could be in-
volved in lignin biosynthesis or in other oxidative reactions.
Overall, our gene expression and phytochemical data suggest
that the induction of the flavonoid and proanthocyanidin path-
way is specific and does not reflect a general stimulation of
phenylpropanoid metabolism, other than the core enzymes re-
quired for flavonoid synthesis (e.g., PAL and 4CL).

A number of elements annotated as isoflavone reductase
(IFR)-like genes were upregulated at 6 dpi. IFR-like proteins
belong to the NAD(P)H-dependant reductase/epimerase/dehy-
drogenase (RED) superfamily, which also includes DFR, LAR,
and ANR. IFR-like genes were first annotated based on their
similarity to enzymes of the isoflavonoid pathway as well as
lignan reductases (Gang et al. 1999). Isoflavonoids and lignans
have fairly restricted distributions in the plant kingdom and
have not been reported in poplar spp., so it is likely that they
are involved in other, as-yet-unknown phytochemical path-
ways. [FR-like genes have often been described in plants in the
context of pathogen challenge and other stresses (Lers et al.
1998). Since we found no evidence of any other flavonoid ac-
cumulation in infected leaves in addition to the proanthocya-
nidins, induction of these genes in poplar may play a role
unrelated to flavonoid metabolism.

In previous work, we documented the wound-induced syn-
thesis of proanthocyanidins in P. tremuloides leaves (Peters
and Constabel 2002). In that study, genes encoding enzymes of
flavonoid biosynthesis were upregulated as part of the herbi-
vory defense response, in parallel with other defense genes en-
coding TI and PPO. In the current study of Melampsora-
infected poplar, the herbivore defense response is repressed,
while the proanthocyanidin pathway is induced. This finding
suggests that proanthocyanidin induction by Melampsora may
not be simply a delayed wound response triggered by pathogen
invasion. While proanthocyanidins are known to have general
antimicrobial properties, they have not been previously reported
as phytoalexins or pathogen-induced compounds. However,
Hakulinen (1998) found that Melampsora infection of Salix
myrsinifolia (closely related to poplars) can result in enhanced
synthesis of catechin, a proanthocyanidin precursor, as well as
chlorogenic acid, a nonflavonoid phenolic. In some other plant
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families, flavonoid-derived phytoalexins are prominent. In the
family Fabaceae, isoflavonoid phytoalexins such as pterocar-
pans and isoflavones are potent fungistatic compounds (Dixon
2001). Flavonoids and related compounds have also been re-
ported as phytoalexins in rice (Tamogami et al. 1997), sorghum
(Lo et al. 1999), carnation (Curir et al. 2005), and cucumber
(McNally et al. 2003); elsewhere in the plant kingdom, patho-
gen-induced flavonoids appear to be relatively rare. Whether
proanthocyanidins contribute to Melampsora resistance in
incompatible interactions and act as phytoalexins is not yet
clear. The present study as well as the genetic and genomic
resources now available for poplar will allow us to address this
question in future works.

MATERIALS AND METHODS

Plant material and rust inoculation.

Hybrid poplar (P. trichocarpa [Torr. & Gray] x P. deltoides
Bartr. hybrid HI11-11 [University of Washington, Seattle,
U.S.A.]) plants were grown in the University of Victoria’s Forest
Biology greenhouse under long-day conditions as described
(Constabel et al. 2000). A field-collected Melampsora medusae
isolate was provided by G. Newcombe, University of Idaho
(Moscow, ID, U.S.A.), and was maintained on greenhouse hy-
brid poplar plants. Inoculation solutions were prepared by har-
vesting urediospores from three fully expanded leaves of a 7-
to 9-day-old inoculation and transferring them to 50 ml of dis-
tilled water with a cotton swab. This solution was sprayed as a
fine mist onto the abaxial surfaces of leaves of 12-week-old
plants (approximately 1 m in height). Leaves of plastochron
index 5 to 7 (Larson and Isebrands 1971) were used for experi-
ments. Light-weight clear plastic bags were placed over the
plant tops, covering the sprayed leaves, to maintain high hu-
midity for the infection. Bags were removed 48 h after inocu-
lation. Control plants were treated in the same manner but
were sprayed with 50 ml of distilled water. The entire lamina
of leaves from five infected and five control plants was har-
vested 1, 3, 6, and 9 dpi, and the samples were flash-frozen in
liquid nitrogen.

Histological analyses.

For microscopy, leaves were harvested at 1, 2, 3, 6, and 9
days postinoculation (dpi) and excised sections were placed
immediately into boiling 70% (vol/vol) ethanol for 5 min. The
ethanol was renewed and boiling was continued for another 5
min or until the leaf sections were colorless. Leaf sections
were transferred to cold 70% alcohol for 24 h and then were
transferred into 100% ethanol for storage. In some cases, a few
drops of cotton blue in lactophenol were added to the ethanol
to stain the fungus within the leaves. Leaf sections were
cleared by placing them in warm, saturated aqueous chloral
hydrate and leaving them in the solution for at least 2 days
before mounting them on glass slides in modified Hoyer’s me-
dium (Cunningham 1972). The leaf sections were examined
using a Reicher-Jung Polyvar microscope (Reicher AG, Vienna,
Austria) equipped with differential interference contrast optics.

RNA extraction and analysis.

RNA extraction for microarrays and qPCR was performed
following the method described by Kolosova and associates
(2004). For quality control, RNA samples were labeled with
32P for reverse transcription and analyzed on agarose gel elec-
trophoresis; only samples that produced a homogeneous smear
from 0.5 to 5 kb were used in downstream applications. For
Northern analysis, RNA was extracted according to Haruta and
associates (2001), except that phenol was excluded from the
protocol. Northern hybridization was carried out using standard
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procedures and *?P-labeled probes (Church and Gilbert 1984;
Sambrook and Russell 2001). Probes consisted of the entire
coding sequences and were PCR-amplified from poplar cDNA,
using primers (Supplemental Table 3) based on the P. tricho-
carpa genome sequence (Joint Genome Institute P. tricho-
carpa website), and were verified by sequence analysis.

Microarray hybridization, analysis, and validation
by qPCR.

The Populus 15.5K cDNA microarray (containing 15,496
cDNA elements) and hybridization and slide scanning condi-
tions are described in detail by Ralph and associates (2006).
The cDNA libraries used to build the array came from a vari-
ety of poplar tissues and included tissues subjected to different
biotic stresses, including exposure to fungal extracts. All mi-
croarray experiments were designed to comply with MIAME
(minimum information about a microarray experiment) guide-
lines (Brazma et al. 2001). For microarray experiments, total
RNA isolated from five M. medusae—infected and five control
trees was pooled by treatment and timepoint. Four arrays, in-
cluding two dye swaps, were hybridized for each timepoint,
for a total of 16 hybridizations.

Before data normalization, the lowest 10% of median fore-
ground intensities was subtracted from the median foreground
intensity to correct for background intensity. Data were then
normalized to compensate for nonlinearity of intensity distri-
butions, using the variance stabilizing normalization method
(Huber et al. 2002). In order to assess the biological response
to M. medusae infection (MM), a linear model containing a
dye effect and a treatment effect for MM minus control was fit
for 1, 3, 6, and 9 dpi, using data from four hybridizations per
timepoint. Expression variance was derived from technical
variance among slides. In retrospect, it would have been pref-
erable to use independent biological replicates throughout
array analyses instead of technical replicates with pooled sam-
ples from multiple biological replicates. However, using the
same Populus 15.5K microarray and the same hybrid poplar
genotype, we have shown that technical variation exceeds bio-
logical variation when genetically identical trees derived from
clonal populations are used under greenhouse conditions in a
microarray analysis of plant herbivory responses, in which
nearly identical results were obtained with technical or bio-
logical replicates (Ralph et al. 2006). The ratio of each treat-
ment parameter estimate to the standard error was used to cal-
culate a t statistic, from which a P value was obtained. The Q
value for each effect and gene was calculated for each of the
models to adjust for the false discovery rate (Storey and
Tibshirani 2003). Cluster analysis was performed on a set of
2,988 array elements showing significant DE (i.e., fold change
between infected and control leaves >1.5 and P < 0.05) using
the divisive DIANA algorithm (Bryan 2004), and the first eight
clusters that formed were examined in detail. All statistical
analyses were performed within the R statistical package (R
Project website).

Validation of microarray expression data using qPCR for se-
lected genes was performed as described previously (Ralph et
al. 2006), except that primers for poplar elongation factor 1 3-
subunit (GenBank accession number CV270571; poplar EST
WSO0152_F14) were designed and served as a quantification
control. Gene-specific primer sequences are provided in Sup-
plemental Table 4.

Transcript profiling
in poplar leaves following insect herbivory.

To monitor gene expression in response to insect feeding,
poplar plants (P. trichocarpa [Torr. & Gray] x P. deltoides
Bartr. hybrid H11-11) were grown at the University of British



Columbia greenhouse as described by Ralph and associates
(2006) to a height of 60 to 70 cm. Forest tent caterpillars
(FTC; Malacosoma disstria Hiibner) were obtained from the
Great Lakes Forestry Center (NRCan, Sault Ste. Marie, Canada)
and were maintained as described by Ralph and associates
(2006). For FTC treatment, groups of third to fifth instar larvae
were kept without food on moist filter paper for 40 h prior to
placing them on trees. Five FTC were added to each of five
trees per timepoint (i.e., 2, 6, and 24 h) under mesh bags on
individual trees, with an additional set of five trees per time-
point also covered with mesh bags but otherwise left untreated
as a control. Cages were placed on the five lowest, fully ex-
panded, healthy leaves of each tree. The entire lamina of
leaves were individually harvested from each tree, separately
flash-frozen in liquid nitrogen, and were stored at —80°C
prior to RNA isolation following the protocol of Kolosova and
associates (2004). For each treatment and timepoint, equal
amounts of total RNA were combined from each tree prior to
cDNA microarray analysis.

Hybridizations using the Populus 15.5K array were performed
by comparing total RNA from untreated control leaves and
FTC-treated leaves for each timepoint, using four technical
replicate hybridizations for each comparison with dye flips (12
slides total). Total RNA from FTC-treated leaves was also
compared across the three timepoints, using two technical rep-
licate hybridizations for each comparison with dye flips (six
slides total). Hybridization conditions and slide scanning were
performed as described previously (Ralph et al. 2006), and sig-
nal intensity correction and data normalization were performed
as described above for Melampsora-infected leaves. To assess
the biological response to FTC feeding, a linear model con-
taining a dye effect and treatment effect for FTC minus control
was fit as described above for Melampsora-infected leaves
using the R statistical package. A complete description of the
genomic analysis of FTC herbivory in poplar will be described
elsewhere (S. Ralph and J. Bohlmann, unpublished data).

Phytochemical analysis.

For phytochemical assays, frozen leaf tissue was ground in
liquid nitrogen prior to extraction with 80% methanol for 2 h.
Extracts were centrifuged to remove solid debris, and proan-
thocyanidins were assayed using the butanol-HCI assay as de-
scribed (Peters and Constabel 2002; Porter et al. 1986), using
purified P. tremuloides proanthocyanidin as a standard.
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