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White lupin (Lupinus albus) is a legume that is very efficient in accessing unavailable phosphorus (Pi). It develops short,
densely clustered tertiary lateral roots (cluster/proteoid roots) in response to Pi limitation. In this report, we characterize two
glycerophosphodiester phosphodiesterase (GPX-PDE) genes (GPX-PDE1 and GPX-PDE?2) from white lupin and propose a role
for these two GPX-PDEs in root hair growth and development and in a Pi stress-induced phospholipid degradation pathway in
cluster roots. Both GPX-PDE1 and GPX-PDE?2 are highly expressed in Pi-deficient cluster roots, particularly in root hairs,
epidermal cells, and vascular bundles. Expression of both genes is a function of both Pi availability and photosynthate. GPX-
PDE1 Pi deficiency-induced expression is attenuated as photosynthate is deprived, while that of GPX-PDE?2 is strikingly
enhanced. Yeast complementation assays and in vitro enzyme assays revealed that GPX-PDE1 shows catalytic activity with
glycerophosphocholine while GPX-PDE2 shows highest activity with glycerophosphoinositol. Cell-free protein extracts from
Pi-deficient cluster roots display GPX-PDE enzyme activity for both glycerophosphocholine and glycerophosphoinositol.
Knockdown of expression of GPX-PDE through RNA interference resulted in impaired root hair development and density. We
propose that white lupin GPX-PDE1 and GPX-PDE2 are involved in the acclimation to Pi limitation by enhancing

glycerophosphodiester degradation and mediating root hair development.

Phosphorus (P) is an essential macronutrient re-
quired for plant growth and development (Bieleski,
1973). It is essential in cell constituents such as ATP,
nucleic acids, and phospholipids. It also plays a piv-
otal role in energy conservation, metabolic regulation,
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and the signal transduction cascade (Marschner, 1995;
Raghothama, 1999). Although P is abundant in many
soils, its bioavailability is generally low due to fixation
processes (Hinsinger, 2001); thus, plants have broad
adaptive strategies to improve the acquisition, use,
and recycling of inorganic phosphate (Pi) through the
modification of gene expression and developmental
processes (Williamson et al., 2001; Vance et al., 2003;
Hammond et al., 2004; Lambers et al., 2006).

White lupin (Lupinus albus) is known for its extreme
tolerance to low Pi availability and unusual root
architecture (Gardner et al., 1983; Tadano and Sakai,
1991; Johnson et al., 1996; Gilbert et al., 2000; Neumann
et al.,, 2000; Vance et al.,, 2003; Shen et al., 2005).
In response to Pi deficiency, white lupin develops
short, densely clustered lateral roots (cluster/proteoid
roots). The formation of cluster roots having abun-
dant root hairs results in a striking increase in surface
area available for Pi uptake from the rhizosphere
(Keerthisinghe et al., 1998; Neumann et al., 1999). Clus-
ter roots also excrete large amounts of protons, citrate,
and acid phosphatase (LaSAP) to the rhizosphere, con-
sequently increasing Pi bioavailability (Dinkelaker et al.,
1989; Neumann et al., 1999; Watt and Evans, 1999; Miller
et al., 2001; Wasaki et al.,, 2003; Zhang et al., 2004).
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During the past few years, a number of Pi limitation-
induced genes have been described in white lupin
cluster roots, including a high-affinity Pi transporter
gene (LaPT1; Liu et al, 2001), an acid phosphatase
(LaSAP1; Wasaki et al., 1999; Miller et al., 2001), and a
multidrug and toxin efflux gene (LaMATE; Uhde-
Stone et al., 2005). Uhde-Stone et al. (2003) identified
35 ESTs or EST contigs that showed enhanced expres-
sion in cluster roots of Pi-deficient white lupin. Two of
the most abundant ESTs encode deduced proteins
containing a Pfam PF03009 motif characteristic of glyc-
erophosphodiester phosphodiesterases (GPX-PDEs).

GPX-PDE enzymes catalyze the hydrolysis of de-
acylated phospholipid GPX to glycerol-3-phosphate
and the corresponding alcohol. GPX-PDEs have been
described in bacteria (Larson et al., 1983; Brzoska and
Boos, 1988; Tommassen et al., 1991), yeast (Fisher
et al., 2005; Santos-Beneit et al., 2009), and mammals
(Zheng et al., 2000, 2003; Yanaka et al., 2003; Rao and
Sockanathan, 2005; Corda et al., 2009). They appear to
have important functions in Pi scavenging and carbon
stress along with numerous other aspects of develop-
ment. Until recently, much less was known about plant
GPX-PDEs. Upon the development and use of arrays
to evaluate gene expression, several studies have
noted the enhanced expression of transcripts that
annotate as GPX-PDEs (Uhde-Stone et al., 2003;
Misson et al.,, 2005; Morcuende et al., 2007; Miiller
etal., 2007) Plant GPX-PDE enzyme was first identified
in carrot (Daucus carota) cells. Both intracellular and
extracellular GPX-PDE activities were induced in
Pi-deficient cell cultures of carrot, Arabidopsis (Arabi-
dopsis thaliana), and sycamore (Acer pseudoplatanus;
Van der Rest et al., 2002). Enzyme assays performed
with purified GPX-PDE enzyme from carrot cell walls
showed a broad substrate range for glycerophos-
phodiesters such as glycerophosphocholine (GPC),
glycerophosphoinositol (GPI), and glycerophosphoe-
thanolamine. No functional genetic role for GPX-PDE
was noted in these studies.

While this article was in review, Cheng et al. (2011)
reported on two subfamilies of GPX-PDEs in Arabi-
dopsis. They described a six-member gene family (A)
of more typical GPX-PDEs and a seven-member family
(B) of GPX-PDE-like genes. Recombinant forms of one
member from each family were evaluated in some
detail. At3g02040 representing more typical type A
GPX-PDEs and Atl1g66970 representing type B
GPX-PDE-like, as exemplified by SHAVEN3 (SHV3),
hydrolyzed glycerolphosphoglycerol, GPC, and glyc-
erophosphoethanolamine. Interestingly, expression of
At3g02040 was induced by P insufficiency, while
At1g66970 expression was not. At3g02040 appeared to
be plastid localized, and a loss-of-function mutant of
At3g02040 had a modestly reduced growth rate under
Pi deficiency. Cheng et al. (2011) suggested that
At3g02040 may be involved in Pi release from plastid
phospholipids during P deficiency. Membrane phos-
pholipid turnover and remodeling of the plasmalemma
with galactolipids is well known in Pi-stressed plants
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(Andersson et al., 2003, 2005; Lee et al., 2003; Rietz et al.,
2004, 2010; Misson et al., 2005; Morcuende et al., 2007;
Nakamura et al., 2009).

Studies in white lupin (Liu et al., 2005; Tesfaye et al.,
2007; Zhou et al., 2008) and Arabidopsis (Ciereszko
et al., 2005; Jain et al., 2007, Hammond and White,
2008; Lei et al., 2011) provide evidence that sugar (Suc/
photosynthate) modulates Pi deficiency-induced gene
expression. Liu et al. (2005) and Tesfaye et al. (2007)
demonstrated that the expression of several white
lupin Pi-starved cluster root genes required photosyn-
thate. Likewise, Zhou et al. (2008) showed that Suc was
required for Pi deficiency-induced cluster root forma-
tion and Pi stress-induced gene expression. In Arabi-
dopsis, the expression of 149 genes was shown to have
a sugar-Pi availability interaction (Miiller et al., 2007).
Lei et al. (2011) showed that Suc transport in Arabi-
dopsis was required for Pi deficiency-induced gene
expression. It is noteworthy that microbial Pi stress-
induced GPX-PDE gene expression is regulated in part
by sugar availability (Kasahara et al.,, 1991; Santos-
Beneit et al., 2009). Whether sugar plays a role in
affecting plant GPX-PDE expression is currently un-
known.

Increased proliferation of root hairs enhances plant
acclimation to Pi deficiency by increasing root surface
area and increasing exploitable soil volume (Bates and
Lynch, 1996; Gahoonia and Nielsen, 1998; Ma et al.,
2001). A root-hairless mutant line in barley (Hordeum
vulgare) was less efficient in Pi uptake and showed
attenuated acid phosphatase activity (Gahoonia et al.,
2001). Arabidopsis mutants impaired in phospholipid
metabolism displayed impaired root hair develop-
ment and shorter root hairs (Bohme et al., 2004; Jones
et al., 2006; Hayashi et al., 2008). Hayashi et al. (2008)
presented a multialignment between SHV3 and other
GPX-PDEs showing that conserved essential residues
for GPX-PDE enzyme activity were not present in the
SHV3 protein sequence. However, they did not report
GPC-PDE activity. We question whether the white
lupin GPX-PDEs may be involved in root hair mor-
phological changes related to insufficient P.

In this study, we evaluated cluster root acclimation
to Pi deficiency and the role that GPX-PDEs play in Pi
deficiency and root hair development. Here, we report
the following: (1) two white lupin GPX-PDEs (GPX-
PDE1 and GPX-PDE2) are highly up-regulated by Pi
limitation and are expressed in root hair, epidermal,
and vascular cells; (2) GPX-PDE2 transcripts show
rapid suppression in response to Pi resupply without a
change in shoot P status, but GPX-PDE1 is less re-
sponsive; (3) GPX-PDEs are also affected by photo-
synthate deprivation, but in opposite manners; (4)
GPX-PDE1 complements a yeast gdeIA mutant reveal-
ing a GPC-PDE function, and recombinant GPX-PDE2
protein has highest activity with GPI but is also active
with GPC; and (5) RNA interference (RNAi)-mediated
knockdown of GPX-PDE1 and GPX-PDE2 impairs
root hair development. Taken together, we propose a
role for GPX-PDEs in root hair development and
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phospholipid degradation in Pi-stressed white lupin
cluster roots.

RESULTS

Identification and Characterization of GPX-PDE1 and
GPX-PDE2 Genes in White Lupin

We isolated and sequenced two full-length cDNA
clones that have homology with GPX-PDE ESTs de-
tected in a cluster root cDNA library of white lupin
(Uhde-Stone et al., 2003). The identified cDNAs were
designated as GPX-PDE1 and GPX-PDE? according to
their deduced amino acid sequences containing a
Pfam PF03009 motif characteristic of GPX-PDE. GPX-
PDET1 contains a 1,191-bp open reading frame encod-
ing a 396-amino acid polypeptide with an estimated
molecular mass of 45.8 kD. GPX-PDE2 contains a
1,125-bp open reading frame encoding a 374-amino
acid polypeptide with an estimated molecular mass of
42.1 kD.

Multiple alignment of the white lupin GPX-PDE1
and GPX-PDE2 deduced amino acid sequences with
known GPX-PDEs showed that both GPX-PDEs have
the conserved sequence motif [H;RG(X)"E,XT(X)
"E,XD;(X)"H,D,(X)"E,XK] comprising the active site
residues for GPX-PDE activity (Supplemental Fig.
S1A). Several residues in this motif (H;, R, E,, D;, H,,
E;, K) have been identified as essential sites for GPX-
PDE enzyme activity based on crystal structure and
mutagenesis studies (Zheng et al., 2003; Shi et al., 2008;
Corda et al., 2009). Based on signal prediction pro-
grams, the GPX-PDE1 deduced amino acid sequence
contains a hydrophobic N-terminal region that was
predicted to be a signal peptide with 25 amino acid
residues (Supplemental Fig. S2) and targets GPX-PDE1
to the secretory system. One N-glycosylation site (-Asn-
Xaa-Ser/Thr-) was predicted in both GPX-PDEs. Both
GPX-PDE1 and GPX-PDE2 deduced amino acid se-
quences contain several predicted Ser/Thr/Tyr phos-
phorylation sites. Gene Ontogeny (GO) analysis of
GPX-PDE1 indicated a GO biological process of
GO.0006071, glycerol metabolism, GPX-PDE enzyme.
InterPro (http://www.ebi.ac.uk/Tools/InterProScan/)
analysis suggests that GPX-PDE2 is related to a cyclin-
dependent kinase (e-10) similar to Pho85. However, we
found neither a typical kinase domain nor kinase
activity in GPX-PDE2. The highest predicted GO bio-
logical process for GPX-PDE2 function is GO.0007242,
intracellular signaling cascade, GPX-PDE enzyme.

Using GPX-PDE1 and GPX-PDE2 deduced amino
acid sequences to search in sequenced plant genomes
including those of soybean (Glycine max), rice (Oryza
sativa), Arabidopsis, and sorghum (Sorghum bicolor), we
found that GPX-PDEs are widespread in various plant
species (Supplemental Fig. S1B). The identities of GPX-
PDE1 and GPX-PDE2 with the corresponding orthologs
range from 68% to 79% and 57% to 75%, respectively.
Interestingly, GPX-PDE1 and GPX-PDE2 share only
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16% identity with each other, even though both of
them contain the GPX-PDE domain and are assigned
to the superfamily of phosphoinositide phospholipase
C-like phosphodiesterases by the SCOP database (http://
supfam.mrc-Imb.cam.ac.uk/SUPERFAMILY /). A phylo-
genetic analysis of these known GPX-PDEs from various
species and putative orthologs is revealing. Figure 1 shows
that the GPX-PDE family has diversified into distinct
clades, and GPX-PDE1 and GPX-PDE2 belong to very
different clades. GPX-PDE1 is closely related to glpQ and
distantly related to another plant type B GPX-PDEL
subgroup that contains Arabidopsis SHV3. In compari-
son, GPX-PDE2 sits in a highly divergent group that
includes At3g02040, a putative plastid-targeted GPX-PDE
(Cheng et al., 2011). These results show that although both
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Figure 1. Phylogenetic tree of white lupin GPX-PDEs with related GPX-
PDE proteins from various species. The phylogenetic tree of white lupin
GPX-PDEs with proteins containing GPX-PDE domains was generated
using MEGA4 from a ClustalX alignment (sequence alignment is
available as Supplemental Data Set S1). Numbers represent bootstrap
values obtained from 1,000 trials. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. Evolutionary distances are displayed
in units of the number of amino acid substitutions per site. Abbrevi-
ations for species are as follows: At, Arabidopsis thaliana; Ec, Esche-
richia coli; Gg, Gallus gallus; Gm, Glycine max; Hs, Homo sapiens; La,
Lupinus albus; Mm, Mus musculus; Os, Oryza sativa; Sb, Sorghum
bicolor; Sc, Saccharomyces cerevisiae; Stc, Streptomyces coelicolor.
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GPX-PDE1 and GPX-PDE2 have the characteristics of
GPX-PDE enzymes, they are highly divergent, may utilize
different substrates, and have distinct catalytic functions.
The gene structure and 5'-upstream putative pro-
moter regions for GPX-PDEI and GPX-PDE?2 are shown
in Supplemental Figure S3. GPX-PDET is 3,272 bp and
contains seven introns. The 1,751-bp 5'-upstream puta-
tive promoter region of GPX-PDE1 contains one P1BS
element (GTATATTC; bp —116). GPX-PDEI also con-
tains two WRKY binding sites (W-box; TTGACC; bp
—912 and —973) and a sequence (CACTTG; bp —1,001)
that is similar to the G-box motif (CACGTG). By com-
parison, the GPX-PDE2 gene is 3,092 bp and contains
six introns. The 1,772-bp 5'-upstream promoter region
of GPX-PDE2 contains four PIBS elements (GNA-
TATNG; bp —118, —131, —161, and —1,497). GPX-
PDE? also contains two W-boxes (TTGACT; bp —202
and —985) and a sequence (CACTTG; bp —1,010)
that is similar to the G-box motif (CACGTG). The
GPX-PDE2 promoter also contains four TATCCA
elements (bp —158, —295, —1,350, —1,391).

Complementation of a gdel Yeast Mutant with
GPX-PDE1 and GPX-PDE?2? and in Vitro GPX-PDE
Enzyme Assays

To confirm that GPX-PDE1 and GPX-PDE2 encode
functional GPX-PDE enzymes, we employed func-
tional complementation of a yeast mutant by trans-
formation with GPX-PDE1 and GPX-PDE2 and
performed in vitro GPX-PDE enzyme assays. In Sac-
charomyces cerevisige, an intracellular protein encoded
by the GDE1 (YPL110c) gene has been characterized as
a GPC-PDE (Fisher et al., 2005). Hydrolysis of GPC by
Gdel is required to utilize GPC as the sole phosphate
source. A yeast mutant, gdelA, with a deletion of GDE1
results in the accumulation of GPC in the cell; conse-
quently, the mutant cannot grow when GPC is sup-
plied as the sole phosphate source (Fisher et al., 2005).
The gdelA mutant cells were transformed with the
GPX-PDE1 and GPX-PDE2 constructs, and growth
was monitored by measuring the optical density at 600
nm. Table I shows that the gdelA mutant transformed
with GPX-PDE1 gained wild-type growth characteris-
tics when GPC was supplied as a sole phosphate
source. In contrast, GPX-PDE?2 transformants did not
complement the gdeIA mutant under the same condi-
tions. The fact that GPX-PDE1 complements the func-
tion of yeast GDE1, which lacks GPC-PDE activity,
provides strong evidence that GPX-PDE1l encodes
an enzyme that can hydrolyze GPC to choline and
glycerol-3-phosphate in eukaryotes. We further con-
firmed the specificity of GPX-PDE1 for GPC with
recombinant enzyme activity. Although recombinant
GPX-PDEI1 activity was difficult to recover due to it
being produced in inclusion bodies, when activity was
recovered, GPC served as a substrate but not GPI
(Supplemental Table S1).

The failure to complement the gdelA mutant with
GPX-PDE?2 suggested that GPX-PDE2 might cleave a
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Table I. Yeast complementation of GPX-PDE1 and GPX-PDE2

Strains were grown in medium lacking phosphate (no-Pi medium),
containing 200 um KH,PO, (low-Pi medium), and lacking phosphate
but containing 200 um GPC (no-Pi + GPC medium). For the gdeTA
mutant, medium also lacked uracil to maintain empty vector (EV) or
vector containing GDX-PDE1 or GPX-PDE2. Cultures were grown for
3 d at 30°C. Data represent average growth (Aq,) = st for two to four
replicates.

Medium
Strain
No Pi + GPC Low Pi No Pi
Wild type 1.21 £0.02 1.35 = 0.25 0.03 = 0.00
gdelA + EV 0.06 = 0.03 1.74 £ 0.25 0.03 = 0.01

gdelA + GPX-PDE1 1.17 = 0.07 1.79 £ 0.52 0.05 = 0.01
gdelA + GPX-PDE2 0.02 = 0.01 1.93 = 0.02 0.07 = 0.05

substrate other than GPC. In vitro enzyme assays with
purified recombinant GPX-PDE2 as a fusion protein
with glutathione S-transferase (GST) from Escherichia
coli were carried out to test whether the GPX-PDE2
protein could use GPC and GPI as substrates. Enzyme
activity of purified recombinant GPX-PDE2 with GPI
was strikingly high in the presence of 10 mm Mg**. The
enzyme requirement for Mg** could not be replaced by
Ca® (Supplemental Table S1). By comparison, GPC
activity with recombinant GPX-PDE2 was 73% lower
than that of GPI. Free GST protein had no GPC-PDE or
GPI-PDE activity. Based on these results, we conclude
that white lupin GPX-PDE2 has both GPC and GPI
activities but appears to favor GPL

Preparing cell-free soluble protein and cell wall pro-
tein, we evaluated GPX-PDE enzyme activity in Pi-
deficient and Pi-sufficient white lupin roots (Table II). In
previous studies, Van der Rest et al. (2002) detected
GPC-PDE activity in both extracellular and intracellular
extracts of carrot cells, which was enhanced during P
deficiency. Purified carrot cell GPC-PDE protein had a
mass of 55 kD (Van der Rest et al., 2004). We prepared
protein extracts from Pi-deficient zone 4 and 5 cluster
roots and P-sufficient roots to enrich for GPX-PDE
proteins. The 25% to 75% (NH,),SO, precipitated frac-
tion from total soluble protein was resolubilized in
extraction buffer. The cellular debris after the initial
centrifugation of soluble protein was combined with
the cell wall filtrate and then extracted in 200 mm CaCl,
to release cell wall proteins. The 25% to 75% (NH,),SO,
precipitated protein fraction and the cell wall-extract-
able protein were used for enzyme assays and immu-
noblot analysis. The (NH,),5O,-precipitable protein
obtained from the soluble protein extract had both
GPC-PDE and GPI-PDE activities (Table II). GPC-PDE
activity in Pi-deficient cluster roots was 3- to 4-fold
higher than that of Pi-sufficient roots. GPI-PDE activity
was readily detectable in Pi-deficient cluster roots but
was not detectable in Pi-sufficient roots. Enzyme activ-
ity for both GPC-PDE and GPI-PDE in cell wall extracts
was not consistently detectable. However, when de-
tected, both GPI-PDE and GPC-PDE served as sub-
strates (data not shown). Control assays lacking Mg**
and Ca** showed no GPX-PDE activity.

Plant Physiol. Vol. 156, 2011



Table Il. GPC-PDE and GPI-PDE enzyme activity in white lupin roots

P = 0.05 for treatments. Statistical significance was based on four
biological replicates.

25% to 75% (NH,),50, Cut

Enzyme

—Pi Cluster Roots +Pi Normal Roots

nmol min~" mg™" protein

GPC-PDE, Ca** 352 + 4.8 10.5 = 2.2
GPC-PDE, Mg** 289 * 3.6 6.6 + 0.4
GPI-PDE, Ca** 4.5 + 0.4 0
GPI-PDE, Mg?* 3.4+04 0

Immunodetection of GPX-PDEs

We raised enzyme-specific polyclonal antisera to
recombinant forms of GPX-PDE1 and GPX-PDE2
(Supplemental Fig. S4). Antisera raised to GPX-PDE1
did not recognize recombinant GPX-PDE2; conversely,
GPX-PDE2 antisera did not recognize recombinant
GPX-PDE1 protein (Supplemental Fig. S4A). This is
not unexpected, based upon their lack of deduced
amino acid identity (Fig. 1, Supplemental Fig. S1A).
Immunoblots of the 25% to 75% (NH,),SO, fraction of
soluble protein and cell wall-extractable protein con-
firmed the in planta presence of both GPX-PDE1 and
GPX-PDE2 (Supplemental Fig. S4B). Similar to the
carrot cell GPC-PDE characterized by Van der Rest
et al. (2004), white lupin GPX-PDE1 antiserum recog-
nized two polypeptides of about 49 and 60 kD, some-
what larger than the 45-kD deduced protein. Although
there was only a slight difference in the abundance of
GPX-PDE1 60-kD protein in the 25% to 75% (NH,),SO,
fraction of Pi-deficient plants as compared with Pi-
sufficient plants, the abundance of GPX-PDEL in cell
wall protein of Pi deficiency-induced cluster roots was
very abundant, while it was nearly nondetectable in
Pi-sufficient plants. The GPX-PDE1 polypeptide mi-
grating at 47 kD was more abundant in Pi-deficient
plants. GPX-PDE2 antisera recognized polypeptides of
varying mass in the 25% to 75% (NH,),SO, fraction of
soluble protein as compared with the cell wall-extract-
able protein. The abundance of GPX-PDE2 protein was
substantially greater in cell wall extracts of Pi-deficient
plants as compared with Pi-sufficient plants. The trend
was similar in the 25% to 75% (NH,),SO, fraction, but
less striking. The GPX-PDE2 polypeptide detected in
the 25% to 75% fraction was approximately 68 to 72
kD. This would coincide with a GPX-PDE2 dimer that
was not effectively denatured by SDS. Van der Rest
et al. (2002) noted that carrot cell native GPC-PDE
enzyme was multimeric and was resistant to SDS
denaturation. However, we did notice an inconsis-
tency in cell wall protein abundance of GPX-PDE1 and
GPX-PDE2 and GPX-PDE activities. We used several
different buffer combinations to obtain proteins for
enzyme assays but had difficulty consistently detect-
ing GPC-PDE and GPI-PDE activities in cell wall
protein extracts. In contrast, we consistently found
GPX-PDE1 and GPX-PDE2 protein level differences
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between Pi-deficient and Pi-sufficient cell walls. In-
consistent detection of cell wall enzyme activity could
reflect any number of difficulties, including but not
limited to enzyme instability, loss of posttranslational
modifications, and loss of accessory proteins needed
for activity.

Transcript Expression of GPX-PDE1 and GPX-PDE2
in White Lupin Roots under Pi-Sufficient and
Pi-Deficient Conditions

To understand the expression pattern of GPX-PDEs
during cluster root development under both Pi-suffi-
cient and Pi-deficient conditions, quantitative reverse
transcription (qRT)-PCR and RNA blots were used to
analyze transcripts from various developmental zones
of cluster roots. As shown in Figure 2A, cluster roots
from both Pi-sufficient and Pi-deficient plants were
separated into five different zones: zone 1, root tip;
zone 2, early meristem; zone 3, unemerged rootlets;
zone 4, newly emerged and juvenile rootlets; and zone
5, mature cluster roots covered with abundant root
hairs (Neumann et al., 1999; Sbabou et al., 2010). It
should be noted that Pi-sufficient plants form cluster
roots identical to Pi-sufficient plants but at a much
lower density (Johnson et al., 1994, 1996). qRT-PCR of
both GPX-PDE1 and GPX-PDE2 showed strikingly
high transcript abundance in Pi-deficient roots as
compared with Pi-sufficient roots during each devel-
opmental stage (Fig. 2, B and C). When comparing the
qRT-PCR expression patterns among different zones,
GPX-PDE1 and GPX-PDE? showed greatest transcript
abundance in cluster root zone 5 of Pi-deficient plants,
where root hairs are most abundant (Supplemental
Fig. S5). RNA-blot analysis of GPX-PDE1 and GPX-
PDE2 reflected qRT-PCR results (data not shown).

The Response of GPX-PDE1 and GPX-PDE2 to Pi or
Phosphite Resupply

To better understand the effect of Pi on the expres-
sion of GPX-PDE1 and GPX-PDE2, 1 mm Pi or 1 mm
phosphite, a nonmetabolized analog of Pi, was resup-
plied to Pi-deficient white lupin plants. The transcript
abundance of both genes was monitored by qRT-PCR
at1,4, 6, and 24 h after Pi or Phi resupply. As shown in
Figure 3, when Pi-deficient plants were resupplied
with Pi, GPX-PDE? transcripts were reduced within
1 h, with further reduction by 4 h. However, GPX-PDE1
transcripts showed a slower response to Pi resupply,
with reduction only after 4 h. By comparison, Phi,
which cannot be metabolized, essentially mimicked the
effect of Pi resupply after 24 h.

The Effect of Photosynthate Deprivation by Dark
Treatment on Transcriptional Levels of GPX-PDE1
and GPX-PDE2

Sugar has been shown to be a signal that is involved
in the Pi-sensing cascade in white lupin and affects
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Figure 2. Cluster root development and qRT-PCR analysis of GPX-PDE
expression in cluster roots of white lupin grown under Pi-sufficient and
Pi-deficient conditions. A, Lupin cluster roots from Pi-deficient and Pi-
sufficient plants can be separated into five zones (Zn): zone 1, root tip;
zone 2, early meristems; zone 3, unemerged rootlets; zone 4, newly
emerged and juvenile rootlets; zone 5, mature cluster roots covered
with abundant root hairs (Neumann et al., 1999). Note that cluster roots
can form on Pi-sufficient plants but constitute 10% or less of the root
mass. However, on Pi-deficient plants, they constitute greater than 60%
of the root mass (Johnson et al., 1994, 1996). B and C, Relative
expression of white lupin GPX-PDE1 and GPX-PDE2 in the five
developmental zones of Pi-deficient and Pi-sufficient cluster roots.
gRT-PCR is shown for first-strand cDNA generated from Pi-sufficient
(+P) and Pi-deficient (—P) lupin cluster root zones and normal roots
(NR) using specific primer pairs for GPX-PDET and GPX-PDE2. Data
are expressed as relative values based on the GPX-PDET or GPX-PDE2
expression level in +P normal roots and referenced as 1.0. Lowercase
letters denote significant differences between zones (P = 0.05). Aster-
isks denote significant differences between —P and +P (P = 0.05).
Statistical significance was based on three biological replicates.

cluster root formation. Sugars also change the tran-
scription level of Pi starvation-induced genes (Liu
et al., 2005, 2010a; Tesfaye et al., 2007; Zhou et al.,
2008). Based on these results, we evaluated the effect of
photosynthate deprivation through shoot dark treat-
ment on the expression level of GPX-PDE1 and GPX-
PDE2. The two genes displayed strikingly different
responses to photosynthate deprivation (Fig. 4). When
plants were deprived of light by dark treatment for 24
h, GPX-PDE1 transcripts in Pi-deficient roots were
decreased by about 70% compared with under normal
light/dark conditions. By comparison, the expression
level of GPX-PDET in leaf tissue was not affected. We
also observed that the effect of photosynthate depri-
vation on GPX-PDE1 expression was reversible by
reexposure of dark-treated plants to continuous light
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for 24 to 48 h (Fig. 4, A and B). In contrast to GPX-
PDE1, GPX-PDE2 showed the opposite response to
photosynthate deprivation (Fig. 4, C and D). Tran-
scripts of GPX-PDE2 accumulated to about 15-fold
higher in photosynthate-deprived plants than normal
light/dark plants, and the stimulation was displayed
in both roots and leaves. Also, the dark effect could be
reversed by reexposure to light. In summary, access to
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Figure 3. The effect of Pi or Phi resupply on transcript abundance of Pi
deficiency-induced GPX-PDET and GPX-PDE2. White lupin plants
were grown to 14 d after emergence without Pi and then resupplied
with 1 mm Pi. Control plants were grown for 14 d after emergence with
+Pi (1 mm), —Pi (0 mm), or +Phi (1 mm). Cluster roots from control and
treated Pi-resupplied plants excised at 1, 4, 6, and 24 h were used for
RNA isolation and cDNA synthesis. A and B, GPX-PDET (A) and GPX-
PDE2 (B) expression analyzed by qRT-PCR. C, Total P concentration in
control and treated plants. Data are expressed as relative values based
on the GPX-PDET or GPX-PDE2 expression level in +P normal roots
and referenced as 1.0. Lowercase letters denote significant differences
between treatments (P = 0.05). Statistical significance was based on
three biological replicates. DW, Dry weight.
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Figure 4. Effect of photosynthate deprivation on transcript abundance
of Pi deficiency-induced GPX-PDET and GPX-PDE2. White lupin
plants were grown to 14 d after emergence either with T mm Pi (+Pi)
or without Pi (—Pi) under a 16/8-h photoperiod (D). Plants were then
placed in total darkness for 24 h (D,,). After a 24-h dark treatment,
plants were returned to continuous light for 24 h (D,,L,,) and 48 h
(D,,L,g). Cluster roots and leaf tissue from the various treatments were
harvested and used for RNA isolation and cDNA synthesis. qRT-PCR
was used to assess transcript abundance. A and B, GPX-PDET transcript
abundance in cluster roots (A) and leaves (B) in response to dark
treatment and upon return to light. C and D, GPX-PDE2 transcript
abundance in cluster roots (C) and leaves (D) in response to dark
treatment and upon return to light. Data are expressed as relative values
based on the GPX-PDET or GPX-PDE2 expression level in +P (D) and
referenced as 1.0. Lowercase letters denote significant differences
between treatments (P = 0.05). Statistical significance was based on
three biological replicates.
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light/photosynthate can affect Pi stress-induced gene
expression either positively or negatively.

Lupin GPX-PDE Promoter:GUS Reporters Are Highly
Induced by Pi Deficiency

Translational fusions containing approximately
1,700 bp of GPX-PDE1 and GPX-PDE2 5'-upstream
putative promoter (Pro) fragments were fused to the
GUS reporter gene (ProGPX-PDE1:GUS or ProGPX-
PDE2:GUS) and transformed into white lupin roots
through the Agrobacterium rhizogenes-mediated hairy
root transformation system. These composite trans-
genic plants were grown under Pi-deficient or Pi-
sufficient conditions, and GUS staining activity was
determined. We evaluated GUS staining on more than
50 root segments each representing an independent
transgenic event. As seen in Figure 5, strikingly rapid
and intense GUS staining (within 1-2 h) was observed
in Pi-deficient transgenic plants carrying either the
ProGPX-PDE1:GUS or ProGPX-PDE2:GUS construct.
Furthermore, with both constructs, the GUS activity
was activated along the entire root of P-deficient
plants, appearing to show a higher activity in mature
cluster roots with abundant root hairs (Fig. 5, A-C).
That promoter activity was greatest in mature cluster
root zone 5 was further supported by quantitative
4-methylumbelliferyl-g-p-glucuronide (MUG) assays
(Fig. 5, F and G). Root hairs in Pi-deficient mature root
zone 5 displayed strong GUS staining (Fig. 5, B and C).
Cross sections of cluster rootlets also showed strong
GUS staining in epidermal cells and vascular bundle
cells in Pi-deficient transgenic roots transformed with
either ProGPX-PDE1:GUS or ProGPX-PDE2:GUS (Fig.
5, D and E). Little to no staining was seen in Pi-
sufficient plants (Fig. 5A).

The MYB transcription factor PHR1, which binds to
the P1BS element, is characterized as playing an im-
portant role in the regulation of Pi sensing (Rubio
et al., 2001; Bari et al., 2006; Nilsson et al., 2007; Pant
etal., 2008). Sequence analysis showed that GPX-PDE1
contains one P1BS element and GPX-PDE2? contains
four P1BS repeats in the 2-kb upstream region from the
translation start of each gene (Supplemental Fig. 56).
To evaluate whether the P1BS elements of GPX-PDE1
and GPX-PDE2? play a role in the Pi-sensing mecha-
nism, approximately 1,700 bp of the 5'-upstream pro-
moters with mutated P1BS elements (GNATATNC to
GNCCATNC) of mProGPX-PDE1:GUS or mProGPX-
PDE2:GUS was used to transform white lupin roots.
The comparable nonmutated promoters (ProGPX-
PDE1:GUS and ProGPX-PDE2:GUS) were used as
controls. Mutation of the single P1BS element in the
promoter region of GPX-PDE1 abolished strong GUS
activity in Pi-deficient roots (Supplemental Fig. S6, A
and B). Similarly, strong GUS activity in Pi-deficient
roots was also abolished by mutating all four P1BS
elements in the promoter region of GPX-PDE2 (Sup-
plemental Fig. 56, A and B). The negative effect of
P1BS mutagenesis on the response of lupin GPX-PDEs
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to Pi starvation was further confirmed by MUG assays
(Supplemental Fig. S6, C and D).

White Lupin GPX-PDE1 Is Associated with the
Endoplasmic Reticulum

GPX-PDE1, which cleaves GPC, has a signal peptide
of 25 amino acids, which predicts that the protein is
targeted to the secretory system. To assess the subcellu-
lar localization of GPX-PDE1, we prepared a GPX-PDE1:
EGEFP translational fusion and used it to transform white
lupin and Medicago truncatula. In earlier studies, we have
shown that promoters from white lupin Pi deficiency-
induced genes drive appropriate expression in M.
truncatula roots (Liu et al., 2005; Zinn et al., 2009). The
GFP protein signal was found in root hairs (Fig. 6).
Counterstaining of the tissue samples with ER-Tracker
Red and evaluation by confocal microscopy showed that
GFP fluorescence colocalized with ER-Tracker Red
when the images were merged (Fig. 6, A-C). Similarly,
in a separate system using Nicotiana benthamiana epi-
dermal cells transformed with constructs for both GPX-
PDE1:GFP and HDEL:RFP (for red fluorescent protein),
the GFP and RFP fluorescence colocalized to the endo-
plasmic reticulum (ER) membrane network and nuclear
envelope (Fig. 6, D-F). Thus, two different approaches
indicate that GPX-PDEL is found associated with the ER.

Silencing of GPX-PDE1 or GPX-PDE2 in Composite
Plants of White Lupin Impairs Root Hair Development

To investigate the role of GPX-PDEs in the acclima-
tion to Pi deficiency in white lupin, we generated
transgenic hairy roots of white lupin with reduced
GPX-PDE1 or GPX-PDE2 expression by A. rhizogenes-
mediated RNAi. A 631-bp fragment of the GPX-PDE1
mRNA sequence (bp 631-1,261) and a 510-bp fragment

1,743-bp 5'-upstream promoter regions of GPX-PDET and GPX-PDE2,
respectively, were fused to the GUS coding sequence and transformed
into white lupin roots through A. rhizogenes-mediated hairy root
transformation. Transgenic roots from Pi-sufficient and Pi-deficient
roots were harvested 5 weeks after transformation and stained for GUS
activity. Six roots per plant from a total of 12 transgenic plants were
evaluated. Transgenic root tissue was incubated in GUS solution for 2 h
at37°C. Tissue from zone 5 and pooled zone 2 and 3 tissue was used for
MUG enzyme assays. Lupin cluster roots are separated into five zones
as described in Figure 2. A, GUS staining occurs throughout the entire
root of both GPX-PDET and GPX-PDE2, with strong staining in the
mature cluster root zone of —Pi plants; cluster roots of +Pi transgenic
plants showed very low GUS staining. B and C, Root hairs (rh) from
rootlets of the mature cluster root zone 5 of GPX-PDET1 (B) and GPX-
PDE2 (C) also showed strong GUS staining. Bars = 0.05 mm. D and E,
Cross sections of GPX-PDET (D) and GPX-PDE2 (E) rootlets from zone 5
displayed strong GUS staining in the epidermal cells (ep) and the
vascular bundle (vb) in Pi-deficient transgenic roots. Bars = 0.5 mm. F
and G, MUG assays confirmed the high promoter:reporter activity
response to —Pi for GPX-PDET (F) and GPX-PDE2 (G). Z2+3, Cluster
root zone 2 and 3 tissue pooled; Z5, cluster root zone 5 tissue.
Lowercase letters denote significant differences between zones (P =
0.05). Statistical significance was based on four biological replicates.
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Figure 6. Subcellular localization of GPX-PDET protein in root hairs. A
to C, Confocal laser scanning micrographs of root hair cells of trans-
genic M. truncatula roots expressing a fusion of GPX-PDET, including
the transit sequence, and EGFP driven by the GPX-PDE1 promoter
(GPD-PDET:GFP) stained with ER-Tracker Dye. A, GPX-PDE1:GFP
fluorescence. B, ER-Tracker Red fluorescence. C, Merged images of A
and B showing colocalization of GPX-PDE1 and ER-Tracker Red as
orange-yellow color. Bar = 0.5 mm. D to F, Confocal laser scanning
micrographs of N. benthamiana leaf epidermal cells infiltrated with A.
tumefaciens carrying both GPX-PDE1:GFP and HDEL:RFP. D, GPX-
PDET:GFP fluorescence. E, HDEL:RFP fluorescence. F, Merged images
of D and E. Images show colocalization of GPX-PDE1:GFP and HDEL:
RFP as orange-yellow color. Bar = 25 um.

of the GPX-PDE2 mRNA sequence (bp 678-1,187)
were PCR amplified and cloned into the Gateway
RNAIi vector pK7GWIWG2-DsRED containing the red
fluorescent marker DsRED1 and were further trans-
formed into white lupin. In parallel, roots transformed
with a human myosin gene were used as a control
to exclude the effects due to the formation of hairy
roots. All the transgenic plants were grown under Pi-
deficient conditions and harvested after 5 weeks. The
DsRED fluorescence was used to screen for trans-
formed roots. Each transformed root represented an
independent transgenic event. Previous work from
our laboratory (Uhde-Stone et al., 2005; Sbabou et al.,
2010) showed that white lupin roots transformed with
A. rhizogenes respond similarly to nontransformed
roots during Pi deficiency. A total of 48 RNAi com-
posite plants for GPX-PDE1, 54 RNAi composite
plants for GPX-PDE2, and 30 myosin RNAi composite
plants showing high DsRED fluorescence in hairy
roots were analyzed in two independent experiments.

Plant Physiol. Vol. 156, 2011
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Root morphology changes evaluated were lateral
root formation, root length, and root hair formation. In
roots having strongly reduced expression of GPX-
PDE1 or GPX-PDE2, we observed that the number of
root hairs and root hair length were reduced as com-
pared with the abundant and long root hairs in control
transgenic cluster roots (Fig. 7, A-C). The frequency of
impaired root hair development in GPX-PDE1 and
GPX-PDE2 RNAIi roots was 77% and 50%, respectively
(Fig. 7, D and E). There was no difference in lateral root
morphology between GPX-PDE1 and GPX-PDE2
RNAI roots and control roots. We used qRT-PCR to
assess whether transgenic roots containing GPX-PDE
RNAIi constructs had altered transcript levels. As
shown in Figure 7, F and G, knockdown roots had
significant reductions of both GPX-PDE1 and GPX-
PDE2 transcripts in corresponding RNAi roots as
compared with control roots.

To investigate whether knockdown of GPX-PDE1
and GPX-PDE2 transcripts affected the expression
of other Pi starvation-induced genes in white lupin,
GPX-PDE1 and GPX-PDE2 RNAIi roots were used to
evaluate the expression level of white lupin Pi stress-
induced LaSAP1 and LaPT1. The knockdown of either
GPX-PDE1 or GPX-PDE?2 clearly resulted in reduced
transcripts of Pi starvation-induced LaSAP1 and LaPT1
(Fig. 7, F and G). These data suggest that GPX-PDEs
play a role, directly or indirectly, in mediating the
expression of other Pi deficiency-induced genes in
white lupin cluster roots.

DISCUSSION

Two Divergent GPX-PDEs Are Induced in White Lupin
Cluster Roots during P Deficiency

In this report, we extend our understanding of plant
biochemical and molecular response of cluster roots to
Pi deprivation through molecular characterization of
two very different GPX-PDEs, demonstrate a role for
GPX-PDEs in root hair development, and suggest that
GPX-PDEs may be involved in a Pi stress-induced
phospholipid degradation/signaling pathway in white
lupin cluster roots. GPX-PDE1 and GPX-PDE2 RNA
abundance, promoter::GUS reporter gene studies, en-
zyme activities, and immunodetection studies reflect
that Pi deficiency induces enhanced expression of two
very distinct GPX-PDEs in white lupin cluster roots.
Moreover, white lupin roots having reduced expression
of GPX-PDE1 and GPX-PDE?2 through RNAi-induced
silencing have impaired root hair development. The
white lupin GPX-PDE proteins share only 16% identity,
resulting in the two being immunologically non-cross-
reactive. Antibodies to GPX-PDE1 and GPX-PDE2 rec-
ognized their respective polypeptides in both cluster
root soluble protein and cell wall protein extracts. The
proteins were more highly abundant in cell walls
of Pi-stressed cluster roots but only slightly so in the
25% to 75% soluble protein fraction. Unlike GPC-PDE
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Figure 7. Effect of GPX-PDET or GPX-PDE2 RNAI silencing on root
hair development and expression of Pi starvation-induced genes.
Reduced expression of GPX-PDET and GPX-PDE2 was achieved by
subcloning a 631-bp mRNA sequence of GPX-PDET and a 510-bp
mRNA sequence of GPX-PDE2 into an RNAi vector containing DsRED
as a reporter and subsequent transformation to white lupin roots using
A. rhizogenes. The human myosin gene was used as a control. Trans-
genic plants were grown under Pi-deficient conditions and harvested
after 5 weeks. The DsRED reporter was used to screen transformed roots.
A total of 48, 54, and 30 RNAI plants were evaluated for GPX-PDET,
GPX-PDE2, and myosin, respectively. A to C, Control RNAi (A), GPX-
PDET RNAI (B), and GPX-PDE2 RNA:i (C) showing root hair density and
length from a zone 5 mature rootlet. D and E, Root hair length (D) and
root hair density (E) of GPX-PDET and GPX-PDE2 RNAi zone 5 mature
cluster rootlets show a significant reduction relative to the control myosin
RNAI root hair length and density grown under Pi-deficient conditions.
No significant differences were evident when grown under Pi-sufficient
conditions. Lowercase letters denote significant differences between
genes (P = 0.05). Statistical significance was based on 11, 10, and eight
biological replicates for myosin, GPX-PDE1, and GPX-PDE2 RNAi
transgenic plants, respectively. F and G, qRT-PCR confirmed the reduc-
tion of the GPX-PDET (F) and GPX-PDE2 (C) transcript in the corre-
sponding RNAI roots (patterned columns) relative to the control (solid
columns). The transcript abundance of two other Pi deficiency-induced
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activity, we found GPI-PDE activity only in cluster roots
of Pi-stressed roots. Recombinant GPX-PDE1:GFP data
show that white lupin GPX-PDE1 appears to be located
in the ER membrane system. By comparison, white
lupin GPX-PDE2 has no detectable targeting sequence.
Van der Rest et al. (2004) purified a Pi stress-induced
GPC-PDE enzyme from carrot cells that appears to be
quite similar in sequence and size to white lupin GPX-
PDEL. They found the native enzyme to have a molec-
ular mass of 280 kD composed of polypeptides ranging
in mass from 55 to 58 kD. Based upon organelle isolation,
the carrot protein appeared to be targeted to the vacuole.
They isolated an Arabidopsis cDNA (Atlg74210) ho-
mologous to the carrot cell protein. Antibodies produced
to recombinant Atlg74210 recognized a carrot protein of
55 to 60 kD. They noted that carrot GPX-PDE was
probably glycosylated and/or phosphorylated, which
leads to an SDS gel product of 55 to 58 kD, which is
larger than the 47-kD deduced protein size. The white
lupin GPX-PDEL1 protein is 71% identical to Atlg74210
and has very similar attributes to the carrot cell protein
on gels but is found in the ER membrane system. We did
not, however, purify the lupin enzyme from cluster roots
to assess the size of the native enzyme.

Very recently, Cheng et al. (2011) reported on a Pi
deficiency-induced Arabidopsis GPX-PDE (At3g02040)
that has moderate similarity (64%) to white lupin GPX-
PDE2. However, unlike white lupin GPX-PDE2, which
has no signal sequence at the N terminus, At3g02040
appears to have a 53-amino acid plastid-targeting se-
quence. The recombinant form of At3g02040 GPX-PDE
has an approximate molecular mass of 40 kD, a broad
substrate specificity, and greatest activity with Mg™".
Although not tested by Cheng et al. (2011), processing of
At3g02040 would lead to a mass of 34 kD. The deduced
molecular mass of white lupin GPX-PDE?2 is 42 kD, but
in planta it can be immunodetected as a 49- and a 70-kD
protein from cluster roots. White lupin GPX-PDE2,
although strikingly different in amino acid sequence
from GPX-PDE], also has high-probability glycosylation
and phosphorylation sites, suggesting that posttransla-
tional modification may result in a larger molecular
mass. The substrate preference of the recombinant white
lupin GPX-PDE2 protein has attributes similar to the
Arabidopsis At3g02040 GPX-PDE but has highest activ-
ity with GPI as the substrate. Lack of complementation
of the yeast GPC deletion mutant gdeIA by GPX-PDE2
may be due to either its lower GPC activity or processing
errors in yeast. Our data along with those of Van der Rest
et al. (2004) and Cheng et al. (2011) provide good
evidence that plant GPX-PDEs have variable substrate
specificities, are highly expressed in roots, and appear to
be important in acclimation to P deficiency.

We did notice an inconsistency in cell wall protein
abundance of GPX-PDE1 and GPX-PDE2 and GPX-

genes (SAP1 and PTT1) was also reduced in GPX-PDET and GPX-PDE2
RNA:i roots. Asterisks denote significant differences in expression levels
relative to the control myosin RNAi gene (P =< 0.05).
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PDE activity. Although we used several different buffer
combinations to obtain cell wall proteins for enzyme
assays, we had difficulty in consistently detecting GPC-
PDE and GPI-PDE activities in cell wall protein extracts.
However, consistent differences were found in GPX-
PDE1 and GPX-PDE2 protein between Pi-deficient
and Pi-sufficient cell walls. Inconsistent detection of
cell wall enzyme activity could reflect any number of
difficulties, including but not limited to enzyme insta-
bility, loss of posttranslational modifications, and loss of
accessory proteins needed for activity.

The ER Is Involved in Acclimation to Stress

Our confocal microscopy analysis of transgenic root
hairs and epidermal cells expressing GPX-PDE1:EGFP
translational fusions showed the protein to be located in
the ER membrane network. It is well known that the ER
plays a central role in phospholipid metabolism and
signaling during stress in eukaryotes (Loewen et al., 2004;
Sriburi et al., 2007; Gaspar et al., 2008; Xu et al., 2008;
Young et al, 2010). In plants, several gene products
involved in acclimation to Pi stress and phospholipid
metabolism have been localized to the ER. The Arabi-
dopsis GPX-PDE-like Root Hair Defective3 (RDH3) en-
codes a GTP-binding protein, and RDH4 encodes a
phosphatidylinositol-4-phosphate phosphatase and is re-
quired for root hair formation and growth (Zheng et al.,
2004; Thole et al., 2008). Stenzel et al. (2008) have shown
that type B phosphatidylinositol-4-phosphate-5’-kinase is
expressed in root hairs and is essential for root hair
formation. Recently Lee et al. (2010) and Eastmond et al.
(2010) have demonstrated that Arabidopsis Phosphatidic
Acid Phosphohydrolyasel and -2 (PHA1 and PHA?) and
Phospholipase A2 (PA2), respectively, are localized to the
ER. Mutations in PHA1 and -2 as well as PA2 impair Pi
stress-induced modifications in membrane galactolipid
synthesis (Nakamura et al., 2009; Eastmond et al., 2010).
Moreover, two Arabidopsis gene products that transduce
the low-Pi-availability signal, PDR2 and LPR1 (Ticconi
et al., 2009), are localized to the ER of root stem cells. As a
whole, it appears that a portion of phospholipid metab-
olism in roots is associated with ER trafficking and plays
a significant role in acclimation to Pi limitation and cell
development. Other aspects of phospholipid degrada-
tion, particularly as related to membrane remodeling in
response to Pi deficiency, have been previously noted in
Arabidopsis, maize (Zea mays), oat (Avena sativa), and
common bean (Phaseolus vulgaris; Gniazdowska et al.,
1999; Andersson et al., 2003, 2005; Jouhet et al., 2004;
Nakamura et al., 2005; Cruz-Ramirez et al., 2006; Li et al.,
2006; Calderon-Vazquez et al., 2008; Gaude et al., 2008).

Photosynthate (Sugar) Availability Modulates Root Gene
Expression during Pi Deficiency

Sugars, derived from photosynthesis, have been
implicated in coordinating the plant response to Pi
limitation at both physiological and molecular levels
(Liu et al., 2005; Miiller et al., 2007; Tesfaye et al., 2007;
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Hammond and White, 2008; Zhou et al., 2008; Lei et al.,
2011). Our results have shown that photosynthate
deprivation by darkening leaves affects the expression
of both GPX-PDE1 and GPX-PDE2 but in an opposite
fashion. These results confirm reports of Liu et al.
(2005, 2010a) and Miiller et al. (2007) showing that
many Pi deficiency-induced genes in white lupin
cluster roots and Arabidopsis require sugars and
photosynthate for expression. Surprisingly, however,
darkening of Pi-deficient plants greatly enhanced
GPX-PDE? transcript expression in both cluster roots
and leaves. There are few, if any, reports demonstrat-
ing that removal of photosynthetic capacity stimulates
Pi deficiency-induced genes. However, Miiller et al.
(2007) noted that in leaves, At5g41080, an ortholog of
white lupin GPX-PDE2, displayed an interaction be-
tween Pi and Suc. In addition, Lei et al. (2011), utiliz-
ing the Arabidopsis sucrose transporter2 mutant, have
shown that Suc and Pi deficiency interaction can affect
the expression of numerous Pi response genes either
cooperatively or antagonistically. Also noteworthy is
that the consumption of substrates for GPX-PDE, such
as GPC and GPI show an initial increase followed by a
decrease in sycamore cells subjected to Suc starvation
(Roby et al., 1987; Aubert et al., 1996). Further support
for carbon starvation in the regulation of GPX-PDE
expression is gleaned from studies of the ugp operon in
microbial species (Kasahara et al., 1991; Su et al., 1991;
Santos-Beneit et al., 2009). Interestingly, the promoter
of lupin GPX-PDE? contains four random repeats of
the TATCCA element that has been shown to be an
important component of the sugar starvation complex
in rice (Lu et al., 2002). The TATCCA element binds
with three MYB transcription factors (OsMYBSI,
OsMYBS2, and OsMYBS3) that regulate carbon star-
vation-induced genes. In our white lupin Pi-induced
cluster root cDNA library, we have found ESTs having
high similarity (91%) to the OsMYBSs. Although we
have not mutated the TATCCA elements, we postulate
that this element may participate in the carbon star-
vation induction of GPX-PDE?2.

Suppression of GPX-PDE Transcripts Impairs Root
Hair Formation

Gahoonia and Nielsen (1998) report that greater
than 60% of Pi may be acquired by root hairs, and their
density becomes greater under Pi-deficient conditions
(Bates and Lynch, 1996; Ma et al., 2001). Root hairs are
highly abundant in mature cluster roots under Pi
stress (Gardner et al., 1983; Dinkelaker et al., 1989;
Watt and Evans, 1999). The fact that the two lupin
GPX-PDE promoter:GUS reporter genes drive high
expression in root epidermal and root hair cells sug-
gests that the genes may have a role in root hair
function. In addition, impaired root hair development
and growth in white lupin GPX-PDE1 and GPX-PDE?2
RNAi knockdown roots provides strong support to the
interpretation that these genes play a role in root hair
biology. We evaluated the phenotype of Arabidopsis

1141



Cheng et al.

mutants corresponding to GPX-PDE1 and GPX-PDE?2
but did not detect a phenotype. This is probably due to
the fact that Arabidopsis has multiple paralogs of
GPX-PDEs (Cheng et al., 2011). In Arabidopsis, the
type B GPX-PDE-like shv3 mutant displays shorter
root hairs (Jones et al., 2006; Hayashi et al., 2008). SHV3
encodes a protein consisting of two tandemly repeated
GPX-PDE domains and a GPI anchor (Hayashi et al.,
2008), but the authors did not find GPX-PDE enzyme
activity. SHV3:reporter gene activity occurred in root
hairs coinciding with root hair initiation. GUS activity
was also high in the vascular bundle of roots. Mutants
in at least four other genes unrelated to GPX-PDEs but
involved in phospholipid signaling have impaired
root hair development (Ohashi et al.,, 2003; Bohme
et al., 2004; Kusano et al., 2008; Thole et al., 2008).
Overexpression of the transcription factor GLABRA2
promotes ectopic root hair initiation by activating
the expression of the PHOSPHOLIPASE D{1 gene
(PLD{1), which in turn modulates phospholipid sig-
naling (Ohashi et al., 2003). Suppression of AtPLD{1
results in abnormal root hair development. Mutation of
Arabidopsis phosphatidylinositol phosphate-5-kinase
(PIP5K3) blocks the synthesis of phosphatidylinositol
4,5-bisphosphate, which functions as a site-specific
signal to promote cytoskeleton reorganization and
membrane trafficking. T-DNA insertions in PIP5K3
resulted in very short root hairs, while overexpression
of the gene caused longer and multiple root hairs on
a single trichoblast (Kusano et al., 2008; Stenzel et al.,
2008). The ROOT HAIR DEFECTIVE4 (RHD4) gene
encodes a phosphatidylinositol-4-phosphate phos-
phatase (PIPP) enzyme. Mutations in PIPP (rhd4-1)
accumulate high amounts of phosphatidylinositol-4-
phosphate, resulting in fewer and much shorter root
hairs (Thole et al., 2008). Moreover, the Arabidopsis
COWI1 gene, which encodes a phosphatidylinositol
transfer protein, is essential for root hair tip growth
(Bohme et al., 2004). Interestingly, knockout mutants of
an Arabidopsis PLD, had reduced root growth but
when overexpressed increased root and root hair
growth (Hong et al., 2009). Thus, several Arabidopsis
phospholipid mutants demonstrate a critical role for
phospholipids in root and root hair development. Our
data for white lupin GPX-PDEs extend this under-
standing by showing that GPX-PDE1 and GPX-PDE2
or a product of their reaction also appear to be in-
volved in root hair growth and development.

Potential Role of White Lupin GPX-PDEs in
Phospholipid Ester Metabolism and Pi Recycling

It is well established that under Pi stress, plant
membrane synthesis is redirected toward the produc-
tion of galactolipids/sulfolipids to stabilize membranes
as phospholipids are degraded for Pirecycling (Yuetal,,
2002; Andersson et al., 2003; Hammond et al.,, 2004;
Misson et al., 2005; Morcuende et al., 2007; Calderon-
Vazquez et al, 2008). The degradation pathway for
phosphatidylcholine (PC) in Pi-deficient plants is fairly
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well characterized (Fig. 8). PC can be degraded directly
to diacylglycerol (DAG) by nonspecific phospholipase C
(Andersson et al., 2005; Nakamura et al., 2005; Gaude
et al., 2008). Alternatively, PC may be degraded by
phospholipase D (PLD{1/PLD{2) to phosphatidic acid,
a signal-transducing compound (Hong et al., 2010),
followed by cleavage to DAG by phosphatidic acid
phosphohydrolyase (Cruz-Ramirez et al., 2006; Li et al.,
2006; Nakamura et al., 2009; Eastmond et al., 2010). The
galactolipid precursors monogalactosyl/digalactosyl
diacylglycerol are synthesized from the condensation
of UDP-Gal and DAG by monogalactosyl and digalac-
tosyl diacylglycerol synthase (Shimojima et al., 1997;
Kelly and Dérmann 2002; Moellering and Benning,
2011). By comparison, the sulfolipid precursors are
synthesized through the formation of UDP-sulfoquino-
vose and subsequent condensation with DAG through
the action of UDP-sulfoquinovose synthase and sulfo-
quinovosyl transferase (Yu et al., 2002; Andersson et al.,
2003, 2005). Most of the genes involved with PC deg-
radation and galactolipid /sulfolipid precursor synthe-
sis have been shown to be expressed in several plant
species subjected to Pi stress (Yu et al., 2002; Andersson
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Figure 8. A novel pathway for the degradation of phospholipids and Pi
recycling via a GPX-PDE-mediated pathway during phosphate limita-
tion. Under Pi limitation, plant phospholipids (PC and PI) decrease. The
degradation of PC mediated by either nonspecific phospholipase C
(NPC4 and NPC5) or phospholipase D (PLD{1 and PLD{2) with the
subsequent release of Pi is well documented (pathway in box). We
propose an alternative phospholipid degradation and Pi recycling
pathway that catabolizes PC and Pl. PC and PI are deacylated into
GPC and GPI by Pi deficiency-induced phospholipase A, (PLA2) and
lysophospholipase. GPC and GPI are further hydrolyzed by Pi defi-
ciency-induced GPX-PDET and GPX-PDE2 to glycerol-3-phosphate
(G3P) and choline (Chol) or inositol (Ins). G3P is subsequently cata-
lyzed by Pi deficiency-induced acid phosphatase (AP) to release Pi and
glycerol. DGDG, Digalactosyldiacylglycerol; DGD, DGDG synthase;
FA, fatty acid; LysoPtdC, lysophosphatidylcholine; LysoPtdIns, lyso-
phosphatidylinositol; MGDG, monogalactosyldiacylglycerol; MGD,
MGDG synthase; PA, phosphatidic acid; PChol, phosphocholine.
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et al., 2003, 2005; Nakamura et al., 2005; Hong et al,,
2010; Moellering and Benning, 2011).

In currently proposed models, GPX-PDEs do not play
a direct role in Pi deficiency-induced phospholipid
degradation with subsequent synthesis of galactolipid/
sulfolipid precursors (Gaude et al., 2008; Cheng et al.,
2011). However, high expression of GPX-PDEs occurs
during Pi deficiency not only in white lupin but also in
Arabidopsis (Misson et al., 2005; Morcuende et al., 2007;
Cheng et al., 2011), maize (Calderon-Vazquez et al.,
2008), oat (Andersson et al., 2005), and potato (Solanum
tuberosum; Hammond et al., 2009). Van der Rest et al.
(2004) and Cheng et al. (2011) demonstrated that GPX-
PDEs have enhanced expression under Pi deficiency.
They proposed a role for GPX-PDE in hydrolyzing
deacylated phospholipids to release Pi. We have built
upon the findings above to show that Pi stress-induced
cluster roots of white lupin have separate unique GPX-
PDE:s that can cleave GPC and GPI. Degradation of GPC
and GPI can provide a source of choline, inositol, and
recycled Pi during Pi stress. While the role of GPX-PDEs
in the degradation of phosphatidylinositol (PI) and PC
needs further clarification, we propose an alternative
pathway for Pi deficiency degradation of PI and PC
through a phospholipase A2/lysophospholipase/GPX-
PDE pathway to release inositol, choline, and Pi (Fig. 8).
This pathway could provide a novel route to provide
inositol phosphates as well as jasmonates for signaling
(Drissner et al., 2007). We recently initiated a next-
generation sequencing project and obtained 100 million
72-bp reads from Pi-stressed cluster roots and leaves (S.
Yang and C.P. Vance, unpublished data). It is notewor-
thy that we have found several Pi stress-induced tran-
scripts involved in this proposed alternative pathway to
be up-regulated in Pi-stressed cluster roots, including
(1) phospholipase A2, which can cleave PI and PC to
lysophosphatidylcholine /lysophosphatidylinositol and
fatty acids, which in turn may be precursors for oxylipin
molecules (Wang, 2004; Drissner et al., 2007); (2) lipoxy-
genase 2/3 and allene oxide synthase, the first steps
in jasmonate synthesis; (3) lysophospholipases, which
degrade lysophosphatidylcholine/lysophosphatidyl-
inositol to GPC and GPL; and (4) phosphatidylinositol-
4-phosphate-5'-kinase and phosphatidylinositol phosphate
synthase, key steps in inositol phosphate synthesis.
Our data suggest that the GPX-PDE pathway for PI
and PC degradation to choline and inositol is induced
during Pi stress (Fig. 8). Because inositol phosphates
and jasmonate can serve as signal transducers (Berridge,
1993; DeWald et al., 2001; Wang, 2004; Kusano et al., 2008;
Perera et al., 2008; Thole et al., 2008; Gfeller et al., 2010), we
question whether an alternative pathway for phospho-
lipid metabolism involving GPX-PDEs may play a role in
Pi stress signal transduction and Pi recycling.

MATERIALS AND METHODS

Plant Material and Growth Conditions

White lupin (Lupinus albus var Ultra) was grown in a growth chamber at
20°C/15°C under a 16-h photoperiod (300 sumol photons m ?s™") as described
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by Gilbert et al. (2000). The Pi-sufficient and Pi-deficient solutions contained
1 mm Ca(H,PO,), and 1 mm CaSO,, respectively. Plants were harvested at 14 d
after emergence. P concentrations in plant tissues were measured using ARL
3560 inductively coupled plasma-atomic emission spectroscopy. To determine
the effects of Pi and Phi addition, —Pi plants at 14 d after emergence were
treated with 0.5 mm Ca(H,PO,), or 1 mm Phi. Plants were harvested at 1, 4, 6,
and 24 h. Phi was prepared by neutralizing a 100 mm solution of phosphonic
acid with KOH as described previously (Carswell et al., 1996).

Quantitative Real-Time PCR, RT-PCR, and RNA
Gel-Blot Analysis

Total RNA was isolated and treated with DNase I, and cDNA was
synthesized to perform quantitative real-time RT-PCR using the SYBR Green
(QuantiFast SYBR Green PCR kit; Qiagen) method in the StepOne Plus system
(Applied Biosystems) with the appropriate primers (Supplemental Table S2).
Relative quantitative results were calculated by normalization to the lupin
tubulin gene. At least three biological replicates were performed per condi-
tion. Genomic contamination of cDNA was tested by the amplification of GPX-
PDE2 using primers spanning intron 6 (274 bp), and no additional product
was observed. RT-PCR analysis was performed on cDNA samples synthe-
sized as described for real-time PCR with the appropriate primers (Supple-
mental Table S2). The lupin tubulin gene was used as a quantitative control.

For RNA gel-blot analysis, 20 ug of RNA was electrophoretically separated
on a denaturing formaldehyde agarose gel, and the resulting blots were
hybridized overnight with [a-*P]dCTP-labeled DNA probes and washed
under high-stringency conditions using the formamide protocol according to
the manufacturer’s instructions. The lupin ubiquitin gene was used as a
quantitative control.

Screening of Lupin Genomic Libraries

A partial genomic library of white lupin constructed in the DASH II vector
was made to isolate GPX-PDE clones as described previously (Liu et al., 2001).
The cDNA insert representing specific GPX-PDE1 and GPX-PDE2 proteins
was labeled and hybridized to plaque lifts. Single plaques were purified, and
the inserts were subcloned into pBluescript SK— vector (Stratagene) for
restriction mapping and sequencing.

Plant Protein Extraction

Lupin cluster roots were homogenized with 50 mm Tris (pH 8.0) containing
250 mm Suc, 3 mM dithiothreitol, and 1 mm phenylmethylsulfonyl fluoride
(extraction buffer). The majority of the cell debris was filtered out from the
soluble fraction by gentle vacuum filtration through two layers of Miracloth,
then the filtrate was further clarified by centrifugation (15,000g, 20 min, 4°C).
Soluble proteins were fractionated by (NH,),SO, precipitation, and the 25% to
75% fraction pellet was resuspended in 2.5 mL of extraction buffer and then
desalted by elution through a PD-10 column (Pharmacia). Root debris from
filtration through the Miracloth was combined with the pellet from the first
centrifugation and extracted with 200 mm CaCl, for 3 to 4 h at 4°C with stirring to
elute salt-extractable cell wall-associated proteins using a protocol adapted from
Van der Rest et al. (2004). Suspended debris was centrifuged at 15,0008 for 20
min at 4°C. Following centrifugation, the supernatant was concentrated in a
Macrosep 30K centrifugal device (Pall Life Sciences) and desalted by elution
through a PD-10 column (Pharmacia) equilibrated in 50 mwm Tris, pH 74,
containing 0.5% B-mercaptoethanol, 100 mwm Suc, and 15% glycerol. The protein
extracts were used to perform enzyme assays and protein immunoblot analysis.

Enzyme Assay

GPX-PDE activity was quantitated by a directly enzyme-coupled spectro-
photometric assay measuring the amount of glycerol-3-phosphate generated
by the GPX-PDE reaction adapted from Larson et al. (1983). The assay mixture
contained 0.5 M hydrazine-Gly buffer (pH 9.0), 1 mm NAD, 5 units of glycerol-
3-phosphate dehydrogenase, either 10 mm CaCl, or MgCl,, 0.5 mm substrate
(glycerophosphocholine or glycerophosphorylinositol), and 75 to 100 uL (235—
360 ug) of 25% to 75% root extract, 150 uL (45-80 ug) of cell wall extract, or 25
L (5-8 ug for GPX-PDE1 and 17-18 ug for GPX-PDE2) of partially purified
fusion protein in a total volume of 0.5 mL. The rate of NAD reduction was
measured by recording the increase in A, (molar absorbance coefficient of
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6,300 m~' cm™"). Glycerophosphorylinositol was kindly provided by Jana
Patton-Vogt (Department of Biological Sciences, Duquesne University).

Antisera Production and Protein Gel-Blot Analysis

The partial coding sequence without the predicted signal peptide (120 bp
downstream of the translation start) of GPX-PDE1 and the whole coding sequence
of GPX-PDE2 were amplified by PCR using appropriate primers (Supplemental
Table S2) and were subsequently cloned into the pGEX-2T expression vector
(Pharmacia). The constructed pGEX-2T plasmid containing either GPX-PDE1 or
GPX-PDE2 was then transformed into Escherichia coli DH5« to express proteins by
induction with 0.2 mm isopropyl-B-p-thiogalactopyranoside. The DH5a strain
proved to be as good a host as the BL21 strain for this construct, since the pGEX-2T
vector itself encodes the repressor protein and therefore works well in many E. coli
strains. Freshly transformed colonies were used to inoculate liquid cultures for
both proteins and grown at 37°C for 7 h followed by induction with isopropyl-8-p-
thiogalactopyranoside and overnight growth at 16°C to 23°C prior to cell harvest.
This lower temperature growth period was necessary for the production of small
amounts of soluble GPX-PDE1, which could not be achieved when growth
continued under induction at 30°C. GPX-PDE2 colonies always produced large
amounts of soluble GPX-PDE2 protein. The resulting GST fusion proteins were
partially purified using Glutathione Sepharose 4B (Pharmacia). Protein concen-
trations were determined using the Bio-Rad protein assay kit. Soluble fusion
proteins of GPX-PDE1 and GPX-PDE2 were used to perform in vitro GPX-PDE
enzyme assays as described for enzyme assay methods. Anti-GPX-PDE1 and anti-
GPX-PDE2 polyclonal antisera were generated by injection of rabbits (New
Zealand White) using purified fusion proteins.

Fractionated proteins prepared as mentioned above were used for immu-
noblot analysis according to Miller et al. (2001). Forty micrograms of protein for
each sample was separated on a 10% SDS-PAGE gel and then electrophoretically
transferred to nitrocellulose for exposure to antiserum. Rabbit anti-GPX-PDE1
(1:60,000 dilution) and anti-GPX-PDE2 (1:15,000 dilution) sera were used as the
primary antibodies, and goat anti-rabbit IgG (H+L) horseradish peroxidase
conjugate (Bio-Rad) at 1:20,000 dilution was used as the secondary antibody.
Blots were developed using the Western Lightning Ultra kit (Perkin-Elmer).

Plasmid Construction

GPX-PDE1 and GPX-PDE2 promoter variants including the full-length
promoters (1,681 and 1,743 bp, respectively) and the promoters with P1BS
mutated were amplified by PCR from corresponding genomic clones with
appropriate primers and cloned into the transformation vector pBI101.2
(Clontech). For construction of a translational GPX-PDE1:EGFP fusion driven
by the GPX-PDE1 promoter, plasmid pBI101.2-EGFP was constructed as
described by Uhde-Stone et al. (2005). The promoter region of 1,681 bp
upstream of the start ATG of GPX-PDE1 and the protein-coding regions of the
GPX-PDE1 gene were amplified from corresponding genomic and cDNA
clones, separately, with the appropriate primers. These two fragments were
further cloned in frame into the pBI101.2-EGFP vector.

To create constructs for RNAi-mediated silencing of GPX-PDE1 and GPX-PDE?2,
fragments corresponding to the coding regions of the GPX-PDE1 and GPX-PDE2
genes were amplified by PCR from cDNA clones using the appropriate primers. The
PCR products were cloned into the pENTR/D-TOPO entry vector following the
manufacturer’s instructions (Invitrogen) and then recombined into the Gateway-
compatible destination vector pPK7GWIWG2 (II)-DsRED to produce the GPX-PDE1
or GPX-PDE2 RNAi construct. The pK7GWIWG2 (II)-DsRED vector with a
fragment of the human myosin gene was used as a control and was kindly provided
by J. Stephen Gantt (Department of Plant Biology, University of Minnesota).

All the resulting constructs were introduced into Agrobacterium rhizogenes
A4TC24 (Quandt et al., 1993) by electroporation and used for white lupin
transformation. All primer sequences used for plasmid construction are listed
in Supplemental Table S2.

Complementation of Yeast Mutants

Both whole coding sequence and partial coding sequence without the
predicted signal peptide (132 bp after the transcription start) of GPX-PDE1
and the whole coding sequence of GPX-PDE2 were amplified from corre-
sponding cDNA clones by PCR using the appropriate primers (Supplemental
Table S2) and were subsequently cloned into the yeast expression vector
pCu416CUP1 (Labbé and Thiele, 1999). Wild-type yeast (strain JPV203) and a
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gdelA deletion mutant (JPV125) were then transformed with these plasmids
using a standard lithium acetate-based technique. A gdelA mutant strain was
transformed to uracil prototrophy with the indicated plasmids. Transformants
and wild-type cells were grown in low-Pi medium overnight. For the growth
of all strains containing plasmids, the medium also lacked uracil. Overnight
cultures were used to inoculate fresh cultures at Ay, = 0.01 into the following
media, each containing 50 um CuSO, to induce the expression of plasmid-
borne genes under the control of the CUP1 promoter: (1) no-Pi medium; (2)
low-Pi medium; and (3) no-Pi + GPC medium. Cultures were grown at 30°C
on a rotating wheel. Growth was monitored by measuring turbidity at 600 nm
on a Biomate 3 Thermo Spectronic spectrophotometer. The yeast medium
used in this study was synthetic complete medium or -uracil dropout
medium, made as described previously (Patton et al., 1995). Saccharomyces
cerevisige strains used in this study are listed in Supplemental Table S3.

A. rhizogenes-Mediated Transformation of White Lupin
and Medicago truncatula

White lupin (ABC1082) seeds were surface sterilized with 95% ethanol for
10 min followed by rinsing with sterile water. Then, seeds were sterilized with
30% bleach for 10 min and rinsed with sterilized water. Seeds were germi-
nated in the dark for 2 d on 0.6% agar plates at room temperature and then
transformed with A. rhizogenes as described previously by Uhde-Stone et al.
(2005) with the following modifications: when emerging radicles reached a
length of approximately 2 cm on the plates, seedlings were transplanted to
prewetted vermiculite and kept in the dark at room temperature for 2 d
followed by 2 d in the dark at 4°C. After the cold treatment, the primary root
tip (approximately 0.5-1 cm) was excised and the cut end was inoculated with
the A4TC24 containing the plasmid of interest. One hour after inoculation,
seedlings were placed in an aeroponic system (EZ Clone Enterprise) filled
with deionized water for the first week and with 1 mm Pi nutrient solution for
the subsequent 1 week. Plants were then supplied with either 0 mm Pi (—P) or
1 mwm Pi (+P) and were harvested 3 to 4 weeks later. M. truncatula A17 ENOD11
(A17 containing a Progyop;-GUS construct; Journet et al., 2001) seeds were
used for the transformation of GFP reporter constructs.

Microscopy

Localization of GPX-PDE1:GFP in transgenic roots was performed using a
Nikon D-eclipse Clsi laser scanning confocal microscope. GFP unmixing from
autofluorescence was performed using the Clontech spectra for eGFP. ER-
Tracker Red (587/615 nm) stain was used at a 1 um working solution (Cole
et al., 2000). Tissue was stained for 30 to 60 min. Nicotiana benthamiana leaf
epidermal cells were cotransformed with 35S:GPX-PDE1:GFP and an ER-
targeted marker protein, 355:HDEL:RFP (Ticconi et al., 2009). The Agrobacte-
rium tumefaciens strains (EHA105) carrying p19, GPX-PDE1:GFP, and HDEL:
RFP were coinfiltrated into the abaxial surface of fully expanded N. benthami-
ana leaves (Liu et al., 2010b). Equal volumes of p19 and GPX-PDE1:GFP were
combined with HDEL:RFP suspension (5:1, v/v) prior to infiltration. All
subsequent light microscopy used a Nikon SMZ800 stereoscope and a Nikon
Labophot light microscope attached to a Nikon DXM1200 digital camera. GUS
activity (Jefferson, 1989) measurements were performed as described by
Uhde-Stone et al. (2005).

Phylogenetic Analysis

Amino acid sequences of GPX-PDEs were retrieved from public databases.
Accession numbers for protein sequences used for alignment are listed below.
Sequences were aligned using ClustalX (Thompson et al., 1997), and the
phylogenetic analysis was performed with the MEGA4 package developed by
Tamura et al. (2007) using the neighbor-joining method (Saitou and Nei, 1987)
with 1,000 trials to obtain bootstrap values. The evolutionary distances were
computed using the Poisson correction method (Zuckerkandl and Pauling,
1965). All positions containing gaps and missing data were eliminated from
the data set. The alignment used for the phylogenetic analysis is available as
Supplemental Data Set S1.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: Lupinus albus GPX-PDE1
(GU647221 and GU647223) and GPX-PDE2 (GU647222 and GU647224); Esche-
richia coli glpQ (NP_754666) and ugpQ (YP_002331155); Homo sapiens GDE1/
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Mirl6 (NP_057725); and Thermoanaerobacter tengcongensis TtGDPD (2PZ0B).
Sequences used in the analysis of GPX-PDE homology among various plant
species (Supplemental Fig. S2) can be found in Phytozome (http://www.
phytozome.net/). The accession numbers of GPX-PDEs used in the phylogeny
are as follows: Streptomyces coelicolor Stc_glpQ1 (NP_733538) and Stc_glpQ2
(NP_626231); Homo sapiens Hs_GDE1/Mirl6 (NP_057725); Gallus gallus
Gg_GDE2 (AAX89036); Mus musculus Mm_GDE3 (NP_076097); Escherichia coli
Ec_glpQ (NP_754666) and Ec_ugpQ (YP_002331155); Saccharonyces cerevisiae
Sc_GDE1 (NP_015215) and Sc_PGC1 (NP_015118); Arabidopsis thaliana At4g26690
(NP_567755), At5g55480 (NP_200359), At1g66970 (NP_176869), At3g20520
(NP_188688), At5g58170 (NP_200613), At5g58050 (NP_200625), At1g66980
(NP_176870), Atlg74210 (NP_177561), At5g08030 (NP_196420), At5g41080
(NP_198924), At3g02040 (NP_566159), At5g43300 (NP_199144), and
At1g71340 (NP_177290); Glycine max Gm17g08680 and Gm19g27060; Oryza
sativa Os03g40670 and Os02g31030; and Sorghum bicolor Sb04g021010 and
Sb03g035370.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Alignment of the conserved catalytic domain of
white lupin GPX-PDEs with the orthologs of various species, and the
amino acid identities of the corresponding plant orthologs.

Supplemental Figure S2. Analysis of deduced amino acid sequences of
GPX-PDE1 and GPX-PDE2.

Supplemental Figure S3. Gene structures and 5’ upstream cis-element
analysis of GPX-PDE1 and GPX-PDE2.

Supplemental Figure S4. Immunological detection of GPX-PDE1 and
GPX-PDE2 in cluster roots of white lupin grown under Pi-sufficient and
Pi-deficient conditions.

Supplemental Figure S5. Cluster root development in white lupin grown
under Pi-deficient conditions.

Supplemental Figure S6. GUS reporter gene activity driven by the P1BS-
mutated promoter of GPX-PDE1 or GPX-PDE?2 in Pi-deficient and Pi-
sufficient cluster roots of white lupin.

Supplemental Table S1. In vitro enzyme activity for recombinantly
produced GPX-PDE1 and GPX-PDE2.

Supplemental Table S2. Oligonucleotides used in this study.
Supplemental Table S3. Yeast strains used in this study.

Supplemental Data Set S1. Text file of the alignment used for the
phylogenetic analysis in Figure 1.
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