
 

The Plant Cell, Vol. 12, 65–79, January 2000, www.plantcell.org © 2000 American Society of Plant Physiologists

 

Expression Profiling of the Maize Flavonoid Pathway Genes 
Controlled by Estradiol-Inducible Transcription Factors CRC 
and P

 

Wesley Bruce,

 

a,1

 

 Otto Folkerts,

 

b

 

 Carl Garnaat,

 

a

 

 Oswald Crasta,

 

b

 

 Brad Roth,

 

a

 

 and Ben Bowen

 

a,2

 

a

 

Pioneer Hi-Bred International, Inc., 7300 N.W. 62nd Avenue, P.O. Box 1004, Johnston, Iowa 50131

 

b

 

CuraGen Corporation, 555 Long Wharf Drive, 13th Floor, New Haven, Connecticut 06511

 

To determine the scope of gene expression controlled by the maize transcription factors C1/R and P, which are respon-
sible for activating flavonoid synthesis, we used GeneCalling, an open-ended, gel-based, mRNA-profiling technology,
to analyze cell suspension lines of the maize inbred Black Mexican Sweet (BMS) that harbored estradiol-inducible ver-
sions of these factors. BMS cells were transformed with a continually expressed estrogen receptor/maize C1 activator

 

domain fusion gene (

 

ER–C1

 

) and either a fusion of 

 

C1

 

 and 

 

R

 

 (

 

CRC

 

), 

 

P

 

, or luciferase genes regulated by a promoter con-
taining four repeats of an estrogen receptor binding site. Increasing amounts of luciferase activity, anthocyanins, and
flavan-4-ols were detected in the respective cell lines after the addition of estradiol. The expression of both known and
novel genes was detected simultaneously in these BMS lines by profiling the mRNA isolated from replicate samples at
0, 6, and 24 hr after estradiol treatment. Numerous cDNA fragments were identified that showed a twofold or greater
difference in abundance at 6 and 24 hr than at 0 hr. The cDNA fragments from the known flavonoid genes, except chal-
cone isomerase (

 

chi1

 

), were induced in the 

 

CRC

 

-expressing line after hormone induction, whereas only the chalcone
synthase (

 

c2

 

) and flavanone/dihydroflavonol reductase (

 

a1

 

) genes were induced in the 

 

P-

 

expressing line, as was ex-
pected. Many novel cDNA fragments were also induced or repressed by lines expressing 

 

CRC

 

 alone, 

 

P

 

 alone, or both
transcription factors in unique temporal patterns. The temporal differences and the evidence of repression indicate a
more diverse set of regulatory controls by 

 

CRC

 

 or 

 

P

 

 than originally expected. GeneCalling analysis was successful in
detecting members of complex metabolic pathways and uncovering novel genes that were either coincidentally regu-
lated or directly involved in such pathways.

INTRODUCTION

 

Flavonoids, a diverse group of low molecular weight sec-
ondary metabolites found throughout the plant kingdom,
play key roles in a variety of developmental programs, bio-
chemical processes, and environmental responses. Exam-
ples include the 3-hydroxy flavonoids or anthocyanins,
which constitute flower pigments that attract pollinating in-
sects and shield DNA from UV-B damage (Koes et al., 1994;
Stapleton and Walbot, 1994). The flavonol aglycones are es-
sential for pollen viability in some plant species (Koes et al.,
1994; Deboo et al., 1995), and the silk-localized 

 

C

 

-glyco-
sylflavone, maysin, confers host resistance to the insect
pest corn earworm (

 

Helicoverpa zea

 

; Lee et al., 1998).
Luteolin (3

 

9

 

,4

 

9

 

,5,7-tetrahydroxyflavone) helps to establish
beneficial symbiotic plant–microbe interactions between

 

Rhizobium

 

 spp and members of the legume family (Peters et
al., 1986). Interest in the impact of flavonoids on human
health is growing, because of their common occurrence in
food and their reputed but as yet unconfirmed nutritional
and pharmaceutical effects (Hollman and Katan, 1998;
Wang et al., 1998).

The first committed step of flavonoid biosynthesis is cata-
lyzed by the enzyme chalcone synthase, which is encoded
in maize by the genetic loci 

 

c2

 

 and white pollen (

 

whp

 

;
Wienand et al., 1986; Dooner et al., 1991; Franken et al.,
1991). Chalcone synthase produces the aglycone flavonoid
naringenin chalcone from malonyl-CoA and coumaroyl-CoA
precursors (reviewed in Heller and Forkmann, 1994). In
maize, anthocyanin synthesis requires chalcone isomerase
(

 

chi

 

; Grotewold and Peterson, 1994; Grotewold et al., 1998),
flavanone 3-hydroxylase (

 

f3h

 

; Deboo et al., 1995), and the
well-documented genetic loci 

 

a1

 

, 

 

a2

 

, 

 

bronze1

 

 (

 

bz1

 

), and 

 

bz2

 

(Reddy et al., 1987; Furtek et al., 1988; Menssen et al., 1990;
Marrs et al., 1995). After the final genetically defined step,
which involves a glutathione 

 

S

 

-transferase, the cyanidin
3-

 

O

 

-glucoside is transferred into the vacuole by an as yet
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unknown pump (Alfenito et al., 1998). In a second major
branch of the maize flavonoid pathway, 3-deoxyflavones,

 

C

 

-glycosylflavones, and the pericarp/seedling cell wall–asso-
ciated phlobaphene pigment are produced from flavanone
through the conversion to flavan-4-ol by the 

 

a1

 

 gene prod-
uct, which is followed by several poorly characterized steps
(Grotewold et al., 1998).

Our knowledge of the complex regulatory mechanisms
controlling flavonoid synthesis is mainly limited to the antho-
cyanin pathways in maize (Dooner et al., 1991; Mol et al.,
1998), petunia (Avila et al., 1993), and Antirrhinum (Martin et
al., 1991). In maize, the Myb transcription factor homolog C1
and the basic helix-loop-helix–containing factors R or B ac-
tivate several genes in the anthocyanin pathway, whereas a
single Myb homolog, P, can activate the subset of the
known flavonoid genes that directs phlobaphene synthesis
(reviewed in Koes et al., 1994; Mol et al., 1998). These fac-
tors activate certain flavonoid genes through interactions
with Myb-related 

 

cis

 

-elements (Grotewold et al., 1994; Sainz
et al., 1997; Lesnick and Chandler, 1998).

Expressing the C1/R or P transcription factors in trans-
genic maize Black Mexican Sweet (BMS) cell lines stimu-
lates expression of the genes of the flavonoid biosynthetic
pathway, resulting in accumulation of anthocyanins and
3-deoxy flavonoids (Grotewold et al., 1998). In the P-express-
ing cell line, additional compounds are produced, including
three types of 

 

C

 

-glycosylflavones and the two phenylpro-
panoids, chlorogenic acid and ferulic acid. Because the

 

C1

 

/

 

R

 

– and 

 

P

 

-expressing cell lines also exhibit marked
changes in the subcellular localization of the synthesized
compounds and subcellular structures relative to the un-
transformed control cell line, genes other than those of the
known flavonoid pathway—such as those that synthesize
coumaroyl-CoA as one of the precursors to flavonoid syn-
thesis—are probably also regulated by these transcription
factors. A key step in the phenylpropanoid pathway is the
conversion of phenylalanine to cinnamic acid, catalyzed by
the enzyme phenylalanine ammonia-lyase (PAL). The bio-
chemistry of PAL is well understood, and several 

 

pal

 

 genes
have been cloned and characterized (Logemann et al., 1995;
Wanner et al., 1995; Rosler et al., 1997). Although the regu-
lation of 

 

pal

 

 expression by 

 

C1

 

/

 

R

 

 or 

 

P

 

 has not been directly
demonstrated, PAL activity in maize aleurones is controlled
by 

 

viviparous 1

 

 (Dooner, 1985), which also regulates 

 

C1

 

(Hattori et al., 1992).
Several methods of searching for the mRNA of differ-

entially expressed genes have been developed, including
transcript sampling–based, hybridization-based, or cDNA-
amplified/imaging–based technologies. Both the transcript
sampling methods, such as serial analysis of gene expres-
sion (Velculescu et al., 1995) and representational difference
analysis (Hubank and Schatz, 1994), and the cDNA-ampli-
fied/imaging methods, such as differential display (Liang
and Pardee, 1992) and amplified fragment length polymor-
phism (Bachem et al., 1996), have proved successful in
identifying differentially expressed genes. Yet these meth-

ods are both time consuming and resource intensive, espe-
cially when used to confirm the sequence identity of the
target genes. Genomic-scale hybridization-based technolo-
gies, such as oligonucleotide arrays (Lockhart et al., 1996)
and cDNA microarrays (Schena et al., 1995), have improved
throughput, sensitivity, and versatility for identifying differen-
tially expressed genes but are limited to use only with those
clones and sequences that are already available. In this
study we used a recently developed method that compre-
hensively samples cDNA populations in a highly sensitive
manner (Shimkets et al., 1999) to identify differential gene
expression patterns of transgenic maize cell lines that pro-
duce inducible forms of either a 

 

C1

 

 and 

 

R

 

 fusion gene or the

 

P

 

 gene. This method, termed GeneCalling analysis, is an
open-architecture, gel-based assay that reproducibly mea-
sures changes in RNA amounts of both known and novel
genes. The method is described schematically in Figure 1.
Using this method, we reproducibly measured the induction
of the known maize flavonoid genes and detected the ex-
pression modulation of other known and newly discovered
genes.

 

RESULTS

Induction of the Flavonoid Pathway

 

BMS cell cultures were stably transformed with both the es-
trogen receptor/maize 

 

C1

 

 activator domain fusion gene (

 

ER–
C1

 

) and one of the following constructs: the 

 

C1

 

–

 

R

 

 fusion
gene (

 

CRC

 

), 

 

P

 

, or the luciferase genes under the control of a
promoter containing four repeats of an estrogen receptor
binding site (4X-ERE). Upon addition of estradiol, the pro-
duction of CRC and P activated the anthocyanin and phlo-
baphene/

 

C

 

-glycosylflavone pathways, respectively, in maize
BMS cells as schematically shown in Figure 2. Figure 3A
shows the induction of luciferase activity from the 4X-
ERE::luciferase–containing control BMS cell line. Luciferase
activity was not detectable at 0 hr or in BMS cells lacking
the 

 

ER–C1

 

 receptor, thus showing that in the absence of es-
tradiol or of the modified estrogen receptor, the 4X-ERE
constructs were essentially silent (data not shown; Figure 3).
Following a short lag after the addition of estradiol, lu-
ciferase activity was detectable, increasing linearly for 48 hr,
the longest duration of sampling. BMS cells harboring the
4X-ERE::

 

CRC

 

 fusion gene or the 4X-ERE::

 

P

 

 gene produced
no detectable anthocyanins or flavan-4-ols, respectively
(Figure 3), before induction. After estradiol was added, in-
creases in anthocyanins and flavan-4-ols were detected by
spectral absorbance after lags of 12 and 24 hr, respectively
(Figure 3). In addition, the red pigmentation of the anthocya-
nins and the slightly brown pigmentation of the downstream
metabolites of the flavan-4-ols (phlobaphenes and 

 

C

 

-glyco-
sylflavones; Grotewold et al., 1998) were visible 24 to 48 hr
after treatment with estradiol.
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RNA Profiling

 

Poly(A)

 

1

 

 RNA was purified from three replicates of the con-
trol BMS lines and of the 

 

P

 

- and 

 

CRC

 

-expressing lines at 0,
6, and 24 hr after the addition of estradiol. The experimental
treatments were designated CRC0, CRC6, CRC24, P0, P6,
and P24. Using the GeneCalling process, as outlined in Fig-
ure 1, we focused on the gel traces of cDNA fragments
ranging from 50 to 500 bp from the reactions of 68 restric-
tion enzyme pairs for the subsequent comparisons. The
trace database was analyzed by measuring the relatedness
of the expression profiles among replicates within and be-
tween the cell lines, as shown in Figure 4. Cluster analysis of
the trace profiles from samples between the cell lines re-
vealed more differences than between the sampling times
after treatment within a cell line. For example, computer-
based comparisons of the trace data at 0 hr from the 

 

CRC

 

-
and 

 

P

 

-expressing lines (CRC0 and P0, respectively) with
those from the control line at 0 hr generated 2.83 and 1.04%
of cDNA fragment differences, respectively, from 

 

.

 

19,000
fragments detected. Although the nature of these differ-
ences is not clear, the results suggest that the expression
patterns of the BMS lines may have diverged after transfor-
mations with the recombinant plasmids and subsequent
culturing. We maintained the 

 

CRC

 

- and 

 

P

 

-expressing lines
on selection media by using both the bialaphos resistance
(

 

Bar

 

; Kumada et al., 1988) and acetolactate synthase (

 

ALS

 

;
Fang et al., 1992) genes, because these lines were trans-
formed with multiple templates, whereas the control line
was maintained on selection media with use of only the 

 

Bar

 

gene. The difference in selection regimes may account for
the differences in cDNA expression between the lines. We
therefore restricted our comparisons to a time series by ana-
lyzing the results of the treatments at 6 and 24 hr in compar-
ison with the results at 0 hr within each cell line. The data are
represented as the 

 

N-

 

fold difference ratio of the average
peak-height values for the cDNA fragments at 6 or 24 hr to
that at 0 hr. The cDNA fragments that showed a significant
(P 

 

, 

 

0.1) expression difference of at least twofold had very
little overlap with the fragments from the time series from
the comparisons between the cell lines.

 

Figure 1.

 

Schematic of the GeneCalling Analysis.

Total RNA is extracted from the cell lines, and poly(A)

 

1

 

 RNA is puri-
fied and converted to cDNA, which is fragmented by using pairs of
restriction enzymes (RE). Adapters are then ligated to the ends of
the fragments, which are amplified by polymerase chain reaction
(PCR). Because one of the PCR primers is labeled with a fluorescent
tag (fluorescamine; FAM), amplified fragments can be visualized
during electrophoresis. For each sample and restriction enzyme
pair, electronic images of the gel lane traces are collected and kept
in a sample trace database. Comparisons of the trace databases re-
veal specific expression differences that are characterized by the

length of the amplified fragment and by restriction enzyme sequence
information. The identity of each differentially expressed gene frag-
ment can be established either by performing a GeneCalling search
in a sequence database or by cloning and sequencing the desired
cDNA fragment. The identity of the cDNA fragment is confirmed by
competitive PCR in which the original PCR reaction is reamplified in
the presence or absence of an excess of an unlabeled, gene-spe-
cific PCR primer. Further characterization of known and newly dis-
covered sequences that are identified by GeneCalling analysis as
differentially expressed can be obtained by BLASTX and BLASTN
analyses against public and proprietary databases. t, time in hours.
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As shown in Table 1, 

 

.

 

19,000 cDNA fragments were de-
tected for each of the primary comparisons. The differen-
tially expressed cDNA fragments ranged from 0.50 to 2.18%
of all the gene fragments detected, resulting in a total of 919
unique cDNA fragments showing at least a twofold change
in average band intensities on the gel. Ninety-two of the 919
cDNA fragments induced or repressed in the 

 

P

 

- or 

 

CRC

 

-
expressing line (or both) were similarly induced or repressed
in the control line. These fragments may have arisen from
genes affected by the estradiol or the ethanol-carrier treat-
ment directly and probably represent genes not controlled
by 

 

CRC

 

 or 

 

P

 

. Therefore, the remaining 827 fragments were

expected to correspond directly to the induction of 

 

CRC

 

 and

 

P

 

 and were analyzed further. The 

 

CRC

 

 gene product appar-
ently affected the expression of nearly three times the num-
ber of cDNA fragments affected by 

 

P

 

, suggesting a greater
complexity of gene expression evoked by 

 

CRC

 

 than 

 

P

 

. For
the CRC6, CRC24, and P6 samples, approximately half of
the cDNA fragments were upregulated and the other half
were downregulated. For P24, however, almost 73% were
upregulated and only 27% were downregulated. These data
not only portray the potentially large numbers and complex-
ity of the differentially regulated genes affected by 

 

CRC

 

 and

 

P

 

, but they also show differences in the regulated profiles
between the 

 

CRC-

 

 and 

 

P-

 

expressing lines after induction.
To identify the genes corresponding to the differentially

Figure 2. Schematic of the Estradiol-Inducible Anthocyanin and
Phlobaphene Pathways.

BMS cell lines harbor a constitutively expressed estrogen receptor–
maize C1 activator domain fusion gene (ER/C1) that binds to estra-
diol (E) and in turn activates the expression of the P or CRC genes
by way of 4X-ERE promoter. Members of the flavonoid pathway are
then activated, generating anthocyanins or phlobaphenes. Other
genes suspected to be regulated by P or CRC are designated by
question marks. Genes known to be involved in the flavonoid path-
way are designated as follows: C2, chalcone synthase; CHI, chal-
cone isomerase; F3H, flavanone 3-hydroxylase; A1, flavanone/
dihydroflavanonol NADPH-dependent reductase; A2, proanthocya-
nidin synthase; Bz1, UDP-glucose:flavonoid 3-O-glucosyltrans-
ferase; Bz2, a glutathione S-transferase.

Figure 3. Estradiol-Induced Luciferase Activity and Accumulation of
Anthocyanins and Flavan-4-ols in Transformed BMS Cell Lines.

(A) Luciferase data are expressed as the mean relative light units
(RLU) of three sample replicates from three independent samples for
each time point, with error bars representing 6SD.
(B) Accumulation of anthocyanins and flavan-4-ols was measured
by spectral absorption at 529 and 564 nm, respectively, of extracts
from three replicate samples. Note the log scale of absorption val-
ues. Standard deviation for each absorbance value was ,15% of
the mean value, except for the 4-hr samples from the CRC-express-
ing line, in which the standard deviation was 39% of the mean ab-
sorbance value.
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expressed cDNA fragments, we first used the gene fragment
length and the restriction enzyme sequence at each end of
the fragment to search the public and the Pioneer/DuPont
proprietary sequence databases. The cDNA fragments cor-
responding to known genes were subsequently cloned, se-
quenced, and confirmed by competitive polymerase chain
reaction (PCR), as described by Shimkets et al. (1999). The
differentially expressed cDNA fragments corresponding to
the flavonoid pathway genes were detected in CRC24 and
are shown in Figure 5 as an average trace from six to nine
replicated gel lanes from the 24- and 0-hr samples. The gel
band corresponding to the F3H/A1 trace (Figure 5) con-
sisted of cDNA fragments, from both genes, that had identi-
cal band size and restriction enzyme ends, as confirmed by
competitive PCR reactions. Although we detected this gel
band only for the f3h gene, two other bands for the a1 gene
were detected that exhibited the appropriate expression
regulation (data not shown). As expected, the cDNA frag-
ments corresponding to c2 and a1 genes were detected as
induced bands in the P24 sample (data not shown). The gel

traces for most of the cDNA fragments showed little vari-
ance among the samples taken at different times or among
the replicates (Figure 5; data not shown).

The relative change in abundance of cDNA fragments for
each of the flavonoid-related genes corresponded closely
with the RNA gel blot analysis, as depicted in Figure 6. The
cDNA fragments corresponding to chi1 were not detected
in our BMS cell lines, which is similar to the results of
Grotewold et al. (1998). Other CRC- or P-regulated cDNA
fragments that were identified by GeneCalling and con-
firmed by RNA gel blot analysis (Figure 6) included maize pal1
(Rosler et al., 1997), a multidrug-resistant protein (MRP)–
type transporter (Buchler et al., 1996), and a gene for glu-
tathione S-transferase (GST). The GeneCalling analysis of
both the MRP transporter cDNA fragment and the pal1
cDNA fragment were in good agreement with the RNA gel
blot analysis (Figure 6). The newly discovered GST gene
showed a more complex banding pattern on the RNA gel
blot, suggesting the presence of multiple mRNA species
from a large gene family that hybridized with the probe.
However, we detected an mRNA band that was upregulated
in CRC6 and downregulated in CRC24, which was similar to
the data exhibited by the profiling analysis (Figure 6). We did
not detect a band of the same size for GST in the RNA gel
lanes corresponding to the P-expressing line. We also de-
tected downregulation of the enolase (eno2) (Lal et al., 1998)
gene in the P-expressing line when we used GeneCalling
but not in RNA gel blot analysis (Figure 6). This result may
reflect cross-hybridization to RNA species from the second
maize enolase gene, eno1 (Lal et al., 1998). In general, the
RNA gel blot analysis reflected the results of the GeneCall-
ing analysis.

The expression levels of 663 unique cDNA fragments
were shown to change specifically when CRC was present,
whereas those of 217 unique cDNA fragments changed in
response to P. The number of unique and shared cDNA
fragments for all possible combinations of treatments that
were differentially expressed are shown in Figure 7. Most of
the differentially expressed cDNA fragments were specific to
one treatment (Figure 7). We observed only six fragments
that were induced or repressed by both CRC and P for both
time points (Figure 7), among which was pal1. The c2 cDNA
fragment was differentially expressed in CRC24, CRC6, and
P24, whereas a1 showed a delay in expression in both CRC-
and P-expressing lines and thus was shared between
CRC24 and P24. The other flavonoid-related cDNA frag-
ments were upregulated either in both CRC6 and CRC24 or
in the CRC24 sample alone. A few cDNA fragments were
differentially expressed either early in the CRC-expressing
line and late in the P-expressing line or vice versa after es-
tradiol treatment (Figures 7B and 7C). As these data show,
all of the flavonoid-related cDNA fragments that exhibited
differential gene expression were present in the expected
compartments of the Venn diagram (Figure 7), demonstrat-
ing the ability of this technology to identify the gene mem-
bers in the proper context of complex metabolic pathways.

Figure 4. Hierachical Cluster Analysis of Gene Expression Profiles
of BMS Cell Line Treatments and Replicates.

Trace profiles for each replicate were compared with those for all the
other replicates. The distances for clustered replicates were based
on the Pearson’s correlation coefficients for peak intensities of all
the cDNA fragments within the corresponding traces. The den-
dogram showing the relatedness of samples was produced using
PHYLIP (Felsenstein, 1989) and visualized using TREEVIEW (Page,
1996). Bar 5 0.1 3 Pearson’s correlation coefficient.
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Temporal Correlation of CRC- and
P-Regulated Genes

To more easily visualize the change in population of bands
over time, we plotted the N-fold difference values for the
cDNA fragments from the 6-hr sample against those for the
24-hr time point, as shown in Figure 8. Although transient
changes in mRNA amounts may have occurred between 6
and 24 hr, these changes did not significantly affect the in-
terpretations described here. For the CRC-expressing line,
four basic clusters were observed (Figure 8A). Most of the
bands were in clusters that could be designated as early (6
hr only), steady state (6 hr 5 24 hr), or late (24 hr only); a
fourth, much smaller cluster of bands displayed a fourfold
linear change between 6 and 24 hr. In the P-expressing line,
the majority of fragments were observed as early or steady
state, with fewer fragments in the late cluster and only one
fragment in the linear change cluster (Figure 8B). The CRC
cDNA fragment showed an increase by 6 hr but apparently
reached steady state because the N-fold difference at
CRC24 was nearly the same as that at CRC6. As confirmed
by the RNA gel blot analysis in Figure 6, the c2 cDNA frag-
ment increased at a nearly linear rate in the CRC-expressing
line, whereas the a1 and a2 cDNA fragments were induced
relatively late after the addition of estradiol (Figure 8A). A
cDNA fragment for bz1 showed a nearly linear increase,
whereas the cDNA fragment for bz2 was shown to be exclu-
sively late (Figure 8A), despite the detection of the bz2-
hybridizing band at 6 hr on the RNA gel blot analysis. The
apparent difference between the plotted GeneCalling analy-
sis (Figure 8A) and the RNA gel blot analysis (Figure 6) for
bz2 reflected our assignment of the value zero (Figure 8A) to
any change of less than twofold for the bz2 cDNA fragment
at 6 hr.

Identification of cDNA Fragments

Twenty-eight cDNA fragments that were induced or re-
pressed by CRC, P, or both were cloned, sequenced, and
confirmed by competitive PCR analysis. Ten corresponded
to the six known maize flavonoid genes. Of the remaining
fragments described in Table 2, 15 were assigned to known
genes on the basis of sequence similarity; the sequences of
the remaining three cDNA fragments were not similar to en-
tries in any database. Of the 15, some of the fragments did
not show any marked resemblance to the public database
entries. Nonetheless, these were assigned gene names on
the basis of sequence identity with expressed sequence tag
(EST) clones in the Pioneer/DuPont maize EST database
that showed a strong similarity to entries in public data-
bases entry. Figures 9A and 9B show the N-fold differences
between the cell lines expressing CRC and P for the cDNA
fragments described in Table 2.

Several of the fragments corresponded to genes that were
expected to impact the flavonoid pathway directly. For ex-
ample, a newly discovered GST sequence with 58% amino
acid identity to bz2 was repressed by CRC but induced by P
at 24 hr, in contrast with the regulation of the bz2 gene. An
MRP transporter fragment, also determined to be induced
by CRC alone, is possibly the pump necessary for transport-
ing flavonoid compounds across the tonoplast (Alfenito et
al., 1998). Fragments that arose from genes involved in pro-
ducing precursors to the flavonoid pathway included pal1
(Rosler et al., 1997) and ATP citrate-lyase (Elshourbagy et
al., 1990); fragments that arose from genes affecting the
precursor pools included the P-induced cinnamoyl alcohol
dehydrogenase (cad, which is identical to bm1; Halpin et al.,
1998). A cDNA fragment that was homologous to a cyto-
chrome P450 gene was shown to be upregulated by both

Table 1. Results of Differentially Expressed cDNA Fragments Derived from the Three Maize BMS Cell Lines at Various Time Points after 
Estradiol Induction

Number and Percentages of cDNA Fragments Showing Expression Differencesc

Total Unique to CRC or P

Primary
Comparisonsa

Assayed cDNA
Fragmentsb No. %d

Common to
Control-6 or
Control-24 No. %d

Upregulated
(No.)

Downregulated
(No.)

Control-6 19,606 165 0.84 165
Control-24 19,406 172 0.89 172
CRC6 19,670 428 2.18 34 394 2.00 224 170
CRC24 19,562 420 2.15 49 371 1.90 217 154
P6 19,365 236 1.22 58 178 0.92 94 84
P24 19,117 95 0.50 26 69 0.36 50 19

a Comparisons were made against the same cell line at 0 hr.
b Based on data from 68 pairs of restriction enzymes.
c At least a twofold (P , 0.1) difference.
d Differences as a percentage of the total cDNA fragments assayed.
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CRC and P and may correspond to a previously unidentified
flavonoid oxidoreductase. Interestingly, the cDNA fragments for
some of the downregulated genes included those that affect
general cell function, namely, eno2 and the genes for ribo-
somal protein L41, histone 2B, and a-4 tubulin (Figure 9).

DISCUSSION

mRNA Profiling Analysis

Using GeneCalling technology, we profiled gene expression
of maize BMS cell lines that had been induced to generate
either the P or the CRC transcription activators and mea-
sured the differences in amounts of cDNA fragments corre-
sponding to most of the known genes in the maize flavonoid
pathway. We found differential expression of genes that
were not known to be affected by P- and C1/R–directed
regulation. We also identified differential expression of
cDNA fragments with no sequence similarities to entries in
either the public databases or the Pioneer/DuPont propri-
etary maize EST database. Therefore, we found this open
architecture, gel-based method to be quite useful in the dis-
covery of known and unknown genes and in placing the
genes in an appropriate biological context.

GeneCalling profiling allows identification of differentially
expressed gene fragments by pairwise comparisons of ex-
pression profiles. The extent of the expressed gene cover-
age with 72 restriction enzyme pairs was estimated to be
.90% for various genomes, including maize (Shimkets et
al., 1999). We detected .19,000 cDNA fragments in each of
the nine treatments (three cell lines and three time points)
and estimated their relative abundance by using six to nine
trace profiles per treatment. Because approximately two to
three cDNA fragments can be detected per gene by using
72 restriction enzyme pairs with maize sequences (Shimkets
et al., 1999), the number of unique genes corresponding to
the detected cDNA fragments per BMS cell line treatment
performed with 68 restriction pairs was extrapolated to be
between 6000 and 8000. Computer-based treatment com-
parisons identified 827 unique cDNA fragments that were
differentially expressed in the CRC- or P-expressing lines
but not in the control line (Table 1 and Figure 7). A hierarchi-
cal cluster analysis of the cDNA fragment profiles showed
that the replicates within a cell line were related, whereas
those between cell lines diverged, which reaffirmed the
strategy of examining a time series to generate an appropri-
ate set of differentially expressed genes (Figure 4).

The range of N-fold differences for each treatment was
generally proportional to that observed by RNA gel blot
analysis (Figure 6). Because cDNA fragments are generated
by restriction enzyme digestion, the GeneCalling analysis is
sensitive to gene- or allele-specific polymorphisms and is
more likely to provide information at a gene-specific level

Figure 5. Induction of the Flavonoid Gene Fragments by CRC Mea-
sured at 24 Hr after Estradiol Treatment.

Each panel shows the average gel trace based on six to nine repli-
cate gels of digested gene fragments from the CRC-expressing
BMS line at 24 hr (blue) and 0 hr (red) after estradiol treatment. Three
replicates of three independent samples were analyzed by Gene-
Calling. The vertical red line indicates the gene fragment that corre-
sponds to the confirmed gene product. The designations C2, A2,
Bz1, and Bz2 are described in the legend to Figure 2. The designa-
tion F3H/A1 refers to cDNA fragments from the F3H and A1 genes
with identical fragment size and restriction sites at the fragment
ends. The y axis is in arbitrary fluorescence units, whereas the x axis
is in base pairs of nucleotides.
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than does RNA gel blot analysis. Although efforts were
made to achieve gene-specific hybridizations for the RNA
gel blots, results for some samples did not correlate with the
mRNA profiling, possibly because probes may have cross-
hybridized with transcripts corresponding to other gene
family members. Both the GST and eno2 genes have known

paralogs in maize (Marrs et al., 1995; Lal et al., 1998; W.
Bruce, unpublished results), which may have affected the
RNA gel blot analysis relative to the regulation observed by
the GeneCalling method.

chi1 was the only known gene of the flavonoid pathway
for which we did not detect expression in these BMS cell
lines. In a previous study, expression of chi1 was not de-
tected in BMS cells in which P and C1/R were continually
expressed at relatively high amounts (Grotewold et al.,
1998). Perhaps the continual presence of these transcription
factors negatively affected chi1 expression. However, we
found that the induction of P or CRC from near background
amounts also did not stimulate chi1 expression as deter-
mined by the gel-based profiling or RNA gel blot analysis
(data not shown). This confirmed the previously reported ob-

Figure 6. Comparison of GeneCalling and RNA Gel Blot Analyses
for Several CRC- and P-Regulated Genes.

The GeneCalling peak (Pk) height graphs indicate the maximal aver-
age peak height in arbitrary fluorescence units (y axis) for the cDNA
fragment corresponding to each of the analyzed genes from each
sampling time. The adjacent RNA gel blots show the signals ob-
tained in hybridization by using z2 mg of poly(A)1 RNA. RNA gel blot
analysis was performed on two independent replicates of the three
BMS cell lines (CRC, Control, and P). The blots were hybridized with
probes corresponding to C2, A1, A2, Bz1, Bz2, GST, pal1 (Rosler et
al., 1997), eno2 (Lal et al., 1998), and Trnsptr (MRP transporter;
Buchler et al., 1996). A maize actin cDNA clone acted as an RNA
loading control. Hours after estradiol treatment are indicated for the
x axis of the graphs and for each lane of the gel.

Figure 7. A Venn Diagram of Shared and Specific Differentially Ex-
pressed cDNA Fragments for All Treatments Analyzed.

(A) The numbers of unique cDNA fragments for the majority of com-
parisons are shown. The cDNA fragments are either induced or re-
pressed, with a more than twofold difference detected between 6 or
24 hr and 0 hr after initiating treatment, in the cell lines indicated.
These fragments are either shared or unique to particular treat-
ments. The values shown under each treatment name are the total
number of unique cDNA fragments that showed differential expres-
sion for that treatment.
(B) The number of cDNA fragments showing differences at 6 hr after
treatment for CRC-expressing cells and at 24 hr after treatment for
P-expressing cells versus their corresponding 0-hr values.
(C) The number of cDNA fragments showing differences at 24 hr af-
ter treatment for CRC-expressing cells and at 6 hr after treatment for
P-expressing cells versus their corresponding 0-hr values. The num-
ber of cDNA fragments with responses in agreement with that of the
control BMS line was excluded.
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servation that the chi1 gene either is not actively inducible or
is nonfunctional in BMS cell lines. Because chalcone can
undergo spontaneous isomerization (Moustafa and Wong,
1967) and no known maize mutants of chi have been identi-
fied to date, chi1 may be unnecessary for anthocyanin pro-
duction in these cell lines.

Temporal and Induction/Repression Controls by CRC 
and P

Because hundreds of gene fragments displayed differential
expression over time, clustering and temporal correlation
analyses were used to understand more clearly the relation-
ship between gene expression and the biochemical changes
that occurred after the induction of CRC and P. Compari-
sons of the expression profiles between the BMS lines
showed both common and P- or CRC-specific cDNA frag-
ments that were induced or repressed. The temporal corre-
lation analysis revealed unexpected regulation either as a
direct influence of expression of CRC or P or as an indirect
consequence resulting from the overall changes to the cell
function caused by activating the flavonoid pathways (Fig-
ure 8). In the CRC-expressing line, cDNA fragments corre-
sponding to the gene products at the beginning of the
flavonoid pathway, before the branch point between fla-
vonoid- and phlobaphene-specific pathways (i.e., the early
flavonoid biosynthetic genes; Jackson et al., 1992), were de-
tected generally before those at the end of the pathway.
This pathway-dependent temporal control is somewhat sim-
ilar to the expression control of the Antirrhinum anthocyanin
pathway described by Jackson et al. (1992).

In addition to increased amounts of transcripts after the
induction of CRC or P, the amounts of numerous cDNA frag-
ments were downregulated, indicating inhibition of gene ex-
pression. Many of the fragments showed repression as early
as 6 hr after the synthesis of these transcription factors,
suggesting a more direct effect on transcriptional or post-
transcriptional control not previously attributed to these fac-
tors. Additional examination of the effects of P or CRC on
gene expression, such as mRNA profiling of CRC-, C1-, R-,
or P-expressing lines with and without protein translation in-
hibitors (e.g., cycloheximide) or profiling samples collected
at earlier times, may be necessary before drawing more
concrete conclusions. Other Myb-related factors such as
the human c-Myb factor are known to function both as acti-
vators and repressors (Nakagoshi et al., 1989; Mizuguchi et
al., 1995; Oelgeschlager et al., 1996; Ganter and Lipsick,
1997; Salomoni et al., 1997). Perhaps the CRC and P Myb-
related factors also function in both regulatory capacities.

cDNA Fragments Affected by Both CRC and P

We further analyzed a small number of cDNA fragments
from the hundreds showing differential expression affected

Figure 8. Temporal Correlation of cDNA Fragment N-Fold Differ-
ence Values for the CRC- and P-Expressing Lines.

(A) Individual cDNA fragments from the CRC-expressing BMS line
were plotted as their N-fold difference between the results for the 6-hr
and 24-hr samples. The N-fold differences are the ratios of the aver-
age peak height values at either 24 or 6 hr after treatment to those at
0 hr for each cDNA fragment. Results for differences of less than
twofold are not shown.
(B) Individual cDNA fragments from the P-expressing BMS line were
plotted as the N-fold difference in results between 6 hr and 24 hr af-
ter treatment.
Early and Late refer to genes that are induced or repressed at either
the 6- or 24-hr times only, respectively. Steady State refers to genes
for which the differential expression at 6 hr remains the same at 24
hr, whereas Linear Change refers to those that are either induced or
repressed in a linear manner from 6 hr to 24 hr. Some of the cDNA
fragments corresponding to genes regulated by CRC or P are indi-
cated as follows: CRC, the C1–R fusion gene; C2, A1, A2, Bz1, Bz2,
and F3H (as in the legend to Figure 2); Pal1 and Eno2 (as in the leg-
end to Figure 6); Rib L41, ribosomal protein L41; 39 UTR, the poly(A)
addition sequence from the potato PinII gene present in all of the
clones introduced into the BMS cells.
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by CRC, P, or both. Several of the cDNA fragments corre-
sponded to gene members of the flavonoid pathway (Figure
5). The remaining cDNA fragments were grouped into three
expression regulation categories: CRC specific, P specific,
and those affected by both CRC and P (Table 2 and Figure
9). Of those affected by both transcription factors, a diverse
set of expression controls was evident and included exam-
ples of induction or repression by both factors as well as
contrasting regulation between the two factors.

One cDNA fragment induced by both CRC and P, CG22-
161.8, was upregulated by both transcription factors and
corresponded to the maize pal1 gene (Rosler et al., 1997),
which initiates the pathway to produce 4-coumaroyl-CoA,
one of the precursors of flavonoid synthesis. Although pal
regulation has been linked to flavonoid regulation in many
plant species, including maize (Dooner, 1985; Christie et al.,
1994; Koes et al., 1994), no direct evidence of C1/R or P
regulating the amounts of pal1 mRNA in maize has been
previously documented. Another fragment induced by both
factors, CG43-398.3, was similar to a soybean cytochrome
P450 and could potentially function as another flavonoid hy-

droxylase for both pathways. Of those that showed con-
trasting regulation by CRC and P, the fragment CG02-243.4
is similar to both the wheat GST TSI-1 (Riechers et al., 1997)
and the maize bz2 genes (Marrs et al., 1995). This CRC-
repressed, P-induced gene may encode an enzyme that
adds glutathione to metabolites of the phlobaphene path-
way analogous to the function of bz2 in the anthocyanin
pathway.

cDNA Fragments Regulated Specifically by CRC or P

We cloned and sequenced several cDNA fragments that
were regulated by either CRC or P specifically (Figure 9 and
Table 2). The CRC-induced fragments CG28-291.1 and
CG31-165.4 both corresponded to an ATP citrate-lyase
(Elshourbagy et al., 1990). This enzyme generates acetyl-
CoA that could be converted to the flavonoid precursor mal-
onyl-CoA by a cytosolic version of acetyl-CoA carboxylase
(Ashton et al., 1994; Podkowinski et al., 1996). The fragment
CG47-259.8 was induced by CRC specifically and its se-

Table 2. GeneCalling cDNA Fragments Related to Genes in GenBank

GenBank Accession No.

Band Namea Gene Similarity BLASTXb Public Match cDNA Fragment

Both CRC and P
CG02-94.1 Unknown AF204888
CG04-231.6 Calmodulin 6.50E-23 L19359c AF204891
CG02-243.4 Glutathione S-transferase 1.00E-24 AF004358c AF204887
CG43-398.3 Cytochrome P450 8.60E-27 Q42700c AF204893
CG22-161.8 Phenylalanine ammonia-lyase 1 0.00E100d L77912 AF204900

CRC specific
CG66-135.1 Maize histone 2B 3.00E-14 P30755 AF204897
CG71-261.9 Unknown AF204886
CG10-213.9 Unknown AF204894
CG28-291.1 ATP citrate-lyase 9.30E-18 P16638 AF204892
CG31-165.4 ATP citrate-lyase 2.00E-05 P16638c AF204885
CG10-267.2 MRP transporter 1.80E-11 U92650c AF204895
CG47-259.8 MRP transporter 1.20E-64 NM_000392 AF204901
CG36.437.3 (s)-Acetone-cyanohydrin lyase 8.00E-14 AC003040 AF204896

P specific
CG45.139.0 Ribosomal protein L41 3.90E-06 U26255 AF204898
CG69-64.3 Enolase 2 3.60E-54 U17973c AF204899
CG97-163.0 Maize a-4 tubulin 0.00E100 P33626c AF204884
CG04-168.2 Cinnamoyl alcohol dehydrogenase 5.60E-19 T02767 AF204890
CG25-383.8 MADS box protein 2.20E-09 Q41828 AF204889

a Band name is designated by an arbitrary labeling convention that includes the cDNA fragment size in base pairs.
b BLASTX output is the probability value of 1.0E-5 or less of the translated cDNA fragment randomly matching a public database entry. Values of
0.00E 1 00 indicate an exact amino acid match.
c The corresponding GeneCalling cDNA fragments did not show a direct match to an entry in GenBank but were essentially identical to EST
clones from the Pioneer/DuPont maize database that matched the GenBank accessions indicated with probability value of 1.0E-5 or less.
d The fragment CG22-161.8 was based on only competitive PCR using the matching public entry.
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quence highly resembled that of a human MRP transporter
gene (Buchler et al., 1996). We think it very likely that this
MRP transporter homolog functions as the tonoplast glu-
tathione pump necessary for transporting cyanidin 3-O-glu-
cosides into the vacuole after the last genetically defined
step in anthocyanin synthesis (Alfenito et al., 1998). Two
other fragments induced by either CRC or P are CG36-
437.3, which shows marked identity to an Arabidopsis open
reading frame matching an acetone–cyanohydrin lyase
(Trummler and Wajant, 1997), and CG04-168.2, which ex-
hibits strong identity to the maize cad gene. Halpin et al.
(1998) reported that maize cad is probably the same as that
encoded by bm1, which contributes to lignin synthesis and
shares precursors with the known flavonoid pathways. We
also identified three different cDNA fragments affected by
CRC and/or P that lacked any noticeable sequence identity
to known genes or ESTs at either the amino acid or nucle-
otide level.

Conclusion

Overall, the mRNA-profiling method provided new informa-
tion about the regulatory effects of C1/R and P on gene ex-
pression and revealed genes that were not known to be
regulated by these transcription factors. Grotewold et al.
(1998) previously demonstrated that when the flavonoid
pathway is active, BMS cells undergo detectable changes
involving numerous cellular processes and structures. The
rate of cell growth in cell lines producing anthocyanins, for
example, slowed markedly (Grotewold et al., 1998), con-
comitant with the apparent repression of cDNA fragments
corresponding to eno2 and the genes for histone 2B, ribo-
somal L41, and a-4 tubulin, as detected by the mRNA pro-
filing method (Figure 9 and Table 2). We would also expect
that various genes involved in signal transduction, such as
the cDNA fragments identified as calmodulin and MADS
box protein (Table 2), might play an important role in such
modifications at the cellular level. C1/R and P apparently
affected the expression of genes from an extensive set of
pathways that provide the necessary components for syn-
thesizing the flavonoids, suggesting a more complexly regu-
lated pathway than previously known. We analyzed only a
small portion of the cDNA fragments that showed differential
regulation; analysis of additional cDNA fragments should
provide a more complete understanding of how the fla-
vonoid pathway and basic cellular functions are integrated.
Determining how the known genes, shown to be associated
with the flavonoid pathway, and newly identified genes un-
der apparent control of CRC or P, are expressed and regu-
lated in intact plants will also be important. Continuing
analysis of the expression of the gene fragments identified in
this work, in various P- and C1/R–containing genotypes, will
further our understanding of the potentially broad repertoire
of gene expression control attributed to these transcription
factors.

Figure 9. Differential Expression of Known and Newly Discovered
Gene Fragments after Induction of CRC and P.

(A) The N-fold differences for cDNA fragments affected by both
CRC and P. The data are shown as the ratio of the average peak-
height values from cDNA fragments at 6 or 24 hr after treatment initi-
ation to the 0-hr value.
(B) N-fold differences for cDNA fragments affected by CRC alone.
(C) N-fold differences for cDNA fragments affected by P alone. The
average peak-height values showed ,15% variance over the mean
of six to nine replicate gel analyses. Shown are the gene names from
GenBank matching most closely the amino acid sequences of the
corresponding cDNA fragments.
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METHODS

Plant/DNA Materials and Transformation

The Zea mays inbred Black Mexican Sweet (BMS) cells, P2 No. 10,
were maintained on Murashige and Skoog (MS) medium (Murashige
and Skoog, 1962) containing 2,4-D at 1.5 mg/L as a suspension cul-
ture shaken at 250 rpm and kept in the dark at 278C. The genotype of
BMS is P-ww A1 A2 C1 C2 R-g b pl (Grotewold et al., 1998). These
cells, derived from cambial tissue in the mesocotyl region, do not or-
dinarily express any of the known transcription factors controlling the
flavonoid pathway, including B, C1, P, Pl, or R (see references in
Grotewold et al., 1998).

Transformation of BMS cells by microprojectile bombardment
was conducted essentially as described (Grotewold and Peterson,
1994). The control BMS line was transformed with the following plas-
mids: PHP610 (35S::Bar), PHP5947 (4X-ERE::LUC), and PHP6417
(259_35S::ER–C1). The CRC-expressing BMS line was transformed
with the plasmids PHP6417 (259_35S::ER–C1) and PHP6680
(UBI::ALS and 4X-ERE::CRC). Plasmid PHP6417 involved the modi-
fication of the estrogen receptor from the MCF-7 cell line (Greene et
al., 1986) as follows. Between amino acids 71 and 78 of the estrogen
receptor, the acidic activation domain of the maize C1 transcription
activator (amino acids 146 to 269; Paz-Ares et al., 1987) was inserted
in frame. This ER–C1 fusion gene was under the control of the trun-
cated 259-bp cauliflower mosaic virus (CaMV) 35S promoter similar
to vectors described in Unger et al. (1993). Plasmid PHP6680 in-
cluded both the maize Ubi1 promoter and its first exon and intron
(Bruce et al., 1989) fused to the maize acetolactate synthase coding
sequence (UBI::ALS; L. Tagliani, unpublished results) and the four re-
peats of the ERE element, 59-GGCCGCTCGAGTCCAAAGTCA-
GGTCACAGTGACCTGATCAAAGTGTCCAAAGTCAGGTCACAGTGA-
CCTGATCAAAGTTGTCA-39 (Klein-Hitpass et al., 1988), upstream of
a 259-nucleotide 59 deletion of the CaMV 35S core promoter (4X-
ERE) fused to a chimeric C1 and R-paralog fusion gene, desig-
nated CRC. The 4X-ERE::CRC (PHP6680) construct contains a
transactivator fusion of Lc, a member of the maize R gene family
(amino acids 1 to 610; Ludwig et al., 1989), inserted into the maize
C1 gene (Paz-Ares et al., 1987) between the C1 Myb and tran-
scription activation domains at amino acid 125. To create the P-con-
taining BMS cell line, the control BMS line was transformed with
an additional plasmid, PHP6682 (UBI::ALS and 4X-ERE::P). All fu-
sion genes were terminated with the poly(A) addition site from the
potato PinII gene (Unger et al., 1993).

Estradiol Induction and RNA Isolation of BMS Cell Lines

Each transformed BMS cell line was grown as three replicate cul-
tures in 1-liter flasks with 300 mL of MS medium plus 2,4-D at 1.5
mg/L. After 4 days, 15 g of cells was transferred with 150 mL of con-
ditioned medium to a sterile 1-liter flask containing an additional 150
mL of fresh MS medium and 2,4-D at 1.5 mg/L. Ethanol (100 mL) was
added to each culture cell line 24 hr before the induction with estra-
diol. The next day, 280 mL of 10 mM 17a-ethylnylestradiol (Sigma) in
ethanol was added to each culture to a final concentration of 10 mM.
Approximately 20 mL of each cell suspension was collected at 0, 6,
and 24 hr after the estradiol addition and was transferred into individ-
ual preweighed 50-mL conical centrifuge tubes. After centrifugation
and aspiration of liquid medium, the fresh weight of the remaining

cells was recorded, and the cells were frozen in liquid nitrogen and
stored at 2808C. Frozen tissues were ground, and total RNA was ex-
tracted with Tripure isolation reagent (Boehringer Mannheim) ac-
cording to the manufacturer’s instructions. Total RNA samples were
used both for the RNA gel blot and the GeneCalling analyses
(Shimkets et al., 1999).

Flavonoid and LUC Detection

At 0, 2, 4, 6, 12, 18, 24, and 48 hr after estradiol addition, 1 mL of
each cell suspension (ranging in fresh weight from 40 to 70 mg) was
transferred to 1.5-mL microcentrifuge tubes and centrifuged at 1300g.
Cells from the CRC BMS and P BMS lines were lyophilized and used
for analysis of anthocyanin or flavan-4-ols essentially as described
(Grotewold et al., 1998), except that 564 nm instead of 559 nm was
used for the cell line expressing P. For comparisons between sam-
ples, absorbance values were adjusted according to the mass of lyo-
philized tissue. Cells from the control BMS line were pulverized in
200 mL of luciferase grinding buffer (Unger et al., 1993), centrifuged
for 5 min at 16,000g, and then stored at 2808C. Luciferase assays
were performed as previously described (Unger et al., 1993), and
data were normalized to the amount of soluble protein present, as
determined by the Bradford assay (BioRad).

RNA Gel Blot Analysis

Isolated from total RNA with the use of a Poly-A-Tract kit (Promega),
z2 mg of poly(A)-enriched RNA was separated on a 1.2% SeaKem
gel containing MOPS (Ambion, Inc.) and 4% formaldehyde. After
electrophoresis, the gel was washed twice in 2 3 SSC (1 3 SSC is
0.15 M NaCl and 0.015 M sodium citrate) and blotted overnight onto
a Nytran membrane by using the TurboBlotter (Schleicher and
Schuell) system and protocol. The blot was air-dried for 15 min and
UV cross-linked in a Stratalinker (Stratagene) at 1200 mJ/cm2. The
RNA gel blot was prehybridized and hybridized in ExpressHyb buffer
(Clontech), according to the manufacturer’s protocol, with the follow-
ing randomly primed 32P-labeled probes from our maize expressed
sequence tag (EST) library or Pioneer plasmid collections: c2
(CHWAR86), a1 (CZAAZ08), a2 (CR1.pk002.C12), bz1 (pPHP2012),
bz2 (CKDAF37), GST (CFBBF17), eno2 (CLDCX48), pal1 (CCMAV49),
MRP transporter (CGSNW75), chi1 (CPICB71), and actin (provided
by M. Cigan and E. Unger, Pioneer Hi-Bred). The blot was succes-
sively probed and stripped by using the Strip-EZ kit (Ambion, Inc.),
according to the manufacturer’s protocol.

GeneCalling Analysis of RNA from BMS Lines

All steps in GeneCalling analysis (Figure 1) were performed accord-
ing to Shimkets et al. (1999), except that poly(A)1 RNA was isolated
from 50 mg of total RNA. Additional details of this method are also
described by Rothberg et al. (1999). Briefly, poly(A)1 RNA was con-
verted to double-stranded cDNA and digested with each of the 68
restriction enzyme pairs. The resulting fragments were ligated to a
pair of restriction enzyme-based oligonucleotide adapters, one of
which was labeled with fluorescamine (FAM) and the other with bi-
otin. After a 20-cycle polymerase chain reaction (PCR), the frag-
ments were isolated with streptavidin-coated beads, separated on
an ultrathin gel, and visualized by using the FAM label to generate gel
lane trace data, which were stored electronically in a database.
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For each BMS cell line, the GeneCalling data for the 24- and 6-hr
samples were compared with those for their respective 0-hr sam-
ples. The cDNA fragments from the control BMS line that showed
twofold or greater differences (either induced or repressed after the
addition of estradiol to the liquid medium) were removed from the
data sets of differentially expressed gene fragments of the CRC- and
P-expressing lines. The remaining data represented gene fragments
that showed changes specifically resulting from the induction of CRC
or P. Known genes were identified by a GeneCalling-mediated
search in a proprietary maize database, consisting of all publicly
available maize sequences and maize ESTs from the proprietary Pi-
oneer/DuPont database. Competitive PCR (described below) was
used to confirm that a known gene did indeed correspond to the dif-
ferentially expressed cDNA fragment, although this procedure can-
not delineate the difference between highly homologous gene family
members. Differentially expressed fragments that did not have a
match in the GeneCalling maize sequence database were cloned
from a reamplification of the original PCR reaction into a TA cloning
vector (InVitrogen) by using standard protocols.

Competitive PCR confirmation involved using the sequence of the
known genes or novel clones to design a gene-specific primer. The
gene-specific PCR primer was synthesized such that it overlapped
with the adapter sequence restriction enzyme site and extended into
the putative gene sequence identified in the database search. The
original PCR reaction containing the FAM-labeled, adapter-specific
primer was repeated in the presence or absence of excess unlabeled
gene-specific primer. If, in the presence of the competing primer, the
differentially expressed fragment was ablated without affecting the
amplification of neighboring peaks, the identification of the differen-
tially expressed gene fragment was considered to be correct.

The cloned gene fragments were sequenced by conventional
methods, and sequences were subjected initially to BLASTX
searches of public databases. Those with little or no match to exist-
ing database entries (with P . 1.0 3 1025) were subjected to BLAST
2.0 searches of the Pioneer/DuPont maize EST database for
matches that showed significant sequence similarities to an EST.
The corresponding EST sequence was then used in BLASTX
searches, and any matches with a probability < 1.0 3 1025 were en-
tered into Table 2.

Hierarchical cluster analysis was performed to evaluate the relat-
edness in RNA profiling across all replicates by using the expression
profiles of all the samples and their replicates. The dendogram show-
ing the relatedness of samples was produced by using the PHYLIP
program (Felsenstein, 1989) and visualized by using the TREEVIEW
program (Page, 1996). The distances (Dij) for the dendogram were
calculated as follows:

where cij is the Pearson’s correlation coefficient between any two
replicates and was calculated from the peak intensities of gene frag-
ments that were significantly different between the composite trace
profiles of any two replicates.
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