
Nylon Filter Arrays Reveal Differential Gene
Expression in Proteoid Roots of White Lupin in
Response to Phosphorus Deficiency

Claudia Uhde-Stone, Kelly E. Zinn, Mario Ramirez-Yáñez, Aiguo Li, Carroll P. Vance, and
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White lupin (Lupinus albus) adapts to phosphorus deficiency (�P) by the development of short, densely clustered lateral
roots called proteoid (or cluster) roots. In an effort to better understand the molecular events mediating these adaptive
responses, we have isolated and sequenced 2,102 expressed sequence tags (ESTs) from cDNA libraries prepared with RNA
isolated at different stages of proteoid root development. Determination of overlapping regions revealed 322 contigs
(redundant copy transcripts) and 1,126 singletons (single-copy transcripts) that compile to a total of 1,448 unique genes
(unigenes). Nylon filter arrays with these 2,102 ESTs from proteoid roots were performed to evaluate global aspects of gene
expression in response to �P stress. ESTs differentially expressed in P-deficient proteoid roots compared with �P and �P
normal roots include genes involved in carbon metabolism, secondary metabolism, P scavenging and remobilization, plant
hormone metabolism, and signal transduction.

Phosphorus (P) is an essential macronutrient for
plant growth and development that plays key roles
in many processes, including energy metabolism and
synthesis of nucleic acids and membranes (Rag-
hothama, 1999). It is second only to nitrogen as the
most limiting nutrient for plant growth (Bieleski,
1973; Raghothama, 1999; Vance, 2001). In many soils,
low availability of P is a limiting factor in crop pro-
duction (Marschner, 1995). Due to the low availabil-
ity of soluble P in many ecosystems, plants have
developed adaptive mechanisms that aid in the ac-
quisition of P from soil. Strategies that lead to better
uptake or acquisition include expanded root surface
area through increased root growth and root hair
development (Lynch and Brown, 1998; Gilroy and
Jones, 2000; Williamson et al., 2001), organic acid
synthesis and exudation (Dinkelaker et al., 1989;
Johnson et al., 1996a; Jones, 1998; Aono et al., 2001;
Massonneau et al., 2001; Sas et al., 2001), exudation of
acid phosphatases (Duff et al., 1991; del Pozo et al.,
1999; Gilbert et al., 1999; Miller et al., 2001), enhanced

expression of phosphate transporters (Leggewie et
al., 1997; Liu et al., 1998a, 1998b; Chiou et al., 2001;
Liu et al., 2001), and mycorrhizal associations
(Marschner and Dell, 1994; Smith et al., 1994). Strate-
gies aimed at conserving P involve internal remobili-
zation of P and use of alternative metabolic pathways
(Theodorou et al., 1992; Theodorou and Plaxton, 1993;
Plaxton and Carswell, 1999).

White lupin (Lupinus albus), a species known for its
extreme tolerance for low P availability, has proven
an illuminating model system for understanding
plant adaptations to low P, despite its lack of mycor-
rhizal symbiosis. Instead, its adaptation to P defi-
ciency (�P) is a highly coordinated modification of
root development and biochemistry resulting in pro-
teoid (or cluster) roots—short, densely clustered ter-
tiary roots—that resemble bottlebrushes (Gardner et
al., 1982, 1983; Dinkelaker et al., 1995; Johnson et al.,
1996b; Neumann et al., 1999; Massonneau et al.,
2001). Unlike typical lateral roots which emerge at
random along the axes of primary and secondary
roots (Charlton, 1983), proteoid roots develop laterals
that emerge from every xylem pole within the axis,
accompanied by extensive root hair growth, resulting
in a more than 100-fold increased surface area
(Dinkelaker et al., 1995; Skene, 2001).

Proteoid roots excrete large amounts of the or-
ganic acids citrate and malate (Marschner et al.,
1986; Marschner et al., 1987; Johnson et al., 1996a,
1996b; Neumann et al., 1999; Massonneau et al.,
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2001), which help increase the availability of mineral-
bound phosphates (Gardner et al., 1983; Dinkelaker
et al., 1989) and the release of phosphates from humic
substances (Braum and Helmke, 1995). Acid phos-
phatases that may aid in the release of organic P from
soil (Tadano and Sakai, 1991; Gilbert et al., 1999;
Miller et al., 2001) are excreted coincident with the
exudation of organic acids from proteoid roots (Gil-
bert et al., 1999; Neumann et al., 1999; Miller et al.,
2001). Concurrently, the expression of phosphate
transporter genes is strikingly enhanced in P-starved
proteoid roots (Neumann et al., 1999; Liu et al., 2001).
Because of these adaptations, P uptake is greatly
enhanced in proteoid root zones.

Proteoid root formation might be mediated by the
coordinated expression of a number of genes. Expres-
sion of phosphate transporters (Liu et al., 2001), acid
phosphatase (Gilbert et al., 1999; Miller et al., 2001),
and genes related to organic acid synthesis (Masson-
neau et al., 2001; Penaloza et al., 2002; Uhde-Stone et
al., 2003) have been reported to be induced in pro-
teoid roots. Analysis of expressed sequence tags
(ESTs) is an efficient approach for identifying large
numbers of plant genes expressed during different
developmental stages and in response to a variety of
environmental conditions (Gyorgyey et al., 2000;
Ohlrogge and Benning, 2000; White et al., 2000; Du-
naeva and Adamska, 2001). In addition, once ESTs
are generated, they provide a resource for transcript
profiling experiments. In plants, differential profiling
has successfully been used for identification and
analysis of novel genes involved in diverse aspects of
biotic and abiotic stress responses and in develop-
ment (Girke et al., 2000; Sasaki et al., 2000; Kawasaki
et al., 2001; Thimm et al., 2001).

Objectives of this research were to assess genes
expressed in proteoid root formation and to analyze
global gene expression in �P stress-induced proteoid
roots. To achieve this goal, we: (a) identified ESTs
from �P proteoid roots at two different developmen-
tal stages; (b) performed nylon filter arrays to com-
pare gene expression in �P proteoid roots, �P and
�P normal roots, and �P and �P leaves; (c) con-
firmed expression patterns for differentially ex-
pressed ESTs by RNA gel blots and reverse RNA gel
blots; and (d) compared gene expression in �P and

�P roots of Medicago truncatula by heterologous hy-
bridization of white lupin ESTs.

RESULTS

Generation of ESTs from Early and Later Stages of
Proteoid Root Development

Two cDNA libraries from proteoid roots of �P-
stressed white lupin were constructed. A cDNA li-
brary of early stages of proteoid root development
contained pooled RNA isolated from P-deficient
roots and developing proteoid roots collected at 7
and 10 d after emergence (DAE). At 7 DAE, proteoid
roots are not yet visible, so normal roots of �P-
stressed plants were collected. At 10 DAE, immature
proteoid roots were collected. A cDNA library of the
later developmental stages of proteoid roots was gen-
erated with pooled RNA isolated from �P proteoid
roots collected at 12 and 14 DAE. Average cDNA
insert size was found to be approximately 1.6 kb.
Single-pass 5� sequencing resulted in 2,102 sequences
of good quality with a length of at least 100 bp.
Typical sequence lengths of good quality ranged
from 400 to 500 bp. Of these 2,102 ESTs, 843 se-
quences derived from cDNA from the early develop-
mental stages (7 and 10 DAE) and 1,259 ESTs from
the library of more mature proteoid roots (12 and 14
DAE).

Functional Annotation

Using the BLASTX algorithm, DNA sequences
were translated into their corresponding amino acid
sequence and searched against the nonredundant
protein database GenBank. A probability threshold
for E values � 10�6 was used to assign functions,
whereas E values greater than 10�6 were considered
not significant. Based on homology to already known
or predicted genes and gene products, the 2,102 ESTs
were grouped into four main categories: metabolism
(33%), cell cycle and plant development (9%), inter-
action with the environment (26%), and unknown
function (32%). The ESTs were further grouped into
16 subcategories (Fig. 1).

Figure 1. Based on homology (E values �

10�6), the 2,102 ESTs from proteoid roots of
P-deficient white lupin were grouped into four
main categories and 16 different subgroups.
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Contigs

Redundant ESTs were grouped into contigs using
the program Phrap/Consed (University of Washing-
ton, Seattle) with a minimum overlap length of 50 bp
and a minimum Smith Waterman score of 80. The
latter refers to a cumulative score for the alignment
that increases for any positive match, whereas it de-
creases for any mismatch or gap. A total of 322 con-
tigs and 1,126 unique genes compiled to a nearly
unigene set of 1,448 different transcripts. The term
“nearly” in this context refers to the possibility that
two ESTs, though corresponding to the same gene,
do not overlap, and in this case would not be
grouped into the same contig. We found 35 contigs
containing five or more ESTs; the largest (PR-10 pro-
tein) consisted of 34 ESTs (Table I). Of the total 322
contigs, 199 contigs (about 60%) contained two ESTs
and, together with the singletons, were considered
relatively low-copy gene transcripts. Many ESTs that
produced identical BLAST hits were grouped into the

same contig, but we also found a number of ESTs
with similar, but not identical, DNA sequences that
may encode different isoforms.

To identify genes that might be primarily ex-
pressed in early or later stages of proteoid root de-
velopment, we compared the representation of con-
tigs in the two cDNA libraries derived from proteoid
roots at early (7 and 10 DAE) and later (12 and 14
DAE) developmental stages (Table I). Contigs that
were only represented in the 7- and 10-DAE proteoid
root library include a contig containing five ESTs
with homology to a ribosomal protein S13, a contig of
six ESTs with homology to thaumatin, and a contig
with seven ESTs with homology to aquaporin. Con-
tigs that were found only in the 12- and 14-DAE
proteoid root cDNA library include a contig of five
ESTs with homology to cytokinin oxidase, a contig of
five ESTs with homology to a transcription factor
ERF-1, and a contig of 10 ESTs with homology to a
multidrug and toxin extrusion protein (MATE), a

Table I. Representation of contigs containing five or more ESTs

Accession No. of
GenBank Hit

E Value of
Tentative

Consensus
Sequence

Annotation Possible Function

Count
of ESTs
7 and

10 DAE

Count of
ESTs 12
and 14

DAE

NP_187461.1 1E-131 MATE Transport 0 10
Q9LTS3 8E-24 Cytokinin oxidase Cytokinin degradation 0 5
AAF63205.1 2E-23 Transcription factor ERF1 Regulation 0 5
Q9M4Y9 3E-20 AP2 domain-containing protein Development 1 4
METE_MESCR 2E-60 Met synthase Ethylene synthesis 1 4
Q9SJQ9 4E-47 Fru-bisphosphate aldolase, cytoplasmic Glycolysis 3 9
Q9XG67 2E-62 Glyceraldehyde 3-P dehydrogenase Glycolysis 5 10
GTX6_SOYBN 2E-59 Glutathione S-transferase Oxidative stress response 2 5
O65332 1E-53 Polyubiquitin Protein degradation 3 6
Q9AT55 1E-110 S-adenosylmethionine synthetase Ethylene synthesis 9 11
Q43183 1E-72 Sulfate adenyltransferase Sulfate assimilation 2 3
SAHH_ARATH 1E-107 Adenosyl-homocysteinase Ethylene synthesis 2 3
O81361 2E-33 Ribosomal protein S-8 Translation 2 3
TBA_PRUDU 1E-150 Alpha tubulin Cell structure 2 3
IDHP_MEDSA 5E-65 Isocitrate dehydrogenase Carbon metabolism 2 3
THI4_CITSI 4E-55 Thiazole biosynthetic enzyme Thiamin biosynthesis 3 3
P33560 4E-88 Tonoplast membrane integral protein Transport 3 3
TBB_CICAR 3E-41 Beta tubulin Cell structure 3 3
Q9LSF3 4E-47 Peptidyl-prolyl cis-trans isomerase Protein folding 3 2
Q9AT52 8E-17 Extensin Cell wall structure 3 2
BAB63949 3E-49 PR-10 protein Defense 20 14
EF1A_LYCES 1E-50 Elongation factor 1-alpha Translation 6 3
Q9M5M7 5E-79 60 S Ribosomal protein L-10 Translation 5 1
Q9LM03 1E-105 Met synthase Ethylene synthesis 6 3
ALF_CICAR 1E-65 Fru-bisphosphate aldolase, cytoplasmic Glycolysis 7 3
Q9SXL7 1E-63 Ribosomal protein L3 Translation 4 1
CAA69353.1 9E-20 Tonoplast intrinsic protein Transport 4 1
P30172 1E-115 Actin Cell structure 4 1
Q9FNV7 3E-24 Auxin-repressed protein Development 5 1
O65357 9E-62 Aquaporin2 Transport 6 1
Q9MAV9 5E-48 Ribosomal protein S-13 Translation 5 0
O81926 6E-70 Thaumatin Stress response 6 0
CAC01618.1 5E-70 Aquaporin Transport 7 0
O49874 4E-98 Aquaporin Transport 13 4
Q9LKJ6 9E-75 Plasma membrane intrinsic protein Transport 14 1
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putative transporter. Two contigs with homology to
Fru-bis-P aldolase were differentially represented in
both cDNA libraries. One isoform represented by 10
ESTs was found seven times in the cDNA library of
early proteoid roots and three times in the cDNA
collection from 12- and 14-DAE proteoid roots. A
second contig of ESTs with homology to Fru bis-P
aldolase was found primarily in the cDNA collection
from 12- and 14-DAE proteoid roots (nine of 12 cop-
ies). The 5� sequences of both cDNAs share 71%
identity over a region of about 700 bp.

Nylon Filter Arrays

To assess global gene expression in proteoid roots,
nylon filter arrays of the 2,102 ESTs from P-deficient
proteoid roots were performed. The cDNA of each
EST was amplified by PCR, using standard T3 and T7
primers, and spotted on nylon membranes. The 1,259
ESTs from later developmental stages of proteoid
root development (12 and 14 DAE) were spotted on
two sets of filters (Arrays I and II) in replicate (two
spots per EST per filter), using a multiple channel
pipetter. In addition, all 2,102 ESTs from earlier and
later stages of proteoid root development were spot-
ted mechanically in replicate (two spots per EST per
filter) on two sets of nylon filters, using an automated
Q-bot (Genetix, Boston); these arrays were desig-
nated Arrays III and IV. Gene expression was com-
pared in 10-, 12-, and 14-DAE �P proteoid roots, and
in �P normal roots, �P normal roots, �P leaves, and
�P leaves at 14 DAE. Nylon filter arrays were per-
formed in two to four replicates using RNA from
independent plant tests.

To visually estimate the variability of signal inten-
sities from nylon filter arrays, scatter plot analysis
proved valuable. Examples for scatter plot analysis
are shown in Figure 2. Guide lines at y � 2x and y �
x/2 indicate a 2-fold increase or decrease of signal
intensities between the compared conditions.
Parallel-spotted cDNA from the same hybridization
(referred to as positions A and B) showed good cor-

relation, except for those with low signal intensities
(Fig. 2A). It should be noted, however, that the com-
parison of gene expression from different tissues was
performed in parallel hybridizations and, thus, might
show a lesser degree of correlation. Because of the
high internal signal variation at low intensities, ESTs
with average signal intensities below 10% of the
mean array signal intensities were not analyzed fur-
ther. Figure 2, B and C, display scatter plots from
average intensities of the four independent nylon
filter arrays (Arrays I–IV). In Figure 2B, arrays were
hybridized with first strand cDNA from12-DAE �P
proteoid root, and in Figure 2C arrays were hybrid-
ized with first strand cDNA from 14-DAE �P pro-
teoid roots. Both test hybridizations are plotted
against the same control hybridization, performed
with first strand cDNA from �P normal root. Al-
though Figure 2B shows some differential gene ex-
pression in 12-DAE �P proteoid roots, compared
with �P normal roots, indicated as spots above and
below the guide lines, Figure 2C shows much greater
changes of gene expression in 14-DAE �P proteoid
roots, compared with �P normal roots.

Slopes of approximately 1 in the scatter plots indi-
cate that overall gene expression was quite similar in
�P proteoid roots and �P normal roots. In general,
expression in roots tended to be higher than in leaves
in both �P and �P conditions. Overall expression
was lower in �P normal roots compared with �P
normal roots and lower in �P leaves compared with
�P leaves (data not shown).

To select differentially expressed genes, average
intensities from both replicate spots per EST were
calculated for each hybridization. Rates for relative
expression were calculated for each EST as ratios by
dividing the average intensities of the test hybridiza-
tions by the average intensities of the control hybrid-
izations. The calculated ratios were compared in all
independently replicated arrays. ESTs from the 7-
and 10-DAE proteoid root library that displayed at
least 2-fold higher intensities in 10 DAE �P proteoid
roots compared with �P normal roots (ratio � 2) in

Figure 2. Scatter plot analysis of signal variability. For comparison of signal variation, guidelines were added at y � 2x and
y � x/2, indicating a 2-fold increase and a 2-fold decrease in signal intensity. A, Average signal intensities of two replicate
spots (positions A and B) from the same hybridization (Array I, hybridized with first strand cDNA from �P proteoid roots at
14 DAE). At low intensities, signal variability exceeds a 2-fold increase or decrease. Thus, ESTs with average signal intensities
below 10% of the mean array intensities were not included in our EST selections. B and C, Average intensities from four
independent nylon filter arrays. In B and C, signal intensities from hybridizations with first strand cDNA derived from �P
proteoid roots were plotted against signal intensities from hybridization with first strand cDNA derived from �P normal root.
C, Higher signal variation in 14-DAE �P proteoid root, compared with 12-DAE �P proteoid roots (B).
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both replicate arrays tested are summarized in Table
II. ESTs from the 12- and 14-DAE proteoid root li-
brary that displayed at least 2-fold higher intensities
in �P proteoid roots from 12 or 14 DAE, compared
with �P normal roots (ratio � 2), in all four replicate
arrays tested are summarized in Table III. Based on
these criteria, we found 35 genes that showed en-
hanced expression in �P proteoid roots at different
developmental stages, compared with �P normal
roots (Tables II and III). However, we found only one
contig (EST nos. 241, 847, 998, 1,032, and 1,036, ho-
mology to cytokinin oxidase) that consistently
showed reduced expression (ratio � 0.5) in any stage
of proteoid root development, compared with �P
normal roots. As can be seen in Table III, ESTs with
homology to cytokinin oxidase displayed low tran-
script abundance in 10- and 12-DAE but enhanced
expression in 14-DAE �P proteoid roots, compared
with �P normal roots.

Confirmation of Expression Pattern for Selected
ESTs by RNA Gel Blots

RNA gel blots (Fig. 3) and reverse gel-blot analysis
(data not shown), performed with selected ESTs, con-
firmed the results obtained by nylon filter arrays. As
can be seen in Figure 3, the induction patterns ob-
tained with RNA gel blots correlate well with those
revealed in nylon filter arrays. ESTs with homology
to MATE (EST no. 449), formamidase (EST no. 187),
FDH (EST no. 728), and calmodulin (EST no. 343)
displayed enhanced expression in �P proteoid roots
at 14 DAE. An EST with homology to cytokinin oxi-
dase displayed some induction in �P proteoid roots at
14 DAE but showed reduced expression in �P pro-
teoid roots at 10 and 12 DAE, compared with normal
roots. ESTs with homology to a glyceraldehyde-3P
dehydrogenase (EST no. 1,141) and an RNase (EST no.
488) displayed significant induction throughout all
developmental stages. An EST with homology to a
novel phosphatase (no. 901) displayed enhanced ex-
pression in 14-DAE �P proteoid roots and �P normal
roots compared with �P roots and in �P leaves com-
pared with �P leaves.

Comparison of Gene Induction in P-Deficient
Roots of M. truncatula

To determine whether our findings of differentially
expressed genes in P-deficient white lupin occurred
in another legume species, we searched the M. trun-
catula Gene Index (MtGI; http://www.tigr.org) to
identify genes that were primarily (�60%) repre-
sented in a cDNA library derived from roots of
P-starved M. truncatula (MHRP�, Maria Harrison,
Noble Foundation, Ardmore, OK), as compared with
all other accessible M. truncatula cDNA libraries. The
cDNA library MHRP� contains 4,388 ESTs, compiled
to 3,936 tentative consensus (TC) sequences and 452

singletons. ESTs that were found in high frequency in
the cDNA library MHRP� include two putative acid
phosphatases, TC32797 (E value � 1E-150) and
TC41065 (E value � 2E-68). TC32797 was found eight
times in the �P root cDNA library, compared with
only one corresponding EST in the library derived
from �P roots, whereas TC41065 was found three of
four times in the �P root library. TC32797 displayed
about 60% homology to four ESTs encoding secreted
acid phosphatase in white lupin (EST nos. 769, 823,
1,085, and 1,146), whereas TC41065 did not show
significant homology to any acid phosphatases iden-
tified in white lupin. Medicago ESTs that were found
exclusively in the MHRP� cDNA library also include
two contigs with homology to cytochrome P450
(TC40856, five copies; and TC33723, four copies),
both displaying about 40% sequence identity with
EST number 374 from white lupin (cytochrome P 450,
E value � 1E-25). A putative MATE protein
(TC38392, E value � 3E-65) was found in two copies
in the MHRP� cDNA library; however, the TC se-
quence did not display significant sequence identity
to the ESTs with homology to a putative MATE pro-
tein identified in white lupin (EST nos. 131, 449, 471,
584, 685, 729, 1,020, 1,160, 1,281, and 1,297).

Nylon filter arrays were performed to assess: (a)
whether a probe made from RNA isolated from �P-
stressed M. truncatula would show hybridization pat-
terns similar to those obtained with RNA from �P
proteoid roots of white lupin, and (b) whether similar
genes were induced upon �P stress of M. truncatula
as those in white lupin. The 1,259 ESTs derived from
white lupin proteoid roots at 12 and 14 DAE were
hybridized in parallel with first strand cDNA de-
rived from RNA of �P and �P roots of M. truncatula.
This hybridization was repeated with cDNA from an
independent plant test on nylon filter arrays of 100
selected ESTs.

The majority of genes were either not expressed in
M. truncatula or might not share a sufficient degree of
homology. Cross hybridization requires sequence
identity of at least about 80% sequence identity (Wu
et al., 2001). As can be seen in Table IV, a number of
white lupin ESTs showed enhanced expression in �P
roots of M. truncatula compared with �P roots. A
BLASTn search against the M. truncatula Gene Index
revealed that these lupin ESTs displayed at least 79%
sequence identity with TC sequences of M. truncatula,
whereas a lupin EST corresponding to an acid phos-
phatase and sharing about 60% sequence identity
with an M. truncatula TC did not show cross
hybridization.

Five ESTs identified as more highly expressed in
roots of �P M. truncatula showed homology to en-
zymes of the glycolytic pathway: a Suc synthase (EST
no. 183), a triose-P isomerase (EST no. 1,211), an
NAD-dependent glyceraldehyde 3-P dehydrogenase
(EST no. 1,441), an enolase (EST no. 508), and a
phosphoenolpyruvate carboxylase (EST no. 1035).
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DISCUSSION

In this report, we have advanced the fundamental
understanding of plant adaptation to �P stress by:
(a) isolating 2,102 ESTs from proteoid roots of
P-deficient white lupin; (b) identifying 35 genes that
are more highly expressed under �P in different
stages of proteoid root development; (c) demonstrat-
ing differential patterns of gene expression under �P
in proteoid roots, normal roots, and leaves; and (d)
identifying genes potentially more highly expressed
in roots of P-deficient M. truncatula by heterologous

hybridization against white lupin nylon filter arrays.
Our results revealed a suite of responses in proteoid
roots of P-deficient white lupin that may be involved
in: inorganic phosphate (Pi) acquisition, recycling,
and transport; an adapted C metabolism; enhanced
secondary metabolism; root development; and signal
transduction. Interestingly, although 35 genes
showed enhanced expression under P-deficient con-
ditions, some 2,000 genes showed little change in
expression in �P proteoid roots versus �P normal
roots.

cDNA libraries and Nylon Filter Array Data

A comparison of expression patterns revealed by
nylon filter arrays and contig representation in both
proteoid root cDNA libraries displayed good corre-
lation. Contigs comprised of five or more ESTs that
showed enhanced expression in more mature pro-
teoid roots (14 DAE) compared with juvenile pro-
teoid roots (10 DAE) were more highly represented
in the library of more mature proteoid roots (12 and
14 DAE), namely contigs with homology to cytokinin
oxidase (EST nos. 241, 847, 998, 1,032, and 1,036),
MATE (EST nos. 131, 449, 471, 584, 685, 729, 1,020,
1,160, 1,281, and 1,297), and a Fru-bis-P aldolase iso-
form (EST nos. E170, E292, E304, 133, 350, 538, 647,
786, 786, 834, 836, 896, and 1,399). However, the
majority of contigs that showed higher representa-
tion in one of the cDNA libraries did not display
enhanced expression in the corresponding tissue in
nylon filter arrays. This might be due in part to the
relatively strict selection criteria used for the analysis
of nylon filter arrays. More sensitive methods like
RNA gel blots and reverse transcription (RT)-PCR
would be useful to further explore the expression
pattern of these contigs. It should also be acknowl-
edged that a comparison of cDNA representation and
nylon filter arrays could be complicated by the po-
tential of cross hybridization of closely related se-
quences (Wu et al., 2001; Fedorova et al., 2002; Miller
et al., 2002).

Although we identified 35 genes with enhanced
expression in proteoid roots compared with �P nor-
mal roots (Tables II and III), we could only identify
one contig (EST nos. 241, 847, 998, 1,032, and 1,036,
homology to cytokinin oxidase) that displayed less
than 0.5-fold expression in all replicate arrays. One
reason for the low representation of ESTs that dis-
played a significant decrease of expression in pro-
teoid roots compared with �P normal roots, might be
the fact that both cDNA libraries were derived from
proteoid root tissue. Thus, genes with low expression
in proteoid roots might be underrepresented in these
libraries.

A complete list of the 2,102 ESTs including
BLASTX annotations, nylon filter array results, and
GenBank accession numbers are accessible on
our supplemental Web site (http://home.earthlink.
net/�whitelupinacclimation).

Figure 3. RNA gel analysis of selected ESTs confirmed enhanced
expression patterns similar to those determined by nylon filter array
analysis. ESTs with homology to MATE (EST no. 449), formamidase
(EST no. 187), formate dehydrogenase (FDH; EST no. 728), and
calmodulin (EST no. 343) displayed enhanced transcript abundance
in 14-DAE �P proteoid roots. EST number 901 with homology to a
novel acid phosphatase also showed enhanced expression in �P
normal roots and �P leaves. An EST with homology to a cytokinin
oxidase (EST no. 1,036) displayed some induction in �P proteoid
roots at 14 DAE but showed a decrease of expression in proteoid
roots at 10 and 12 DAE, compared with �P and �P normal roots.
ESTs with homology to extracellular ribonuclease (RNAse; EST no.
488) and NAD-dependent glyceraldehyde 3-P dehydrogenase (EST
no. 1,441) displayed induction at all stages of proteoid root devel-
opment, compared with �P or �P normal roots. All RNA gel blots
were performed in replicate. Polyubiquitin (EST no. 1,359) served as
control for equal loading. Pr, Proteoid root; N, normal root; L, leaf.
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Pi Acquisition and Recycling

Secretion of acid phosphatase from roots of
P-deficient plants is a known adaptive mechanism to
release organically bound Pi (Duff et al., 1991;
Tadano and Sakai, 1991; Gilbert et al., 1999). Previous
results from our laboratory revealed induced expres-
sion of two acid phosphatase isoforms, a secreted
and a membrane-bound form (Gilbert et al., 1999;
Miller et al., 2001) in �P proteoid roots. In our selec-
tion of 2,102 ESTs, four ESTs (nos. 769, 823, 1,085, and
1,146) correspond to the secreted acid phosphatase
and one EST (no. 617) corresponds to the membrane-
bound isoform. Consistent with previous results
(Miller et al., 2001), the secreted isoform displayed
high induction in 14-DAE �P proteoid roots. In ad-
dition, we identified an EST (no. 901) with homology
to LEPS2, a P starvation-induced novel acid phospha-
tase from tomato (Lycopersicon esculentum; Baldwin et
al., 2001). Baldwin et al. (2001) reported rapid induc-
tion of LEPS2 under �P in roots, stems, and leaves.
Consistent with these findings, nylon filter arrays
and RNA gel blots of the corresponding EST number
901 in white lupin revealed enhanced expression un-
der �P in roots (normal and proteoid) and leaves.
The enhanced expression in P-deficient leaves sug-
gests involvement of EST number 901 in internal Pi
remobilization rather than in Pi acquisition. Due to
the low substrate specificity, acid phosphatases are
presumed to play a role in the nonspecific hydrolysis
of internal Pi to restore the Pi pool. A Pi starvation-
inducible extracellular acid phosphatase in aerial
tissues of higher plants has been speculated to be
involved in scavenging Pi from xylem-derived phos-
phocholine, a major component of plant xylem sap
(Plaxton and Carswell, 1999).

A combination of Pi released by acid phosphatase
and enhanced uptake is considered an important
means for plants grown under �P to acquire Pi from
the rhizosphere (Plaxton and Carswell, 1999; Rag-
hothama, 1999). Previous results from our laboratory

(Liu et al., 2001) revealed induced expression of a
putative Pi transporter, referred to as LaPT1, in
P-deficient proteoid roots of white lupin. Two ESTs
(nos. 649 and 657) from our collection proved iden-
tical to the LaPT1 gene and displayed enhanced in-
duction in �P proteoid roots.

Induction of intracellular or RNase isozymes has
been reported for Pi-starved Arabidopsis, tobacco
(Nicotiana tabacum), and cultured tomato suspension
cells (Jost et al., 1991; Loffler et al., 1993; Bariola et al.,
1994; Dodds et al., 1996). We identified an EST (no.
741) with homology to an RNase that showed signif-
icant induction in �P proteoid roots and, to a lesser
degree, in �P normal roots. Enhanced expression of
an RNase isoform is consistent with the report of a
drastic decrease of RNA concentration in mature pro-
teoid roots of white lupin (Johnson et al., 1994; Neu-
mann et al., 2000).

Organic Acid Synthesis

The excretion of malate and citrate from proteoid
roots of white lupin in response to �P has been well
documented (Dinkelaker et al., 1989; Johnson et al.,
1996a; Neumann et al., 2000). Excretion of organic
acids from roots has also been implicated as an ad-
aptation to Al tolerance (Jones, 1998; Ryan et al.,
2001). Organic acids allow for the displacement of Pi
from Al3�-, Fe3�-, and Ca2�-phosphates (Dinkelaker
et al., 1989; Gerke et al., 1994), thus freeing bound Pi.
In addition, plant uptake of Pi hydrolyzed by acid
phosphatase is thought to be improved by the pres-
ence of citrate, a chelate that binds metals otherwise
competing for released Pi (Braum and Helmke, 1995).
We have shown previously that genes of most en-
zymes of the glycolytic pathway are represented in
our EST collection from 12- and 14-DAE proteoid
roots. These ESTs display significant induction in �P
proteoid roots, indicating the involvement of this
pathway in organic acid synthesis in proteoid roots

Table IV. White lupin ESTs that displayed induced expression in M. truncatula �P normal roots, compared with �P normal roots

EST Identification
No.

GenBank
Accession No.

of EST

Accession No. of
GenBank Hit

BLASTX
E Value

Annotation Possible Function
Ratio of Expressiona

(�P Normal Root:
�P Normal Root)

183 CA409919 CAC32462.1 3E-83 Suc synthase Glycolysis 4.9 � 1.5
1,211 CA409671 TPIS_COPJA 3E-54 Triose-P isomerase Glycolysis 4.7 � 1.9
1,141 CA409604 G3PC_MAGLI 2E-72 NAD-dependent

glyceraldehyde-3P
dehydrogenase

Glycolysis 3.7 � 0.5

508 CA410244 CAB75428.1 1E-68 Enolase Glycolysis 3.4 � 1.4
1,035 CA409498 CAC28225.1 8E-60 Phosphoenolpyruvate

carboxylase
Glycolysis 5.8 � 2.1

1,033 CA409496 CAA11025.1 2E-72 Aquaporin Transport 3.9 � 1
20 CA409945 AF325121_1 6E-44 Brassinosteroid biosynthetic

protein
Root elongation 2.2 � 0.1

912 CA410659 NP_192570.1 1E-60 Nodulin-like protein Integral membrane
protein

6.2 � 0.2

a Values represent averages of two independent nylon filter arrays.
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(Uhde-Stone et al., 2003). In addition, enhanced ex-
pression of two ESTs with homology to a glyoxyso-
mal malate synthase (nos. 771 and 1,407) support the
involvement of this enzyme in the synthesis of or-
ganic acids. The 2,102 ESTs presented here include
ESTs with homologies to all enzymes of the glyco-
lytic pathway except an ATP-dependent phospho-
fructokinase and a pyruvate kinase. Interestingly,
these two enzymes are thought to be bypassed under
�P (Duff et al., 1989; Plaxton and Carswell, 1999).
The induction of glycolytic bypass enzymes that do
not need ATP or ADP � Pi are thought to facilitate
intracellular Pi scavenging (Theodorou et al., 1992;
Theodorou and Plaxton, 1996; Plaxton and Carswell,
1999). ESTs with homology to an inorganic pyro-
phosphate-dependent phosphofructokinase, a phos-
phoenolpyruvate carboxylase, and a malate dehydro-
genase, enzymes that catalyze the supposed bypass
reactions, were represented in our EST collection and
displayed enhanced expression in �P proteoid roots
compared with �P normal roots. We did not, how-
ever, find evidence for the expression of an NADP-
dependent glyceraldehyde 3-P dehydrogenase, an
enzyme that is thought to catalyze another glycolytic
bypass reaction. Although we found no EST with
homology to the NADP-dependent form of this en-
zyme, we did identify 15 highly expressed redundant
ESTs corresponding to the regular (non-bypass)
NAD-dependent glyceraldehyde 3-P dehydrogenase.
These data indicate that the NAD-dependent glycer-
aldehyde 3-P dehydrogenase is not bypassed by an
NADP-dependent glyceraldehyde 3-P dehydroge-
nase in proteoid roots of P-deficient white lupin. This
finding is consistent with that of Penaloza et al.
(2002), who reported enhanced expression of a gene
with homology to an NAD-dependent glyceralde-
hyde 3-P dehydrogenase in P-deficient, compared
with P-sufficient, proteoid roots. Although we iden-
tified only one isoform of glyceraldehyde 3-P dehy-
drogenase, we found two isoforms of a Fru bis-P
aldolase, both forms sharing about 70% sequence
identity in the sequenced 5� coding region. One iso-
form was primarily represented in the cDNA collec-
tion from early proteoid roots (EST nos. E57, E242,
E295, E379, E433, E640, E736, 152, 155, and 750),
whereas the other isoform was more abundant in the
cDNA collection from 12- to 14-DAE proteoid roots
(EST nos. E170, E292, E304, 133, 350, 538, 647, 786,
834, 836, 896, and 1,399). Only the latter isoform
showed enhanced expression of the corresponding
ESTs in �P proteoid roots compared with �P normal
roots, indicating that a different isoform of this en-
zyme might be involved in the increased glycolysis
that seems to occur in proteoid roots.

Organic Acid Transport and Proton Excretion

Because malate and citrate are fully dissociated in
the cytosol and cell membranes are impermeable to

ions, excretion of organic acids from roots probably
involves some type of channel protein (Neumann et
al., 2000; Ryan et al., 2001). Studies using anion chan-
nel antagonists have indicated a possible involve-
ment of anion channel proteins in citrate exudation of
proteoid roots (Neumann et al., 2000). Genes encod-
ing a corresponding channel or other protein that
facilitates organic acid excretion have not yet been
isolated.

An interesting candidate for a putative organic acid
transporter is a gene represented by 10 ESTs in our
collection of mature proteoid roots (EST nos. 131, 449,
471, 584, 685, 729, 1,020, 1,160, 1,281, and 1,297) that
was not present in the EST collection obtained from
juvenile stages. The consensus sequence of this contig
displayed homology to a putative MATE protein
from Arabidopsis. MATE proteins are a large family
of putative transporters and are thought to be in-
volved in excretion of a variety of drugs and toxins
(Debeaujon et al., 2001; Diener et al., 2001). Nylon
filter arrays and RNA gel-blot analysis revealed some
induction in P-deficient normal and 12-DAE proteoid
roots, but much higher induction in more mature �P
proteoid roots at 14 DAE. This timing of induction is
consistent with malate and citrate excretion from
proteoid roots. Initial findings indicate that the pu-
tative MATE gene identified here is also responsive
to high Al (�Al) stress (C. Uhde-Stone, C.P. Vance,
and D.L. Allan, unpublished data), a condition
known to result in organic acid excretion in many
plants (Ma et al., 2001). So far, only a few MATE
proteins have been analyzed in plants, among them a
putative Fe sensor (Rogers et al., 2000; Rogers and
Guerinot, 2002) and a protein required for flavonoid
sequestration in vacuoles (Debeaujon et al., 2001).

Metabolic Adaptations of Respiration

A gene encoding a putative FDH (EST nos. 218 and
728) displayed high induction in proteoid roots col-
lected at 14 DAE from P-deficient white lupin. FDH
catalyzes the oxidation of formate to CO2 in the
presence of NAD�. In bacteria and unicellular algae,
formate is produced in large quantities under anaer-
obic conditions by the action of pyruvate formate
lyase (Kreuzberg, 1984; Ferry, 1990). It is noteworthy
that a pyruvate formate lyase-encoding gene showed
significantly enhanced expression under Pi starva-
tion in Chlamydomonas reinhardii (Dumont et al.,
1993). Higher plant mitochondria from non-
photosynthetic plant tissue can also display high
FDH expression (Colas des Francs-Small et al., 1993).
Correspondingly, the putative FDH gene from pro-
teoid roots of white lupin contains a likely (P � 0.998)
mitochondrial-targeting sequence (Claros and Vin-
cens, 1996). FDH has been previously reported to
show induced expression under Fe deficiency in
roots of tomato (Herbik et al., 1996) and barley (Hor-
deum vulgare; Suzuki et al., 1998), probably as a con-
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sequence of oxygen deficiency in Fe-deficient tissue.
Suzuki et al. (1998) speculated that an impairment of
Fe-containing enzymes in oxidative respiration
causes an increase in anaerobic metabolism under Fe
limitation. Similarly, induction of FDH in �P pro-
teoid roots of white lupin could result from the re-
duced mitochondrial respiration that has been
reported in �P proteoid roots (Johnson et al., 1994;
Neumann et al., 1999).

Secondary Metabolism

The accumulation of aromatic secondary metabo-
lites appears to be a common response of plant cells
undergoing Pi deprivation (for review, see Plaxton
and Carswell, 1999). Plaxton and Carswell (1999)
noted that the initial sequence of reactions in the
aromatic pathway may serve to recycle Pi from phos-
phate esters. Enhanced expression of several key en-
zymes of the aromatic pathway, including 3-deoxy-
d-arabinoheptulosonate-7-phosphate synthase, Phe
ammonia lyase, and chalcone synthase, has been pre-
viously reported in Pi-deficient plant cells (for re-
view, see Plaxton and Carswell, 1999). In addition,
isoflavonoids have been shown to be excreted from
proteoid roots of white lupin (Neumann et al., 2000).

Table III shows that a number of genes involved in
the phenylpropanoid pathway, the pathway that ul-
timately leads to products like flavonoids and lignin,
were more highly expressed in �P proteoid roots of
white lupin. These ESTs encode a cytochrome P 450
(EST no. 374), a caffeoyl-CoA 3-O-methyltransferase
(EST nos. 789, 1,112, and 1,129), and a putative lac-
case (EST no. 955). Some cytochrome P 450s are pos-
tulated to be involved in flavone, flavonoid, and
anthocyanin synthesis (Kitada et al., 2001). Caffeoyl-
CoA 3-O-methyltransferase and laccase encode later
steps in phenylpropanoid metabolism and are both
implicated in lignin synthesis, a finding that is con-
sistent with the striking proliferation of root growth
that occurs during proteoid root development.

Plant Hormones and Proteoid Root Development

The plant hormone auxin has been implicated in
the regulation of many aspects of plant growth in-
cluding proteoid root development (Gilbert et al.,
2000). The role of cytokinin, however, is less clear.
Although auxins are known to promote lateral root
primordia, cytokinins have been reported to have an
antagonistic effect on proteoid root development
(Neumann et al., 2000). ESTs with homology to cyto-
kinin oxidase (EST nos. 241, 847, 998, 1,032, and
1,036), an enzyme that catalyzes the irreversible deg-
radation of cytokinin (Rinaldi and Comandini, 1999),
were induced in 14-DAE proteoid roots but showed
reduced expression in 10- and 12-DAE �P proteoid
roots compared with �P normal roots. Moreover,
ESTs with homology to cytokinin oxidase were found

redundantly in the EST collection from 12- and 14-
DAE proteoid roots but not in that from 7- and
10-DAE �P proteoid roots. Modified expression of
cytokinin oxidase at different stages of proteoid root
development may be important in mediating pro-
teoid root induction and/or maturity.

Proteoid root development is known to be accom-
panied by extensive root hair growth, resulting in
a more than 100-fold increased surface area
(Dinkelaker et al., 1995; Skene, 2001). The plant hor-
mone ethylene has been proposed to regulate the
induction of root hairs (Cao et al., 1999). The produc-
tion of ethylene in plants is thought to be at least in
part controlled by 1-aminocyclopropane-1-carboxylate
(ACC) synthase and ACC oxidase in a gene-
dependent manner (Chae et al., 2000). The enhanced
expression of a predicted ACC oxidase gene (EST no.
865) in �P proteoid roots is consistent with earlier
findings that show an enhanced ethylene formation by
�P proteoid roots (Gilbert et al., 2000). It should be
noted, however, that the application of ethylene inhib-
itors had no noticeable effect on proteoid root num-
bers (Gilbert et al., 2000).

Signal Transduction and Regulation

�P is one of many possible abiotic stresses plants
might face in the environment. Plants have devel-
oped mechanisms to recognize and respond to a
variety of stresses. Frequently, this response involves
intracellular Ca2�, a second messenger in signal
transduction of eukaryotes (for review, see Knight,
2000). Stress- or plant hormone-induced changes in
the cytosolic Ca2� concentration can be transduced
via calmodulin, Ca-dependent protein kinases, and
other Ca2�-controlled proteins. The enhanced ex-
pression of ESTs with homology to calmodulin (EST
nos. 342 and 343) and Ca2�-binding protein (EST no.
210) in �P proteoid roots suggests the involvement
of Ca2�-regulated processes in the response of white
lupin to �P. The transduction of an abiotic stress
signal, like �P, via calmodulin can affect a wide
array of downstream growth and development
responses.

Genes Induced in Roots of P-Deficient M. truncatula

To compare our findings of differential gene ex-
pression under �P in white lupin with the legume
model organism M. truncatula, we searched the MtGI
(http://www.tigr.org). The MtGI allows the in silico
identification of ESTs that are more highly repre-
sented (�60%) in a cDNA library of roots from
P-deficient M. truncatula compared with other cDNA
libraries accessible via MtGI. ESTs that were more
highly represented in the P-deficient M. truncatula
library included TCs with homology to acid phos-
phatases and cytochrome P450.
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Proteoid roots do not form in M. truncatula in re-
sponse to �P; rather, this species is mycorrhizal
(Harrison, 1998). As a consequence, analysis of gene
expression in P-deficient M. truncatula has been per-
formed mainly on plants grown in mycorrhizal asso-
ciation. In the nylon filter arrays we performed, we
sought to identify genes that show enhanced expres-
sion in roots of P-deficient M. truncatula that were
grown without mycorrhizal inoculation. As might be
expected, the majority of genes did not hybridize
strongly with cDNA clones derived from white lu-
pin. Heterologous hybridization of nylon filter arrays
does not allow us to distinguish between low expres-
sion and low (less than 80%) sequence similarity of
M. truncatula genes. It is, however, possible to com-
pare the level of expression in �P and �P roots of M.
truncatula for those genes that show sufficient hy-
bridization. Similar to white lupin, M. truncatula dis-
played significantly induced expression of genes in-
volved in the glycolytic pathway (Table IV). When
grown under P-deficient conditions, M. truncatula
responds by increasing its root-shoot ratio, a well-
documented response to �P in many plants (Lynch
and Brown, 1998). In this context, it is of interest that
a gene with homology to a brassinosteroid biosyn-
thetic protein (EST no. 20), a homolog to the cell
elongation protein diminuto, was found to be in-
duced in P-deficient roots of M. truncatula. This gene
was represented by a white lupin EST (EST no. 20)
but did not display significantly enhanced expression
in �P proteoid roots. Brassinosteroid biosynthetic
protein is thought to control the biosynthesis of
campesterol, a compound implicated in growth mod-
ulation (Schaeffer et al., 2001).

CONCLUSION

Higher plants vary greatly in their ability to obtain
and utilize scarcely available Pi. Taken together, the
results presented here indicate that the effective ad-
aptation of proteoid roots from white lupin to �P is
a result of a complex coordinated regulation of gene
expression that influences Pi acquisition and remobi-
lization, carbon and secondary metabolism, and de-
velopmental processes. Enhanced expression of
glycolysis-related genes in both proteoid roots of
P-deficient white lupin and roots of P-deficient M.
truncatula indicate some parallels in the response of
both plant species to �P. Functional studies in alfalfa
(Medicago sativa), M. truncatula, yeast (Saccharomyces
cerevisiae), and Xenopus sp. oocytes are necessary to
identify the proposed functions of proteins encoded
by genes. Isolation of genomic clones and identifica-
tion of promoter elements of P-responsive genes will
certainly further our understanding of coordinated
gene expression in response to �P.

MATERIALS AND METHODS

Plant Material

White lupin (Lupinus albus L. var Ultra) and Medicago truncatula plants
were grown in the growth chamber in sand culture under growth conditions
as previously described (Johnson et al., 1996a). P sufficiency or �P was
defined by the presence or absence of 0.5 mm Ca(H2PO4)2 in the nutrient
solutions, which were replenished every 2 d (Gilbert et al., 2000). To main-
tain equivalent Ca2� concentrations, the nutrient solutions for the �P plants
contained 0.5 mm CaSO4.

RNA Isolation

For isolation of total RNA, plant tissue was harvested in liquid nitrogen
and stored at �80°C. About 5 g of root tissue or 1 g of leaf tissue, respec-
tively, was ground under liquid nitrogen with mortar and pestle and added
to 10 mL of cold extraction buffer (0.2 m Na acetate and 10 mm EDTA [pH
5]) and 10 mL of cold phenol. Samples were ground further in a Polytron at
half speed for 30 s, than mixed by inversion for 10 min and centrifuged for
10 min at 10,000g. The supernatant was added to 5 mL of phenol and 5 mL
of chloroform:isoamylalcohol (24:1 [v/v]), mixed by inversion for 10 min,
and centrifuged for 10 min at 10,000g. This step was repeated using 10 mL
of chloroform:isoamylalcohol (24:1 [v/v]) for extraction. One-third of the
supernatant’s volume of 8 m LiCl was added for a final concentration of 2 m
LiCl and precipitated overnight at 4°C. The RNA was pelleted by centrifu-
gation at 15,000g for 15 min. The pellet was washed first with 3 mL of 2 m
LiCl and than washed twice with 70% (w/v) ethanol. The pellet was dried
and resuspended in about 100 �L of diethyl pyrocarbonate-treated water,
dissolved for 30 min at 65°C, and stored at �80°C.

Preparation and Screening of a cDNA Library

Proteoid roots of white lupin grown under P-deficient conditions were
harvested 7 10, 12, and 14 DAE, and total RNA was isolated. Poly(A�) RNA
was obtained from total RNA using oligo(dT) cellulose. The poly(A�) RNA
obtained from early developmental stages (7 and 10 DAE) and those from
later developmental stages (12 and 14 DAE) were combined into two pools,
each in a 1:1 (w/v) ratio. From each pool, 7 �g of RNA was used for
construction of two proteoid root cDNA libraries in the phage Uni-ZAP XR
vector according to the manufacturer’s instructions (Stratagene, La Jolla,
CA). The linkage of two restriction site adapters, EcoRI and XhoI, allowed 5�-
and 3�-directional cloning of the cDNA product into the Uni-ZAP XR vector.
The cDNA from both libraries were size selected via Sephacryl S-500 spin
columns as part of the procedure described by Stratagene.

Generation of ESTs

For conversion of the two cDNA phage libraries (ZAP XR vector) into the
plasmid form (pBluescript), mass excision was performed according to the
procedure described by Stratagene. Single colonies of Escherichia coli strain
SOLR carrying the excised phagemid were replicated, and glycerol stocks
were stored in microtiter plates at �80°C. DNA was isolated using the
QIAprep 96 Turbo Miniprep Kit according to manufacturer’s instructions
(Qiagen USA, Valencia, CA). A portion of the obtained DNA was used for
5� single-stranded sequencing at the Advanced Genetic Analysis Center (St.
Paul, MN) using standard T3 sequencing primer. The obtained 5� single-
strand sequences were edited and compared with the nonredundant data-
base at the National Center for Biotechnology using the BLASTX program.

Nylon Filter Arrays

The cDNA portion of each clone was amplified by PCR, using standard
T3 and T7 primers. Before spotting, the quality of each PCR product was
evaluated by gel electrophoresis. For manual spotting, 0.5 �L (about 0.2 �g)
of the amplified cDNA was spotted in parallel onto Gene Screen Plus
membranes (NEN Life Science Products, Boston) using an eight-channel
pipetter. For automated spotting with the Q-bot (Genetix), a 96-pin gravity
gridding head with 0.4-mm pin diameter was used to spot the PCR products
(about 0.4 �g DNA �L�1) in replicate on Gene Screen Plus membranes that
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had been soaked in 6� SSC. A 4 � 4 gridding pattern with an equal spot
distance of 2,250 �m was used.

After spotting, nylon filters were positioned face up for 10 min onto
Whatman paper (Whatman, Clifton, NJ) soaked with denaturing solution
(1.5 m NaCL and 0.5 m NaOH), followed by 5 min of neutralization solution
(1.5 m NaCl and 1 m Trizma Base), than dried and exposed at 120 joules
cm�2 under a UV cross linker.

Total RNA was isolated from �P proteoid roots at different stages of
development (10, 12, and 14 DAE), and from �P and �P normal roots and
�P and �P leaves at 14 DAE. For hybridization, 32P-labeled first strand
cDNA probe was synthesized by RT of 30 �g of total RNA using Super-
ScriptII reverse transcriptase according to the manufacturer’s instructions
(Stratagene). The reaction mixture included 30 �g of total RNA, and 0.5 �g
of oligo(dT)12-18 primer (5 units �L�1) that was annealed by heating to 70°C
for 10 min in a total volume of 7 �L. Added to the mixture were 4 �L of 5�
first strand buffer, 2 �L of 0.1 m dithiothreitol, 1 �L of dNTP mix (2.5 mm
each of dCTP, dGTP, dTTP, and 0.0625 mm dATP), 5 �L of [�-32P]dATP (10
mCi mL�1), and 1 �L (200 units) of Superscript II reverse transcriptase.
After 1 h of labeling at 42°C, 1 �L of 5 mm ATP was added, and the
incubation was allowed to proceed for an additional 30 min. Unincorpo-
rated [32P] dATP was removed by passing the mixture through Sephadex
G50-G150 columns. 32P incorporation was quantified via liquid scintillation.
The final concentration of each probe was adjusted to 106cpm mL�1 hybrid-
ization solution.

Hybridizations were performed in 50% (w/v) formamide, 0.5 m
Na2HPO4, 0.25 m NaCl, 7% (w/v) SDS, and 1 mm EDTA at 42°C. Blots were
washed with three subsequent washes (1� SSC, 0.1% [w/v] SDS; 0.5� SSC,
0.1% [w/v] SDS; and 0.1� SSC, 0.1% [w/v] SDS) at 42°C.

Data Analysis of Nylon Filter Arrays

Radioactivity of each spot was quantified using a Phosphor Screen im-
aging system (Molecular Dynamics, Sunnyvale, CA). For manual spotted
filters, the signal intensity for each spot of the parallel hybridizations was
quantified using the software ImageQuant (Molecular Dynamics). For au-
tomated spotted arrays, the signal intensity of each spot was determined
automatically using the software Array-Pro Analyzer (Media Cybernetics,
Carlsbad, CA). Both programs allow the normalization of quantified signals
against the background. The normalized intensities were reported as an
Excel (Microsoft, Redmond, WA) file sheet and linked to the corresponding
cDNA clones.

To identify cDNA clones that were differentially expressed under �P, the
intensities from the various test hybridizations (�P proteoid root at differ-
ent stages of development, �P normal root, and �P leaf) were divided by
the intensities from the control hybridization (�P normal root and �P leaf).
Ratios of greater than or equal to 2 in all replicates were considered an
indication of a significant change of expression. ESTs with homology to
polyubiquitin (nos. 518, 587, 787, 820, and 1,359) served as controls for
uniform expression among the parallel hybridizations. Original signal in-
tensities and transformed data for all experiments are available from our
Web site (http://home.earthlink.net/�whitelupinacclimation).

RNA Gel Blots

Total RNA from different tissues (15 �g) was separated electrophoreti-
cally on 1.5% (w/v) denaturing agarose gels and transferred to Zeta-Probe
Blotting Membranes (Bio-Rad Laboratories, Hercules, CA) following stan-
dard capillary blotting procedures (Sambrook et al., 1989). Blots were hy-
bridized to 32P-labeled cDNA of selected ESTs and probes were prepared by
random primer labeling. The RNA was isolated from 10-, 12-, and 14-DAE
�P proteoid roots and from �P and �P normal roots and �P and �P leaves
at 14 DAE. Hybridizations were performed in 0.5 m Na2HPO4, 7% (w/v)
SDS, and 10 mm EDTA at 65°C. Blots were washed with three subsequent
washes (2� SSC, 0.5% [w/v] SDS; 1� SSC, 0.5% [w/v] SDS; and 0.5� SSC,
0.5% [w/v] SDS) at 65°C before autoradiography. Equivalent loading of
each lane was assessed by probing blots with lupin polyubiquitin DNA.
Loading variability was no greater than 20%.

Reverse RNA Gel Blots

About 0.4 �g (1 �L) of PCR-amplified cDNAs was loaded in parallel on
a 1% (w/v) agarose gel in Tris-Acetate-EDTA, containing four parallel rows

of loading wells. After electrophoresis, the gel was transferred to Immobilon
membrane (Millipore, Bedford, MA) following standard capillary blotting
procedures (Sambrook et al., 1989). 32P-labeled first strand cDNA probe was
synthesized by RT of 30 �g of total RNA using SuperScriptII reverse
transcriptase according to the manufacturer’s instructions (Stratagene). The
RNA was isolated from mature (14 DAE) �P proteoid roots and �P normal
roots. Equal activities of the probes (1 million cpm mL�1) were used for
hybridization. Hybridizations were performed in 50% (w/v) formamide,
0.125 m Na2HPO4, 0.25 m NaCl, 7% (w/v) SDS, and 1 mm EDTA at 42°C.
Blots were washed with three subsequent washes (2� SSC, 0.1% [w/v] SDS;
0.5� SSC, 0.1% [w/v] SDS; and 0.1� SSC, 0.1% [w/v] SDS) at 42°C.
Radioactivity of each band was quantified using the Phosphor Screen im-
aging system described above.
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