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Because the product of a single gene can influence many aspects of plant growth and development, it is necessary to
understand how gene products act in concert and upon each other to effect adaptive changes to stressful conditions. We
conducted experiments to improve our understanding of the responses of loblolly pine (Pinus taeda) to drought stress. Water
was withheld from rooted plantlets of to a measured water potential of ⫺1 MPa for mild stress and ⫺1.5 MPa for severe
stress. Net photosynthesis was measured for each level of stress. RNA was isolated from needles and used in hybridizations
against a microarray consisting of 2,173 cDNA clones from five pine expressed sequence tag libraries. Gene expression was
estimated using a two-stage mixed linear model. Subsequently, data mining via inductive logic programming identified
rules (relationships) among gene expression, treatments, and functional categories. Changes in RNA transcript profiles of
loblolly pine due to drought stress were correlated with physiological data reflecting photosynthetic acclimation to mild
stress or photosynthetic failure during severe stress. Analysis of transcript profiles indicated that there are distinct patterns
of expression related to the two levels of stress. Genes encoding heat shock proteins, late embryogenic-abundant proteins,
enzymes from the aromatic acid and flavonoid biosynthetic pathways, and from carbon metabolism showed distinctive
responses associated with acclimation. Five genes shown to have different transcript levels in response to either mild or
severe stress were chosen for further analysis using real-time polymerase chain reaction. The real-time polymerase chain
reaction results were in good agreement with those obtained on microarrays.

Drought stress can limit plant growth, resulting in
reduced crop yields. Many attempts to analyze plant
responses to drought have focused on single genes.
However, the product of a single gene can function in
or act upon multiple response pathways, influencing
many aspects of plant growth and development.
Therefore, it is necessary to understand how gene
products act in concert and upon each other to effect
adaptive changes to stressful conditions. We have
used microarrays and Expresso, a Next Generation
Software computational system, to analyze the
changes in gene transcript profiles in loblolly pine
(Pinus taeda) in response to drought stress.
Microarrays have emerged as a prominent tool in
the analysis of large scale gene expression. The spotting of cDNA onto glass slides allows for ascertaining
the expression profile, as revealed by steady-state
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transcript levels, of thousands of genes at a single
time. The technique promises to reveal networks of
genes that contribute to the same biological response
and provide new information on the functions of
unknown genes (Somerville and Somerville, 1999).
Microarrays have been used in plants to identify
changes in transcript levels of genes associated with
drought stress (Seki et al., 2001; Heath et al., 2002;
Ozturk et al., 2002), cold stress (Seki et al., 2001;
Fowler and Thomashow, 2002), salt stress (Kawasaki
et al., 2001; Ozturk et al., 2002), pathogen interaction
(Scheideler et al., 2001), and during development
(Ruan et al., 1998; Girke et al., 2000). These studies
cite large-scale changes in transcript profiles as being
associated with stress, but none correlate these
changes with adaptive responses. It is one of our
goals to uncover the mechanisms underlying strategies to cope with and adapt to drought stress.
Microarrays present a challenge to researchers both
in terms of their design and implementation (Kerr
and Churchill, 2001) and in subsequent storage and
analysis of data. Such challenges require automated
computational assistance. With the voluminous
amounts of data generated from each microarray
experiment, effective and efficient access to this in-
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formation becomes critical. Because new experiments
bring additional insights into the genomic response
of plants to specific conditions, it is advantageous to
reanalyze previous experiments in light of these new
insights. For example, Perez-Amador et al. (2001)
used cluster analysis on 47 Arabidopsis gene expression profiles stored in the Stanford Microarray Database, an online database, and discovered novel expression patterns for several genes identified as
having increased transcript levels in a mutant. Because the results of one microarray experiment can
be used to plan subsequent experiments, access to
data during design is essential.
Our Expresso system (Alscher et al., 2001; Heath et
al., 2002; Sioson et al., 2003) addresses multiple
phases of the microarray experiment lifecycle, including experimental design, microarray design and
printing, data acquisition, image analysis, statistical
analysis, and data mining. In contrast to many existing tools, Expresso is meant to systematize methodological issues in microarray experiments. Also, the
evolution of Expresso is the consequence of close
collaboration among biologists, computer scientists,
and statisticians. Alscher et al. (2001) identified the
three key design principles behind Expresso: (a)
model-based design and management of experiments, (b) algorithms for “closing the experimental
loop,” and (c) a lightweight data management system
that allows graceful changes to the underlying
schema of the data. For instance, our several generations of loblolly pine experiments have had varying
attributes and aspects, to which the Expresso framework has readily adapted. The data management
system supports a variety of analysis algorithms; in
this paper, we highlight the use of the relational data
mining technique called inductive logic programming (ILP; Muggleton and Feng, 1990; Muggleton,
1999).
To date, a primary use of Expresso has been to
study drought stress responses in loblolly pine, the
predominant timber species in the southeastern U.S.,
covering about 13.4 million ha (Schultz, 1999).
Loblolly pine is also an important timber crop in
Africa, Asia, and South America, where tree growth
can exceed that of trees grown in the United States.
The faster growth of trees in these locales depends
upon the use of suitable seed stock, and, even then,
improvements can be made to optimize growth in
each locale (Schultz, 1999). Tree improvement involves traits such as better wood quality and higher
density, greater disease resistance, and improved
growth under various environmental conditions
(Schultz, 1999). Drought stress can limit tree growth
and alter wood quality (Lev-Yadun and Sederoff,
2000). It is necessary to understand responses to
drought stress to achieve the development of crops
with increased resistance to drought. Loblolly pine
constitutes an excellent system to model drought
stress in softwood timber species and gymnosperms
Plant Physiol. Vol. 133, 2003

in general. Furthermore, the use of a gymnosperm
will add considerable knowledge to comparative
genomic studies, extending what is known about
genome analysis from angiosperms to gymnosperms.
Drought stress has been correlated with expression
changes in many plant genes. These include the heat
shock proteins (HSPs; Ristic et al., 1998), late
embryogenic-abundant proteins (LEAs; Iuchi et al.,
1996), and aquaporins. Some of the more wellcharacterized responses include genes whose products regulate expression of drought responsive
genes, the dehydration-responsive element-binding
proteins (Liu et al., 1998), and abscisic acidresponsive element-binding proteins (Kang et al.,
2002). Other genes involved in drought stress are
those associated with lipid signaling such as the
phospholipase gene families (Katagiri et al., 2001;
Sang et al., 2001) and those associated with detoxification of reactive oxygen species (Alscher et al.,
1997). Although these studies relate the expression of
specific genes to drought imposition, no one has
defined the role of stress-related genes in acclimation
to the stress.
Results obtained using microarrays have broadened the analysis of gene expression in response to
drought and confirmed the results of individual gene
studies. For example, Seki et al. (2001) reported 44
drought-inducible genes in Arabidopsis using microarrays and identified putative targets of DREB1A.
Ozturk et al. (2002) noted a change in expression
using microarrays for several barley (Hordeum vulgare) genes identified as being drought responsive,
including an LEA, a dehydrin, and a water channel
protein. A water channel protein was also one of
those identified by Seki et al. (2001) in Arabidopsis,
suggesting at least some commonality between results from different species. We have previously used
Expresso to analyze changes in transcript profiles of
loblolly pine in response to drought stress. We designed and printed an array consisting of 384 cDNAs,
chosen by us as being associated with stress responses. Using the 384-gene microarray, 72 genes
showed increased transcript levels after four cycles of
mild drought stress (Heath et al., 2002). This group of
genes did not show increased transcript levels as a
result of severe drought stress, making them candidate genes for drought tolerance mechanisms. The
data mining technique of ILP incorporated in Expresso associated gene expression with membership
in putative functional categories. From the ILP results, we identified functional categories of genes
that responded to the stress, including “heat” (HSPs
and LEAs) and “membrane transport proteins”
(aquaporins). Other categories affected by the stress
were “cell wall related” and “lignin biosynthesis.” A
group of genes categorized as isoflavone reductases
were also identified as being stress regulated. Babiychuk et al. (1995) identified these genes as being
involved in a glutathione-independent mechanism
1703
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implicated in protection of cells from oxidative stress,
which has been correlated with drought stress imposition. These enzymes are also related to those involved in lignin biosynthesis and in the synthesis of
biotic plant defense compounds (Gang et al., 1999),
suggesting that they are involved in multiple stressresponsive pathways.
We have completed a second series of experiments
to improve our understanding of loblolly pine response to drought stress. The arrays consist of 2,173
clones selected from five existing loblolly pine cDNA
libraries (Stasolla et al., 2003). This paper focuses on
the use of data mining algorithms in Expresso to
analyze this newer set of data and to identify significant changes in gene expression.

flushes of growth. Trees grown under severe stress
had fewer new flushes of growth compared with
controls, indicating that severe stress limited tree
growth. Photosynthetic measurements were taken at
the time of peak drought stress to identify the effect
of the stress on photosynthesis. Both mild and severe
stress levels led to reduced photosynthesis during
the first cycle of stress, with a much greater photosynthetic reduction in trees grown under severe
stress (Table I). In subsequent cycles of stress, trees
under mild stress showed recovery of photosynthetic
rate to levels at or approaching those of controls, a
result we considered to be photosynthetic acclimation to the stress. Trees grown under severe stress
remained much below control levels, a result we
noted as photosynthetic failure.

RESULTS
Drought Stress and Physiological Measurements

Gene Transcript Profiles

Daily water potential measurements indicated that
trees reached the desired water potential for each
cycle of stress at 3 to 4 d after withholding water for
mild stress and at 6 to 7 d after withholding water for
severe stress. Trees were subjected to three cycles of
stress (Fig. 1). Control trees were watered normally
throughout the experiment and were maintained at a
water potential of ⫺0.4 MPa or above. Trees grown
under mild stress showed little alteration in growth
and, as did control trees, continued to produce new

The two-stage, linear mixed model (Wolfinger et
al., 2001) used by Expresso is intended to remove
global effects from the computed intensity values. It
also allows the estimation of significant changes in
gene transcript levels below the standard 2.0- or 2.5fold increase. All reported results are significant at
␣ ⫽ 0.05. Between mild cycles 1 and 2, there was an
increase in the number of genes showing regulation
(from 133–213 positively affected clones and from
94–159 negatively affected clones; Fig. 2), which cor-

Figure 1. Graphical representation of experimental design for mild and severe drought stress treatments (does not reflect
actual time period). Water was withheld from treated trees until a desired water potential was reached (⫺1 MPa for mild
stress, and ⫺1.5 MPa for severe stress) as determined by predawn, water potential measurements. At maximum drought
stress, photosynthesis was measured and plants were rewatered. Needles and stems were harvested 24 h after rewatering.
1704
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Table I. Effect of mild or severe drought stress on net photosynthesis in 1-year-old loblolly pine rooted cuttings
Condition

Net Photosynthesisa
Cycle

Control

Stressed

mol CO2 m⫺2 s⫺1

Mild

Severe

1
2
3
1
2
3

4.28 ⫾ 0.42
3.54 ⫾ 0.48
4.75 ⫾ 0.44
3.67 ⫾ 0.32
3.00 ⫾ 0.49
2.90 ⫾ 0.54

2.48 ⫾ 0.40
3.82 ⫾ 0.61
3.28 ⫾ 0.54
0.88 ⫾ 0.40
0.19 ⫾ 0.41
0.77 ⫾ 0.94

a
Measurements were made on the first fully mature fascicle in
each case, using the LI-COR 6400 (LI-COR, Lincoln, NE). Three or
four repeated measurements were made in each case. SEs are given.

relates with photosynthetic acclimation. Trees grown
under severe stress did not show such an increase and
the number of genes showing a positive response
remained consistent across all three cycles of severe
stress. Figure 2 shows the genes that are regulated in
both mild and severe stress. Generally, less than 20%
of genes showing a response are shared between mild
and severe stress cycles, which suggests that different
response pathways are initiated for the different levels
of stress. Many of the genes identified as being positively regulated were noted in our previous experiment (Heath et al., 2002) and include Rubisco-binding
protein, aquaporin, and isoflavone reductase (for a
complete list of genes that responded, see Supplemental Data, available in the online version of this article at
http://www.plantyphysiol.org).
To aid in data mining by ILP, clones were assigned
to the functional categories described by Heath et al.
(2002). Although the clones were selected based on
the Munich Information Center for Protein Sequences
(MIPS) functional categories, we used the gene annotations and information from the literature to recat-

egorize the genes in a hierarchy more reflective of
stress response characteristics, e.g. the categories
were based on plant responses to stress and the processes protected by stress defense mechanisms (Fig.
3). Notice that the categories have a hierarchical
structure: “Trafficking” is a component of the parent
category “cells,” which is in turn a component of the
parent category “development” (Fig. 3). In addition,
a gene may be placed in multiple categories.
The primary input to ILP is the set of genes that
show a statistically significant change in gene expression level for the various treatments. Membership of
genes in functional categories is also used by ILP to
obtain relationships among gene expression, treatments, and functional categories. ILP was applied to
the statistically significant changes in gene expression levels for the various treatments together with
the functional categories to obtain relationships between gene category and treatment. Signature patterns of changes in transcript levels relating to the
functional categories were found using ILP (Figs. 4
and 5). An example of ILP rules demonstrating the
transcript levels of genes whose products participate
in trafficking between the endoplasmic reticulum
and the Golgi were elevated during acclimation
(mild cycles 1 and 3) is:
expression共X,mc1,“ ⫹ ”兲: ⫺ category共X,trafficking兲
expression共X,mc3,“ ⫹ ”兲: ⫺ category共X,trafficking兲
These rules should be read from right to left; for
instance, the first rule above states that if a gene (X)
is in category “trafficking,” then it is up-expressed in
experimental condition “mc1” (mild stress cycle 1).
Genes falling into the categories of “nitrogen and
sulfur metabolism,” “respiratory electron transport,”
and “cell membranes” were also identified by ILP as
showing significant changes in transcript levels in
response to drought stress. We further focused on
three groups of genes that were identified using ILP.
One group, which can be found in the intersection of
the categories “Gene Expression” and “ROS and
Stress,” includes “protection and repair” genes.
These responded positively during acclimation. The
second group of genes is included in the subcategories of “carbon metabolism” and showed a positive
response during all three cycles of mild stress with
highest expression during acclimation. The third
group falls under the category of “phenylpropanoid
metabolism” and showed a positive response during
the first and third cycles of mild stress.
Protection and Repair Genes

Figure 2. Venn diagrams representing number of unique clones
responding either positively (A) or negatively (B) to mild or severe
stress. Genes showing significant changes in transcript level were
compared between mild and severe stress. The results are presented
in the form of Venn diagrams here.
Plant Physiol. Vol. 133, 2003

Genes encoding the HSPs and LEAs can be found
in the subcategories of “protection and repair,”
“drought,” “heat,” and “cold” within “ROS and
Stress” (Fig. 3). In trees grown under mild stress,
more genes within “heat” and “protection and re1705
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Figure 3. Schematic diagram of hierarchy of gene functional categories used in Expresso. Clones were assigned to functional
categories based on the gene annotation and information from the literature. The categories are based on known plant stress
responses and the process that are thought to be protected by those stresses. By virtue of being placed in a category, a clone
automatically becomes a member of all parent categories. In addition, a clone can be placed in multiple functional
categories that are not direct ancestors of each other.

pair” had increased transcript levels compared with
severe stress conditions (Figs. 4 and 5). However,
“protection and repair” genes correlated with cold
stress were higher in trees grown under severe stress.
A more detailed analysis of some of the HSP and
LEA genes identified as having altered transcript
levels revealed that LEA group 2 homologs were
associated more with mild stress conditions, whereas
LEA group 3 homologs were associated more with
imposition of severe stress (Fig. 6). Figure 6 also
shows that specific clones of HSP 70 and HSP 90
respond differently to mild and severe stress. For
example, an HSP 70, DNA k-type homolog (clone
NXSI_117_C08) and an HSP 90 homolog
(NXSI_116_B04) show increased transcript levels dur1706

ing mild stress and no response during severe stress.
Conversely, a mitochondrial HSP 70 (NXCI_022_G01)
and a different HSP 90 (NXNV_149_E10) show increased transcript levels during severe stress and no
response during mild stress.
Carbon Metabolism

Genes in the category of “Carbon Metabolism”
were identified by ILP as having increased transcript
levels in trees grown under mild stress. We focused
on the genes associated with core carbon metabolism
(Fig. 7). Genes that showed positive regulation in
mild stress include pyruvate kinase, which leads to
the formation of pyruvate from phosphoenolpyruPlant Physiol. Vol. 133, 2003
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Figure 4. Signature patterns of changes in gene
expression profiles for trees grown under mild
drought stress. The data generated through microarray analysis were mined using ILP for rules
relating expression patterns and functional categories. The rules generated by ILP are represented as colored ovals in the diagram. Subcategories are represented as ovals within larger
ovals. The green oval represents a subcategory
that responded and is shared between two main
categories.

vate, and pyruvate dehydrogenase, which feeds carbon from glycolysis into the tricarboxylic acid (TCA)
cycle. Other genes that show increased transcript
levels in mild stress include those in the oxidative
pentose phosphate pathway such as Rib-5-phosphate
epimerase, transaldolase, and transketolase. Genes
associated with the reductive pentose phosphate
pathway such as Rubisco and two plastidic isoforms
of glyceraldehyde-3-phosphate show increased transcript levels in severe stress.
Phenylpropanoid Pathway and Aromatic Amino Acids

ILP produced rules concerning expression of genes
involved in aromatic amino acid biosynthesis and in
the phenylpropanoid pathway (Fig. 8). Because there
is a link between one branch of the aromatic amino
acid pathway and the phenylpropanoid pathway,
these groups were examined together. Genes associated with the entry of carbon into these pathways,
DHAP-dihydroxyacetone phosphate synthase and
3-dehydroquinate synthase, had higher transcript levels in trees grown under mild stress compared with
severe stress. Phe ammonia lyase did not show a
response in mild stress, whereas cinnamate-4hydroxlase had positive expression in cycles 1 and 3 of
mild stress. Nearly all the genes involved with flavonoid biosynthesis that were represented on the array showed an increase under mild stress. Genes asPlant Physiol. Vol. 133, 2003

sociated with lignin generally showed no response to
mild or severe drought stress. Of the 12 laccase clones
present on the array, only four showed a response
with one isoform of laccase showing a positive response in mild stress, whereas another showed a positive response under severe stress (Fig. 8).
Confirmation of Gene Transcript Profiles

Five genes shown to have different transcript levels
in response to either mild or severe stress were chosen for further analysis using real-time (RT)-PCR.
Two genes encoding LEA proteins were found to
have similar expression profiles using RT-PCR as
compared with the microarrays. Pine LEA g3
(P14G04) was shown to be up-expressed in all three
cycles of severe stress using microarray analysis (Fig.
6). A similar result was seen with the RT-PCR where
there was a 2.5-fold increase in transcript level during the second cycle of severe stress and a 1.7-fold
increase in transcript level during the third cycle of
severe stress (Table II). The results generated for
pLEAg2 by RT-PCR were also similar to those generated by microarray analysis (Table II; Fig. 6) with
an increase in transcript levels during the third cycle
of mild stress but no change during severe stress. The
flavonoid genes chalcone isomerase and naringenin2-oxo dioxygenase (3-flavonone hydroxylase) were
also found to have similar transcript profiles during
1707
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Figure 5. Signature patterns of changes in gene
expression profiles for trees grown under severe
drought stress. Diagrams were developed as in
Figure 4.

drought stress when analyzed using RT-PCR compared with the results obtained from microarrays
(Table II; Fig. 8).
DISCUSSION

The analysis of drought response in loblolly pine
using microarrays has implications for many aspects
of the timber industry, including crop improvement.
Results obtained with pine serve as a model to expand the knowledge of angiosperm gene analysis
into gymnosperms. We have demonstrated previ-

ously that 72 of 384 stress-associated genes show
increased transcript abundance in loblolly pine
grown under mild stress, whereas 69 of those genes
showed no response in severe stress (Heath et al.,
2002). These expression patterns were correlated
with acclimation to the stress. To further analyze the
response of loblolly pine to drought, we used a 2,173element array, comprised of genes selected to reflect
all 15 MIPS functional categories. Daily water potential measurements were taken to determine the level
of drought stress. We also took photosynthetic measurements at the time of tissue harvest. Pines grown
Figure 6. Response of protection and repair
genes to mild and severe drought stress as discovered through microarrays and ILP. Protection
and repair genes are grouped according to the
class in which they fall. Changes in transcript
profiles are shown as positive (⫹), negative (⫺),
or unchanged (0).
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Figure 7. Transcript profiles of genes in the category of carbon metabolism during three cycles of mild or severe drought stress.
Genes within the categories of “carbon metabolism” were identified by ILP as having increased transcript levels in trees grown
under mild stress. The genes within these categories that are present on the array are represented here. Expression is indicated
as positive (⫹), negative (⫺), or unchanged (0). Blue squares indicate genes that were not represented on the array.
Plant Physiol. Vol. 133, 2003
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Figure 8. Transcript profiles of genes in the categories of “phenylpropanoid metabolism” and “aromatic amino acids” during
three cycles of either mild or severe drought stress. Genes within the categories of “phenylpropanoid metabolism” and
“aromatic amino acids” were identified by ILP as having increased transcript levels in trees grown under mild stress. The
genes within these categories (identified by annotation) that are present in a pathway are represented here. Expression is
indicated as positive (⫹), negative (⫺), or unchanged (0). Blue squares indicate genes that were not represented on the array.

under mild stress (⫺1 MPa) showed an initial reduction in photosynthetic rate, with recovery to near
control levels in subsequent drought cycles. The recovery in photosynthetic rate is an expression of
photosynthetic acclimation to the drought stress.
Quantitative Changes in Transcript Profiles Reflect
Unique Acclimatory Responses under Mild Stress

The change in RNA transcript profiles of loblolly
pine due to drought stress can be correlated with
1710

physiological data reflecting photosynthetic acclimation to mild stress or photosynthetic failure during
imposition of severe stress. The number of clones
showing either positive or negative changes in transcript levels increases from 5.8% to 8.6% between
mild cycles 1 and 2, suggesting that the behavior of
these genes is correlated with acclimation. The near
doubling of the number of genes showing negative
changes (3.8%–6.7%) suggests that negative gene expression shares importance with positive gene expression in acclimation to the imposed stress. There
Plant Physiol. Vol. 133, 2003
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Table II. Real-time PCR results of selected genes shown by microarray analysis to have altered transcript levels during either mild or severe
drought stress
Mild Drought Stress

Severe Drought Stress

Clone
Identification

Cycle 2

Cycle 3

Cycle 2

Cycle 3

07 H08
NXSI_063_D01
PC14G04
NXCI_002_G10
ST40F04

0.899a ⫾ 0.326
0.407 ⫾ 0.182
0.845 ⫾ 0.836
0.79 ⫾ 0.122
0.51 ⫾ 0.506

3.66 ⫾ 0.469
2.1 ⫾ 1.73
0.62 ⫾ 0.332
2.13 ⫾ 0.562
2.93 ⫾ 0.909

0.993 ⫾ 0.249
1.28 ⫾ 1.5
2.54 ⫾ 1.01
1.45 ⫾ 0.327
1.00 ⫾ 1.41

2.06 ⫾ 0.371
1.59 ⫾ 0.369
1.74 ⫾ 0.421
1.75 ⫾ 0.486
1.29 ⫾ 1.53

a

Indicates fold change (where 1 is equal to no change, nos. greater than 1 represent a positive change in gene expression, and nos. less than
1 represent negative changes in gene expression) SD ⫾ 1 in RNA level of the target gene in treated samples as compared with control samples.

was no comparable change in trees grown under
severe water deficit, where changes in genes showing
altered transcript profiles remained at 6%. However,
in both mild and severe stress, the genes with altered
transcript profiles dropped in the third cycle of
stress. Again, it is shown for the first time, to our
knowledge, that the greater change in gene transcript
levels under mild stress is associated with physiological acclimation.
The large number (approximately 80% of genes
showing changes in transcript profiles) of genes
unique to each stress level suggests that the plant is
able to sense the degree of stress and activate different response pathways to cope with that stress. These
different response pathways contain related genes;
however, clones with the same annotation appear to
be differentially expressed members of a multigene
family. For example, one clone of laccase is positively
regulated during mild stress and negatively regulated during severe stress, whereas another laccase
gene is negatively regulated during mild stress and
positively regulated in severe stress. Other examples
include genes that encode annexin, a Ca2⫹-binding
protein involved in diverse cellular functions (Gerke
and Moss, 2002); ADP-ribosylation factor, a GTPase
involved in vesicle budding and membrane trafficking (Takeuchi et al., 2002); and myo inositol-1phosphate synthase (see Supplemental Data). The
differential response of members of multigene families to stress as revealed by microarray analysis has
not been reported previously, but these results suggest that the microarray technique can yield results
allowing differentiation among some members of a
multigene family. RT-PCR data of selected genes corroborate the microarray data and give credence to
our findings (Table II).
Group 2 LEAs Are Specifically Up-Regulated during
Photosynthetic Acclimation under Mild Drought Stress

The expression of genes associated with protection
and repair mechanisms have been correlated with
responses to stress imposition (Xu et al., 1996; Lee
and Vierling, 2000; Zhang et al., 2000). We previously
identified protection and repair genes as being positively regulated in response to drought and sugPlant Physiol. Vol. 133, 2003

gested that they aided in adaptation to drought stress
by protecting processes within the cell (Heath et al.,
2002). Lee and Vierling (2000) suggested that one
protection afforded by HSPs, one group of protection
and repair genes, is manifested through the interaction of small HSPs with denatured proteins, preventing aggregation and promoting refolding of denatured proteins. Through ILP, we have found that
different groups of protection and repair genes were
expressed in either mild or severe stress (Fig. 6). We
generated a phylogenetic tree to determine how the
loblolly pine LEAs are related to each other and to
LEAs from other species (Fig. 9), and pine clones
associate with group 2 LEAs (dehydrins) from cotton
(Gossypium hirsutum), Arabidopsis, and white spruce
(Picea abies). Studies of dehydrin (LEA group 2) in
cowpea (Vigna unguiculata) point to a possible function in membrane protection (Ismail et al., 1999).
Furthermore, Iuchi et al. (1996) found that group 2
LEAs were highly expressed under drought stress in
a drought-tolerant cowpea. Although this group of
LEAs has been correlated with drought stress, it was
shown that the group 2 LEAs from pine had higher
transcript levels during mild stress, suggesting that
they are specifically associated with acclimation. Several pine clones show close homology to group 3
LEAs from Arabidopsis and cotton (Fig. 9). A group
3 LEA from barley (HVA1) confers tolerance to water
and salt stress when expressed in rice (Oryza sativa;
Xu et al., 1996). Again, correlative evidence suggests
that the group 3 LEAs are associated with stress, but
it is shown for the first time, to our knowledge, that
the pine group 3 LEAs are specifically associated
with severe stress. We previously identified HSPs as
being responsive to drought stress, and our results
suggested that different homologs responded to the
different levels of stress (Heath et al., 2002). The
results of this study corroborate our previous experiment showing that the changes in expression of
LEAs and HSPs are important to drought stress responses in general. However, some, such as the
group 2 LEAs, are more important during acclimation, whereas the group 3 LEAs may be more important to protection during severe stress.
The LEAs that responded under severe stress have
also been associated with cold responses (Dong et al.,
1711
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Figure 9. Phylogenetic tree of different groups
of LEA proteins from loblolly pine compared
with those from other species. The tree was
generated from a multiple sequence alignment
using pine contigs (that contain the expressed
sequence tags [ESTs] with differential expression) and homologous sequences in GenBank
(obtained through BLASTX). Alignment of
translated pine sequences (translated using the
SIXFRAME tool in WorkBench; http://workbench.
sdsc.edu), and homologous sequences was performed using the ClustalW tool of WorkBench.
The parameters used were the default parameters from WorkBench. The njplot tool was used
to visualize the resulting tree and to generate a
postscript file. Color and numbering was added
to the postscript file. Pine clones are identified
by contig number and clone identification, and
other plant proteins are identified by GenBank
numbers. Group 4 (G4) LEAs make up the first
main group in black. Group 2 (G2) LEAs are
colored in blue, Group 3 (G3) LEAs are colored
in burgundy, and Group 5 LEAs are colored in
green. The Group 1 (G1) LEAs are colored
in black and lie between Groups 2 and 3.

2002), and ILP indicated that other cold-associated
genes showed higher transcript levels in severe stress
than in mild. Although the cold response has been
linked with the drought response (Seki et al., 2001),
we show for the first time, to our knowledge, that
there is a clear distinction in the response to mild
drought stress as compared with severe drought
stress and cold stress. This suggests that severe
drought stress activates different response pathways
and that the plant can sense the degree of stress and
respond accordingly.
Changes in Transcript Levels of Genes Encoding
Enzymes of Core Carbon Metabolism Are Reflective of
Acclimation under Mild Drought Stress

ILP found several rules indicating significant
changes in carbon metabolism in response to mild
drought stress. Our data suggest that carbon metabolism has a role in acclimation to drought stress.
Using cluster analysis, Scheideler et al. (2001) found
that genes categorized in carbon metabolism tended
to have higher transcript levels in Arabidopsis
treated with Pseudomonas syringae pv. tomato. They
suggested that transcriptional regulation of genes encoding enzymes involved in carbon metabolism
could direct the flow of carbon into specific pathways
necessary to the response. That appears to be the case
here, where at least two genes encoding enzymes
involved in carbon metabolism, which could provide
carbon skeletons to other metabolic processes,
1712

showed increased transcript levels during mild
stress. One of these genes encodes pyruvate kinase,
which may be involved in providing carbon skeletons for amino acid biosynthesis. Because it is also an
ATP-producing enzyme, its activity may be necessary to augment the lower ATP levels caused by
reduced photosynthetic capability. Another gene encodes pyruvate dehydrogenase, which is important
for shuttling carbon from glycolysis into the TCA
cycle. None of the other enzymes of the TCA cycle
show increased transcript levels, which suggests that
there is no net increase in flow through the TCA
cycle. It is important to note, however, that regulation of these enzymes could be posttranscriptional.
Because the TCA cycle provides carbon skeletons for
many biosynthetic reactions, the increased transcript
level of pyruvate dehydrogenase could be providing
carbon for diverse uses within the plant.
The maintenance and possible increase of general
carbon metabolic pathways could be reflective of the
acclimation process taking place during mild
drought stress. Trees grown under severe stress had
reduced transcript levels of genes associated with the
reductive pentose phosphate pathway, suggesting
that little photosynthate was being generated, which
is in agreement with the photosynthetic data. Under
severe stress, there is a general increase in expression
of genes associated with mitochondrial electron
transport (see Supplemental Data), suggesting that
the plant is compensating for drought-induced lack
of reducing equivalents from photosynthetic electron
Plant Physiol. Vol. 133, 2003
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transport. Our previous array had no genes associated with core carbon metabolism; therefore, the results of the current array have given us a glimpse into
the possible regulation of carbon flux during stress.
With greater representation of genes encoding enzymes of carbon metabolism on future arrays, it will
be possible to develop a detailed picture of gene
expression related to carbon fluxes within the plant
in response to drought.

Transcripts of Genes Encoding Flavonoid Enzymes Are
Specifically Up-Regulated during Photosynthetic
Acclimation under Mild Drought Stress

Other rules found by ILP suggest that nitrogen and
sulfur metabolism and phenylpropanoid metabolism
are important to acclimation to drought stress.
Within nitrogen and sulfur metabolism, an increase
in transcripts encoding enzymes of aromatic amino
acid biosynthesis was found. An increase in transcript levels of several genes in the oxidative pentose
phosphate pathway under mild stress (Fig. 7) suggests that carbon is being shuttled to aromatic amino
acid biosynthesis. A similar increase is not seen in
severe stress cycles. Because there is no overall positive trend in the genes of lignin biosynthesis, we
suggest that carbon from aromatic amino acids is
being channeled through the phenylpropanoid pathway into flavonoids. A rise in transcript levels of
some genes important to flavonoid biosynthesis is
seen under mild stress. Flavonoids have been implicated in stress responses (Winkel-Shirley, 2002), and
we previously noted that isoflavone reductase was
positively regulated in trees grown under mild stress
but not trees grown under severe stress (Heath et al.,
2002). An increase in dihydroflavonol-4-reductase
transcripts was noted during osmotic, ionic, and heat
stress in yeast (Saccharomyces cerevisiae; Garay-Arroyo
and Covarrubias, 1999). Dihydroflavonol-4-reductase
also showed an increase in transcript levels during
dehydration in a drought-resistant cowpea (Iuchi et
al., 1996), suggesting that dihydroflavonols are important to resistance to the stress. Flavonone-3hydroxylase (naringenin-2-oxo dioxygenase) is the
first enzyme in the production of dihydroflavonols
and showed increased transcript levels in all three
cycles of mild stress. Because photosynthetic acclimation only occurred in mild stress, it is possible that
the flow of carbon to the flavonoids and specifically
the dihydroflavonols is important to photosynthetic
acclimation to mild drought stress. Although other
research has implicated individual flavonoid genes
in stress responses, we specifically show that a coordinate increase in transcript levels of several genes of
the flavonoid pathway is associated with physiological acclimation of loblolly pine to mild drought
stress.
Plant Physiol. Vol. 133, 2003

Drought Regulation of Genes Encoding Polyamine
Biosynthetic Enzymes Is Reflective of Senescence and
Dormancy in Response to Severe Stress

Another gene associated with nitrogen and sulfur
metabolism whose expression was affected by mild
stress is Arg decarboxylase. This gene product is
involved in polyamine biosynthesis and was noted as
being drought responsive by Ozturk et al. (2002). Arg
decarboxylase had higher transcript levels in the
third cycle of mild stress when the plants had acclimated. Arg decarboxylase and S-adenosyl-Met
(SAM) decarboxylase had lower transcript levels in
trees grown under severe stress and were identified
by ILP as being negatively regulated during severe
cycles 1 and 2 (see Supplemental Data). Other researchers have correlated SAM decarboxylase with
drought stress, suggesting that polyamine biosynthesis is important in plant responses to drought stress
(Li and Chen, 2000a, 2000b). Spermine and spermidine, two polyamines in the SAM decarboxylase
pathway, were found to induce elongation growth,
increase photosynthetic capacity, and reduce membrane leakage in drought-stressed jack pine (Pinus
banksiana; Rajasekaran and Blake, 1999), pointing to a
direct role of polyamines in cellular responses to
drought stress. The negative regulation of Arg decarboxylase and SAM decarboxylase during severe
drought stress may suggest that synthesis of the
polyamines is reduced and that the polyamines are
not functional in the protection of cellular processes
during severe stress.
Though polyamines have been associated with
drought stress, we show that genes involved in their
production are positively affected during photosynthetic acclimation under mild drought stress. The
lower transcript levels of SAM decarboxylase and
Arg decarboxylase under severe drought stress
would indicate that polyamines are not as important
to protection under severe drought stress. However,
SAM decarboxylase is important to ethylene synthesis because it diverts SAM away from the ethylene
biosynthetic pathway. Therefore, the downregulation of SAM decarboxylase may reflect an increase in ethylene production in trees grown under
severe stress. Ethylene has been associated with
many stress responses in plants (e.g. Chen et al.,
2002) and with abscission and senescence (Taylor and
Whitelaw, 2001). Because ethylene is associated with
senescence, the trees grown under severe stress may
be switching to a senescence program. Two
senescence-related genes were found to have higher
transcript levels in trees at the third cycle of severe
stress (see Supplemental Data). It is interesting to
note that loblolly pine will drop its oldest needles at
about the time it enters winter dormancy. The lack of
growth of trees under severe stress and initiation of a
senescence program reflects the entry of severely
stressed trees into a state of dormancy. Again, we
note that there is a distinction between mild and
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severe drought stress in terms of gene expression as
associated with photosynthetic acclimation.

CONCLUSIONS

The experimental results presented here reflect
changes in transcript profiles of loblolly pine at two
levels of drought stress, over several cycles. It can be
seen that the changes in transcript profiles of loblolly
pine as discovered through the use of microarrays
are both quantitative and qualitative. A large number
of genes showed changes in transcript levels due to
mild stress, and there was an increase in the genes
showing changes in expression reflective of unique
acclimatory responses under mild stress. Many of the
genes identified have been correlated previously
with plant stress responses including LEAs and
HSPs. However, we show for the first time, to our
knowledge, that different members of individual
gene families respond differently to the two levels of
drought stress. We also show that group 2 LEAs are
specifically up-regulated during photosynthetic acclimation under mild drought stress. Again, this indicates that the plant is able to sense the degree of
stress and may activate different response pathways
accordingly. It also delineates among the LEAs in
terms of those that are expressed to allow acclimation
to occur. Changes in transcript levels of genes encoding enzymes of core carbon metabolism are also reflective of acclimation during mild drought stress.
This suggests that alteration of core metabolism can
play a significant role in the stress response, perhaps
in directing carbon or energy into pathways necessary for acclimation. We also show for the first time,
to our knowledge, that genes of the flavonoid pathway are specifically up-regulated during mild
drought stress and, thus, are associated with photosynthetic acclimation. Furthermore, regulation of
genes encoding polyamine biosynthesis is indicative
of senescence and dormancy in response to severe
drought stress. The increase in transcripts profiled on
the 2,173-element array allowed us to define roles for
specific groups of genes in photosynthetic acclimation and develop a snapshot of how certain pathways
are involved in the drought stress response. The addition of cDNAs encoding more members of these
pathways will allow us to develop a greater understanding of how they function in the acclimatory
response to mild drought stress.
One of the major advantages of data mining, as
employed in Expresso, is the support for incorporating partial information into the analysis. Such partial
information can take many forms: results from previous years’ experiments, prior data about which
genes are implicated in which physiological processes, and information from the literature. Data mining techniques should have the ability to flexibly
incorporate such partial information and build from
them, rather than function as isolated algorithms.
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The ILP technique described in this paper is only one
of the many approaches that can harness partial information. We are now supporting the construction
and mining of multimodal networks to help piece
together parts of biological pathways. This approach
uses algorithms from graph theory and probabilistic
modeling to support the mining of such networks.
Together, these approaches help address some of the
major challenges in bioinformatics data mining.
MATERIALS AND METHODS
Plant Material
Rooted plantlets of loblolly pine (Pinus taeda) from the Atlantic Coastal
Plain were produced clonally by Dr. Barry Goldfarb (North Carolina State
University, Raleigh). These were transported to Virginia Tech (Blacksburg)
and grown in a mixture of peat moss:perlite:sand (1:1:1 [v/v]) under natural
daylight in a greenhouse. Supplemental lighting (mercury vapor and highpressure sodium lamps) was used for 6 h in the evening to maintain 16-h
daylength from July to the termination of the experiment in September.
Temperature was maintained at 26°C ⫾ 4.5°C during the day and 18°C ⫾
3.0°C at night. Plants were watered as needed and fertilized once a week
with one-half-strength Hoagland solution. For drought stress experiments,
water was withheld until a desired water potential had been reached: ⫺1
MPa for mild stress and ⫺1.5 MPa for severe stress. Trees were dried down
to the desired water potential and then rewatered. Needles and stems were
collected 24 h after rewatering. The stress was then repeated by again
withholding water. Imposition of each level of drought stress was repeated
three times with harvesting of needles and stems 24 h after rewatering (Fig.
1). Water potential of needles was measured in the morning (predawn)
using a Plant Water Status Console (model 3005, Soilmoisture Equipment
Corp., Santa Barbara, CA). Net photosynthesis was measured at the time of
peak drought stress for each level of stress at light saturation on a LI-COR
6400.

Microarrays
A set of 2,173 clones was selected from five pine cDNA libraries to
include representative genes from all 15 functional categories assigned by
MIPS to Arabidopsis (Stasolla et al., 2003). The cDNA libraries were generated from xylem (normal wood vertical, compression wood inclined, sidewood inclined), pollen cones, and shoot tips (http://web.ahc.umn.edu/
biodata/nsfpine/contig_dir6). The compression wood library is a library
composed of ESTs derived from mechanically stressed tissue. Clone amplification, cleaning and spotting was carried out at North Carolina State
University (Stasolla et al., 2003). Each clone was replicated four times on a
slide. The clones selected to be on the array were placed within a hierarchy
of functional categories designed by us to reflect processes that are affected
by water deficit and the mechanisms that are thought to be employed to
protect these processes.

RNA Extraction and Hybridization
RNA was extracted from needles according to the method of Chang et al.
(1993) as modified in our laboratory. In brief, after addition of the extraction
buffer to the tissue sample, the tissue was homogenized for 1 h with a
polytron tissue homogenizer at full speed. After centrifugation (9,000g for 10
min), the supernatant was transferred to a new tube and one-fifth volume of
5% (w/v) cetyl-trimethyl-ammonium bromide was added (5% [w/v] cetyltrimethyl-ammonium bromide and 0.7 m NaCl). This was heated to 65°C for
20 min. An equal volume of chloroform:isoamyl alcohol (24:1 [v/v]) was
added, and the sample was centrifuged. The supernatant was re-extracted
with an equal volume of chloroform:isoamyl alcohol (24:1 [v/v]). The sample was centrifuged, and the supernatant was transferred to a new tube. The
RNA was precipitated overnight with one-half volume of 10 m LiCl. Each
pair of RNAs to be compared (treated versus control for each time point)
were reverse transcribed and labeled with Cy3 and Cy5 dyes (Stasolla et al.,
2003). Reciprocal labeling of each comparison was implemented to control
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for variation due to the dye and resulted in eight replicates per clone per
comparison. Hybridizations were carried out according to Stasolla et al.
(2003). A total of 24 slides were used for the microarray analysis. A modified
loop design (Kerr and Churchill, 2001) was used to formulate comparisons
between treated and control samples. For each degree of stress, 12 slides
were used that compared treated samples with two control samples using
reciprocal labeling. For example, mild treated 1 was hybridized to mild
control 1 and mild control 4, and mild treated 2 was compared with mild
control 2 and mild control 1. This resulted in a total of 16 replicate spots per
treatment.

RT-PCR
RT-PCR was used to confirm the data obtained from the microarray
experiments. The relative abundance of five ESTs (chalcone isomerase
[ST07H08], naringenin-2-oxo dioxygenase [flavonone-3-hydroxylase,
NXSI_063_D01], pine LEA group 2 [NXCI_002_C10], pine LEA group 3
[PC14G04], and HSP18 [ST40F04]) shown to be differentially expressed in
the second and/or third cycles of either mild or severe stress in the microarray experiments was tested. The same total RNA samples used for the
microarrays were used here. The concentration of total RNA was measured
using the RiboGreen RNA Quantitation Reagent and Kit (Molecular Probes,
Eugene, OR). First strand cDNA was reverse transcribed from 300 ng of total
RNA using Taq-Man Reverse Transcription Reagents (Applied Biosystems,
Foster City, CA) according to the manufacturer’s instructions. Gene-specific
primers were designed by the Primer Express 1.0 program (Applied Biosystems). The relative transcript abundance was monitored on an Applied
Biosystems 7700 Sequencer using SYBR Green PCR Master Mix (Applied
Biosystems). The adenosine kinase amplicon was used as an internal control
for normalization.

Analysis
Hybridized slides were scanned using a ScanArray 5000 (Perkin Elmer,
Boston). The resulting slide images were analyzed using QUANTARRAY
software (Perkin Elmer). For each spot, the non-normalized intensity value
was collected, with the exception of a few spots that QUANTARRAY
flagged as unacceptable.
The sensitivity of individual genes to the experimental treatments—three
cycles each of mild or severe stress—was estimated using the two-stage
analysis of Wolfinger et al. (2001). The first stage addresses global effects,
whereas the second stage estimates the interaction between individual
genes and experimental treatments. The technique is highly sensitive to
small differential changes in relative expression values (Jin et al., 2001) and
was utilized by Jin et al. (2001) and Stasolla et al. (2003) in the analysis of
their data.
In the first stage, the values of the major global factors are estimated by
fitting the intensity data to this ANOVA normalization model:
ygijkmn⫽⫹Ti⫹Aj⫹Dk⫹Pm⫹(A⫻P)jm⫹⑀gijkmn
The ygijkmn values are log2-transformed intensity signals with indices for
gene (g), treatment (i), array (j), dye (k), printing pin (m), and spot (n). The
value  is the mean of all the ygijkmn values. The remaining variables are:
treatment (Ti; two levels, treated and control), array (Aj; six arrays), dye (Dk;
two dyes, Cy3 and Cy5), pin (Pm; four printing pins), the interaction [(A ⫻
P)jm] of array (j) and pin (m), and the model residual (⑀gijkmn).
The second stage of the analysis uses the residual values (⑀gijkmn) computed
in the first stage to estimate the interaction between individual genes and
treatments (stress level and control) at ␣ ⫽ 0.05. The ANOVA model for this
stage is:
In these equations, the variables are: the mean (Gg) of the residual values
for gene (g), the interaction [(G ⫻ T)gi] of gene (g) and treatment (i); the
interaction [(G ⫻ A)gi] of gene (g) and array (j), the interaction [(G ⫻ D)gk]
of gene (g) and dye (k), and the interaction [(G ⫻ S)gn] of gene (g) and spot
(n). The ␥gijkmn are the residual stochastic errors. Both models were implemented using SAS (SAS/STAT Software version 8.2, SAS Institute Inc.,
Cary, NC). The least square means of (G ⫻ T)gi and the differences in least
square means between the stress level and control were calculated for each
gene. Each difference constitutes the estimated log2-fold change for that
gene.
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With three cycles, each with two stress levels, a total of six experiments
were analyzed. Nominally, each microarray contained 2,180 clones, each
replicated four times. Of those, seven were controls and 2,173 were pine
clones. Of the pine clones, the intensity of 74 signals reached the maximum
16-bit intensity value of 65,535. Because the intensity signals for these genes
were not accurately recorded, they were eliminated from further analysis.
For each of the remaining 2,099 pine clones, a hypothesis test between
control and treated was constructed. To assure an experiment-wide false
positive rate of 0.05, the P value cutoff was set at the Bonferroni value of
0.05/2,099 ⬇ 2.4 ⫻ 10⫺5, as suggested by Wolfinger et al. (2001). A gene with
a positive (respectively, negative) estimated fold change after Bonferroni
adjustment is marked as positively (respectively, negatively) expressed. The
remaining genes are marked unchanged.

Data Mining by ILP
After the analysis of variance, the data was mined via ILP, a data mining
technique for finding relationships among data (Dzeroski and Lavrac, 2001).
Computational tools for returning relationships in the form of rules are
readily available. Because the space of potential rules is actually infinite,
tuning the search parameters to obtain an efficient data mining procedure
for biologist-friendly rules is a challenge that was specifically addressed by
computer scientists within the Expresso project for this data set. Signature
patterns of gene expression changes across experiments were also derived
from ILP.
Data mining functionality in Expresso is based on a collection of relational database tables (15 tables for the current data set), implemented using
the Postgres database management system. These tables summarize information such as experimental conditions (the different stress conditions),
cDNA details (accession no., annotation, and putative functional categories),
water potential and photosynthesis measurements, and expression levels.
The Expresso query interface allows the biologist to perform a series of
structured query language queries on these tables. Because the number of
plausible structured query language queries is huge, the biologist more
directly benefits from use of data mining techniques incorporated in Expresso. The ILP data mining technique (Muggleton, 1999) searches through
the space of possible relationships among fields in the database to automatically identify the most promising rules (Heath et al., 2002). Rules are logical
implications that summarize patterns found in the experimental and other
data.
Expresso allows the biologist to specify the criteria for mining these rules.
In the experiments reported here, we require that every implication have a
strength of at least 80% and a support of at least 2. (In the rule A:⫺B, the
strength is the fraction of genes satisfying B that also satisfy A, whereas the
support is the number of genes that satisfy both A and B.) The results
obtained are summarized in Figures 5 and 6 as cartoons. It is important that
the criteria of 80% not be interpreted as a measure of statistical significance.
Because we use the rules in a descriptive rather than a predictive fashion,
the rules summarize the data and suggesting new and testable biological
hypotheses.
Received May 17, 2003; returned for revision July 7, 2003; accepted August
28, 2003.
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