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Phloem loading is a critical process in plant physiology. The potential of regulating the translocation of photoassimilates from
source to sink tissues represents an opportunity to increase crop yield. Pyrophosphate homeostasis is crucial for normal phloem
function in apoplasmic loaders. The involvement of Arabidopsis (Arabidopsis thaliana) type I proton-pumping pyrophosphatase
(AVP1) in phloem loading was analyzed at genetic, histochemical, and physiological levels. A transcriptional AVP1 promoter::
GUS fusion revealed phloem activity in source leaves. Ubiquitous AVP1 overexpression (355::AVP1 cassette) enhanced shoot
biomass, photoassimilate production and transport, rhizosphere acidification, and expression of sugar-induced root ion transporter
genes (POTASSIUM TRANSPORTER?2 [KUP2], NITRATE TRANSPORTER2.1 [NRT2.1], NRT2.4, and PHOSPHATE TRANSPORTER1.4
[PHT1.4]). Phloem-specific AVP1 overexpression (Commelina Yellow Mottle Virus promoter [pCOYMV]::AVPI) elicited similar
phenotypes. By contrast, phloem-specific AVP1 knockdown (pCoYMV::,,;AVPI) resulted in stunted seedlings in sucrose-deprived
medium. We also present a promoter mutant avp1-2 (SALK046492) with a 70% reduction of expression that did not show severe
growth impairment. Interestingly, AVP1 protein in this mutant is prominent in the phloem. Moreover, expression of an Escherichia coli-
soluble pyrophosphatase in the phloem (pCoYMV::pyrophosphatase) of avp1-2 plants resulted in severe dwarf phenotype and abnormal
leaf morphology. We conclude that the Proton-Pumping Pyrophosphatase AVP1 localized at the plasma membrane of the sieve
element-companion cell complexes functions as a synthase, and that this activity is critical for the maintenance of pyrophosphate
homeostasis required for phloem function.

The partitioning of photoassimilates between their sites
of production and their sites of utilization in harvestable
regions is a major determinant of crop yield (Giaquinta
et al., 1983; Braun et al., 2014; Ruan, 2014), and the
potential of regulating this translocation promises sub-
stantial opportunities for yield increases. Photosynthates
produced in mature, fully developed source leaves are
distributed by the phloem to support growth and de-
velopment of sinks. The phloem in fully developed
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source leaves collects photosynthates from the mesophyll
and initiates a mass flow of reduced carbon within the
phloem sieve elements (Rennie and Turgeon, 2009).
Phloem loading of Suc into the sieve element-companion
cell (SE-CC) complex of plants that load from the apo-
plasm requires the active uptake of Suc from the ex-
tracellular space by Suc/proton symporters (Giaquinta
et al., 1983; Gottwald et al., 2000; Ayre, 2011). This
process is energized by the proton motive force (PMF)
established by plasma membrane (PM) P-type H*-
adenosine triphosphatases (ATPases). To generate the
required ATP, a portion of the loaded Suc is oxidized
in companion cells. Particularly, in these cells, Suc
oxidation through the pyrophosphate (PP,)-dependent
Suc Synthase pathway is essential (Ruan, 2014), but
how this PP, supply is maintained remains obscure.
The first indication for this PP, dependency in com-
panion cells came from the ectopic expression of the
Escherichia coli soluble pyrophosphatase (ppa) driven
by the cauliflower mosaic virus (CaMV) 355 promoter
in tobacco (Nicotiana tabacum) and potato (Solanum
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tuberosum) plants (Jelitto et al., 1992; Sonnewald, 1992).
These plants showed increased levels of soluble sugars
in source leaves, but this enhanced sugar content did
not result in higher shoot and root biomass (Jelitto et al.,
1992). On the contrary, 35S:ppa tobacco and potato
plants showed stunted growth, reduced root formation,
and early necrosis in mature leaves. It was, thus, sug-
gested that the stunted growth observed in these plants
resulted from the removal of PP, in the phloem and a
block to Suc oxidation (Jelitto et al., 1992; Sonnewald,
1992). Lerchl et al. (1995) confirmed this hypothesis by
the phloem-specific expression of the E. coli ppa in
tobacco and showed that removal of cytosolic PP; from
companion cells triggered the same phenotype observed
in the 35S:ppa plants. Of note, Lerchl et al. (1995) showed
that phloem-specific expression of a yeast (Saccharomyces
cerevisiae) invertase restored wild-type phenotypes by
allowing Suc to enter glycolysis through a Suc synthase-
and PP-independent pathway, emphasizing the relevance
of PP, in phloem loading.

Type I Proton-Pumping Pyrophosphatases (H"-PPases)
are transmembrane proteins participating in control of
PP, homeostasis. In plants, these were originally described
as PP-driven vacuolar proton pumps that contribute to
the PMF across the tonoplast (Rea et al., 1992). However,
in vivo data obtained with the H'-PPase from the
proteobacterium Rhodospirillum rubrum were consistent
with the capacity of this enzyme to play two distinct
roles depending on location and conditions. It can act
as an intracellular H* pump in the acidocalcisomes
(Seufferheld et al., 2004) or a PP; synthase in the chro-
matophore membranes during illumination (Baltscheffsky
et al., 1966). Bacterial H'-PPases share significant ho-
mology with their plant counterparts (Seufferheld et al.,
2011). Furthermore, Rocha Facanha and de Meis (1998)
presented in vitro evidence with tonoplast fractions of
maize (Zea mays) coleoptiles and seeds consistent with
the PP, synthase function of the H'-PPase. Rocha Facanha
and de Meis (1998) suggested that, given the appropriate
thermodynamic conditions in vivo, the H'-PPase could
operate as a system of energy conservation with a role in
the maintenance of cytosolic PP, levels. Additional
data confirming the reversibility of the pump came from
experiments in vacuoles from oranges (Citrus sinensis;
Marsh et al., 2000).

Interestingly, double-labeling immunolocalizations
showed the H'-PPase and the well-characterized P-type
H"-ATPase in proximity at the PM of companion cells
in Ricinus communis (Langhans et al., 2001). Langhans
et al. (2001) suggested that both H" pumps generate
the PMF to maintain high Suc, K¥, and amino acid
concentrations in the phloem. Coimmunogold labeling
studies also showed that Arabidopsis (Arabidopsis thaliana)
type I proton-pumping pyrophosphatase (AVP1) is lo-
calized at the PM of SE-CC complexes (Paez-Valencia
et al., 2011). However, the proposition that H*-PPases
contribute to the PMF across the PM in the phloem
was challenged on thermodynamic grounds, because
the free energy of hydrolysis of PP; is lower than that
of ATP and insufficient to drive a proton out against
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the prevailing electrochemical gradient at this interface
(Davies, 1997).

Initial studies found that overexpression of AVPI in
Arabidopsis resulted in enhanced salt tolerance and
drought resistance (Gaxiola et al., 2001). The salt-tolerant
phenotype was explained by an increased capacity of
Na* uptake into vacuoles, and the drought-resistance
phenotype was attributed to an enhanced vacuolar
osmoregulatory capacity (Gaxiola et al., 2001, 2002).
Moreover, a study on the variation of salinity tolerance
in Arabidopsis ecotypes reported a positive relation-
ship between salt tolerance and AVPI expression (Jha
et al., 2010). In the last decade, overexpression of genes
encoding H'-PPases was successful in increasing salt
and drought resistance in 14 different crops (e.g. alfalfa
[Medicago sativa], barley [Hordeum vulgare], cotton
[Gossypium hirsutum], maize, and rice [Oryza sativa]
among others; Bao et al., 2008; Li et al., 2008; Pasapula
et al., 2011; Schilling et al., 2014; Yang et al., 2014; R.A.
Gaxiola, G.A. Pizzio, and K. Regmi, unpublished data).
In addition to salt and drought tolerance, increased
shoot and root biomass and yield, enhanced root
acidification, and improved nutrient use efficiencies
were also reported (Yang et al., 2007, 2014; Lv et al,,
2008; Pasapula et al., 2011; Pei et al., 2012; Arif et al,,
2013; Paez-Valencia et al., 2013; Li et al., 2014; Schilling
et al.,, 2014; Wang et al., 2014). These phenotypes are
not well explained by the traditional model of type I
H'-PPases operating solely on the vacuole to energize
the tonoplast (Martinoia et al., 2007).

Given the localization of H'-PPases at the PM of SE-CC
complexes (Langhans et al., 2001; Paez-Valencia et al.,
2011), the reversibility of the plant enzyme (Rocha
Facanha and de Meis, 1998; Marsh et al., 2000), the
thermodynamic constraints of PP; hydrolysis coupled
to proton transport (Davies, 1997), and the key role of
PP; in companion cells (Lerchl et al., 1995), a model
was recently proposed (Gaxiola et al., 2012), in which
the PM-localized H*-PPase can function as a synthase
in the phloem to maintain PP; homeostasis for the Suc
oxidation and ATP production required for the gener-
ation of the PMF through PM H'-ATPase activity. As a
corollary, increased PP, synthase activity in companion
cells would augment phloem loading and long-distance
transport in transgenic plants by indirectly energizing
the SE-CC complex of source leaves.

In this work, we performed genetic, histochemical,
and physiological experiments to test the above model.
An AVP1 promoter B-glucuronidase (uidA; encoding GUS)
chimera showed conspicuous phloem activity. Ubiqui-
tous and phloem-specific AVP1 overexpression enhanced
shoot biomass and photoassimilate production and
transport. In addition, phloem-specific AVP1 knock-
down resulted in stunted growth in both shoot and
roots. A promoter mutant, avpl-2, with a significant re-
duction of AVP1 expression did not show severe growth
impairment. Phloem expression of a soluble ppa in avpl-2
plants resulted in severe dwarf phenotype. We conclude
that AVP1 and PP, homeostasis are essential to support
phloem function and growth in Arabidopsis.
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RESULTS

A 1.7-kb AVP1 Promoter GUS Reporter Reveals Vascular
Expression in Columbia-0 Arabidopsis Seedlings and
Adult Plants

In situ hybridization showed that the AVPI gene is
transcribed in Columbia-0 (Col-0) Arabidopsis seedlings
in all shoot meristems as well as the endodermal/
pericycle ring of mature roots, developing leaves, se-
pals, petals, stamens, and carpels (Li et al., 2005). Here,
we used transgenic plants carrying the 1.7-kb AVP1
promoter (Yang et al., 2007) fused to the open reading
frame (ORF) encoding GUS (p1.7AVP1::GUS) to moni-
tor the spatiotemporal activity of the promoter in whole
Col-0 Arabidopsis seedlings and adult plants. At the
seedling stage, GUS activity is observed in shoot and
root apical meristems, leaf primordia, cotyledons, and
leaves (Fig. 1; Supplemental Fig. S1). GUS activity is
also observed in source leaves and the source domain of
leaves undergoing the sink-to-source transition. A strong
GUS activity is evident in the vasculature of leaves, roots,
and reproductive tissues (Fig. 1; Supplemental Fig. S1).

In adult soil-grown plants, there is preferential GUS
activity in source leaves and the leaf and flower pri-
mordia (Fig. 2A; Supplemental Fig. S1A). The expression
patterns showed GUS activity in mesophyll cells (Fig. 2,
D and H) and a very conspicuous activity in the phloem
tissue of leaf vascular bundles (Fig. 2). Immunogold
localization studies showed evidence consistent with
colocalization of the AVP1 and the bona fide PM marker
plasma membrane intrinsic proteinl (PIP1) in Arabidopsis
companion cell complexes (Paez-Valencia et al., 2011).

Physiological Parameters Consistent with Enhanced
Photosynthate Production and Transport in AVP1-1 Plants

AVPI-1 is a previously published Col-0 line over-
expressing AVP1 from the CaMV 35S promoter. AVP1-1
plants show increased shoot and root growth, drought
tolerance, and nutrient use efficiency (Gaxiola et al., 2001;
Yang et al., 2007). Both enhanced root growth in AVP1-1
plants and the phloem-specific localization of AVP1
(Figs. 1 and 2) suggest a potential role in phloem loading.
Col-0 and AVPI-1 seedlings were photosynthetically
labeled with “CO,, and "*C was monitored by autoradio-
graphy. As shown in Figure 3A, roots of AVPI-1 plants
show about a 2-fold increase in **C labeling. In addition,
the roots of AVPI-1 seedlings released around 40% (P =
0.01) and 89% (P = 0.05) more protons than Col-0 during
day and night hours, respectively, suggesting better sugar
metabolism and ATP production in the AVP1-1 roots
(Fig. 3B). These data suggest that the up-regulation of
AVP1 is favoring the transport of reduced carbon from
source to root.

Another phenotype associated with AVPI over-
expression in Arabidopsis is an enhanced capacity for
nutrient uptake (Yang et al., 2007; Undurraga et al., 2012).
Regulation of the root K¥, NO,~, and inorganic phosphate
transporter genes coordinates with photosynthesis and
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Figure 1. GUS staining patterns of an AVP1 1.7-kb promoter GUS
reporter in Col-0 seedlings. Typical GUS staining of representative
15-d-old seedlings (A; n = 3 seedlings per trial; three independent trials)
and details of cotyledon (B and C), source leaves (D and E), sink-to-
source transition leaves (F), sink leaf (H), and leaf primordia (G). LP,
Leaf primordia. Gray bars = 0.1 mm; white bars = 0.01 mm.
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Figure 2. GUS staining patterns of an AVPT 1.7-kb promoter GUS re-
porter in Col-0 adult plants. Typical GUS staining of a 50-d-old plant
grown under a 12-h/12-h day-night regimen. Bottom (A) and top (B)
views. C, Transversal section (dotted line in A) of a representative source
leaf from an adult plant (n = 6 leaves; from two independent plants). D to
G, Details from C. H, Longitudinal section of a midvein. Ph, Phloem; Xy,
xylem. Black bars = 1 c¢cm; gray bars = 0.1 mm; white bars = 0.01 mm.

the carbon status of the plant (Lejay et al., 2008). We
monitored AVPI-1 and Col-0 plants for expression of
four root ion transporters whose sugar induction has
been extensively documented (Lejay et al., 2008). The
expression levels of the four ion transporter genes
tested, POTASSIUM TRANSPORTER2 (KUP2; Arabi-
dopsis Potassium transporter2 [AtKT2] and AT2G40540),
NITRATE TRANSPORTER?2.1 (NRT2.1; Nitrate trans-
porter2.1 [ACHI] and AT1G08090), NRT2.4 (AT5G60770),
and PHOSPHATE TRANSPORTER1.4 (PHT1.4; Arabi-
dopsis Phosphate transporter2 [AtKT2] and AT2G38940),
were at least 2-fold higher (P < 0.01) in AVPI-1 than Col-0
roots (Fig. 3C). To further assess the potential role of
AVP1 in phloem loading and transport, we evaluated
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seed production capacity. Seed yields from plants grown
for 70 d under a 12-h/12-h day-night regimen showed
that AVPI-1 plants produced about 20% (P = 0.05) more
seeds than Col-0 (Fig. 3D). These data are consistent with
both the enhanced nutrient uptake capacity and a higher
availability of reduced carbon in AVPI-1 sinks.

The augmented biomass characteristic of these AVPI-1
plants also suggests an enhanced carbon fixation capacity,
and given that the amount of starch is directly correlated
with the biomass of a plant (Sulpice et al., 2009), we
documented the capacity of Col-0 and AVP1-1 plants to
accumulate starch during the day and mobilize it in the
night. As expected, AVPI-1 plants accumulated visibly
more starch than Col-0 at the end of the day, and both
mobilized most of it during the night period (Fig. 3E).

Both Ubiquitous and Phloem-Specific Up-Regulation of
AVP1 Enhance Shoot Biomass in Col-0

To further document the role of AVP1 in phloem of
Arabidopsis, we generated transgenic plants carrying
either a p355::AVP1 cassette for ubiquitous expression
(Benfey and Chua, 1990) or a Commelina Yellow Mottle
Virus promoter (pCOYMV)::AVP1 cassette for phloem-
specific expression (Fig. 4A). The pCoYMV promoter is
from Commelina Yellow Mottle Virus and known to con-
fer strong companion cell-specific expression (Medberry
et al., 1992; Matsuda et al., 2002). It is also up-regulated
by Suc, whereas another companion cell-specific pro-
moter, Arabidopsis SUCROSE-PROTON SYMPORTER2
(pAtSUC2), is repressed by Suc (Dasgupta et al., 2014).
As expected, the AVP1 mRNA expression levels in these
transgenic lines are higher than in Col-0, and individual
lines with each construct show differences in the AVP1
transcript levels (Fig. 4, B and C). Plant biomass is en-
hanced in all transgenic lines, regardless of the promoter
used (Fig. 4D).

The fact that both phloem-specific and ubiquitous
AVP1 expression enhanced Col-0 shoot biomass further
emphasizes the potential role of this protein in phloem
loading. In keeping with this idea, AVPI-1 transgenic
lines engineered with a phloem-specific AVP1 silencing
cassette (pCoYMV::py4;,AVPI) were unable to grow in
medium lacking Suc (Fig. 5, A and B; Supplemental
Fig. 52). Whereas AVP1 immunohistochemical analysis
of representative seedlings from AVP1-1 showed strong
expression in leaf primordia and vasculature, greatly
reduced vascular staining was observed in three rep-
resentative lines with phloem-specific AVP1 silencing
(Fig. 5C). These data suggest that AVP1 expression in
the phloem is necessary for healthy growth in medium
without exogenous supplemental sugar.

A 244-bp Promoter of the AVP1 Gene Is Sufficient to Direct
Vascular Expression in Arabidopsis

Sequencing of the SALK 046492 line (hereafter called
avpl-2) revealed a transfer DNA (T-DNA) insertion at
the —244 site in the AVPI promoter relative to the ATG

Plant Physiol. Vol. 167, 2015
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Figure 3. Indirect evidence of enhanced
photoassimilate transport from source-to-
sink tissues in AVPI-1 plants. A, "CO,
labeling of plants grown in culture. Left,
Plants before labeling. Right, Autoradio-
gram after 15 min of labeling and 60-m
chase in normal air. Inset, "*C in roots
quantified as arbitrary units per milli-
meter (n > 10 roots measured; P value
for ttest < 1 X 107°; one representative
plate of four trials). B, Protons released
from the roots during day and night
hours by Col-0 (white bars) and AVP1-1
(black bars) plants grown in liquid me-
dium (means = sg; n = 6 pools of 10
plants per line per time of day per trial;
two independent trials). C, Expression of
sugar-induced ion transporter genes (as
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start codon. Interestingly, we found six DNA-binding
One Zinc Finger2 (DOF2) elements in this 244-bp pro-
moter (Fig. 6A; Supplemental Fig. S3). DOF2 transcrip-
tion factors recently emerged as part of the transcriptional
regulatory network acting on the formation and func-
tioning of the vascular tissues (Le Hir and Bellini, 2013).
AVP1 transcript levels in avpl-2 plants were approxi-
mately 70% lower than in Col-0 (Fig. 6B). Congruently,
the protein levels in aup1-2 microsomes and tonoplast
fractions are reduced compared with Col-0. Of note,
AVP1 is barely detectable in the mutant tonoplast frac-
tion (Fig. 6C). Immunohistochemistry on source leaves of
adult avpl-2 plants revealed a distinct AVP1 expression
in the phloem of both mid and minor veins (Fig. 6D).
Furthermore, PM localization of AVP1 in sieve element
companion cell complexes was shown by immunogold
labeling (Fig. 6E). This is significant, because despite
the reduction in AVP1 transcript (approximately 70%)
and protein levels, phloem expression and healthy growth
are retained, whereas phloem-specific silencing with
pCoYMV:ipn4:AVPI resulted in severe stunting (Fig. 5).

Plant Physiol. Vol. 167, 2015

End of night

A comparison of growth and phenology between Col-0
and aup1-2 plants showed that the shoot growth rate of
these mutants is about 30% lower than that of Col-0
(Fig. 6, F and G). Accordingly, the shoot dry weight of
50-d-old soil-grown auvpl-2 plants is about 20% lower
than that of Col-0 (Fig. 6H).

Phloem-Specific Expression of E. coli ppa Reveals a Key
Role of PP, in SE-CC Complexes

The facts that avpl-2 mutants have reduced AVPI
expression and that the protein is predominantly lo-
calized in the phloem further suggest a relevant role of
this protein in this tissue (Fig. 6). Recent work has
shown the PM localization of AVP1 in Col-0 SE-CC
complexes (Paez-Valencia et al., 2011). Because of the
large membrane potential across the PM of the SE-CC
complex, the only thermodynamically feasible role that
this enzyme can have at this interface is the reverse
reaction as a PP, synthase rather than its canonical
forward reaction of a hydrolase (Davies, 1997). To help
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Figure 4. Impact of phloem-specific and constitutive overexpression of
AVP1 cDNA. A, Structure of T-DNA cassettes used to create transgenic
plants expressing AVPT cDNA from the CaMV 35S promoter (with du-
plicated enhancer) in the pMDC32 backbone and the pCoYMV pro-
moter in a pGPTV-bar backbone (details in the text). LB, Left border;
RB, right border. B and C, Fold accumulation of AVP1 cDNA in rosettes
of wild-type, p355:AVP1, and pCoYMV::AVP1 plants standardized
to constitutive and phloem-specific housekeeping genes encoding
GAPDH3 and SUC2, respectively. For each line, n = 3 biological rep-
licates; each was composed of four pooled plants, and qRT-PCR was
conducted with technical duplicates. D, Fresh weight mass of rosettes
from the indicated lines (means = st; n = 6 per line). Significant differ-
ences relative to the wild type (Col-0) are based on Student’s t test.
A second batch of plants grown several months earlier gave similar
cDNA expression and fresh weight values; *, P< 0.05; **, P< 0.01; and
*** P = 0.0001.

resolve the role of AVP1 in the SE-CC complex as a PP;
synthase or a PPase, we tested the impact of over-
expressing a nonreversible PPase activity. We expressed a
well-characterized soluble PPase from E. coli, ppa (Lahti
et al,, 1988), in the phloem of aupl-2 plants. T2 avpl-2
plants engineered with the pCoYMV::ppa phloem-specific
expression cassette (Supplemental Fig. 54) show a dra-
matic growth reduction (Fig. 7A; Supplemental Fig. S5,
D and E). Earlier work showed that PP,-dependent Suc
hydrolysis is required for companion cell energization in
tobacco plants (Lerchl et al., 1995). To monitor the
expression of E. coli ppa in Arabidopsis, we raised
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ppa-specific antibodies (see “Materials and Methods”).
As shown in Figure 7B, these antisera recognized a
specific 25-kD band but did not cross react with any
Col-0 proteins. Phloem expression of ppa from the
pCoYMV promoter was confirmed by coimmunoloc-
alization with the Arabidopsis H"-ATPase (AHA3),
which is recognized as having strong expression in
phloem cells (Fig. 7C; DeWitt et al., 1991).

DISCUSSION

PM localization of AVP1 in SE-CC complexes has been
extensively documented (Long et al., 1995; Ratajczak
et al., 1999; Langhans et al., 2001; Paez-Valencia et al.,
2011). Notably, overexpression of AVP1 and type I

A PCOYMVigyAVPT

AVP1

[k e wos)
. - ———

Figure 5. Phloem-specific AVPT silencing in AVPI-1 plants. A, Ex-
pression cassette with the phloem-specific promoter pCoYMV driving
the expression of u,AVP1. B, AVPT-T and pCoYMV::py ,AVPT T2 lines
(1-3) grown in the absence of Suc for 30 d under a 12-h/12-h day-night
regimen. Zoomed images of T2 lines as indicated. C, Immunohisto-
chemical analysis of AVP1 in representative AVPT-1 (5 d old; n = 10
seedlings) and pCoYMV::p s AVPT T2 lines 1 to 3 (15 d old; n = 6-10
seedlings from five independent pCoYMV:: 4 AVPT lines). Note that all
plants in C are at similar developmental stage (i.e. first true leaves
emerging). LP, Leaf primordia; Ph, phloem. Black bars = 0.01 mm.

Plant Physiol. Vol. 167, 2015


http://www.plantphysiol.org/cgi/content/full/pp.114.254342/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.254342/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.254342/DC1

AVP1 and PP; Sustain Phloem Loading and Growth

B w 12 Figure 6. Molecular characterization

10 and growth parameters of avp7-2 (SALK

E 046492). A, Genomic structure of the

c 08 AVPI1 gene showing the T-DNA inser-

S 0.6 tion of the avp7-2 line at —244 bp rel-

g % ative to the ATG start codon. Red

2 wed squares indicate DOF2 elements.

E 0.2 B, AVP1 gene expression analysis in Col-0

- - and avpl-2 plants was determined by

core DOF2 boxes Col-0 avp1-2 gRT-PCR (means * sg n = 4 plants per

line; the relative mRNA levels were

C Microsomal Tonoplast D . . . . normalized to the UBQI10 gene).

o~ ™~ Source leaf Mid vein ’tm_nor ¥ain C, Immunoblots of AVP1 and PIP;g from

< é_ < ":5. - | total microsomal and tonoplast fractions

3 > S 2 \ p‘ \ ;\\: extracted from Col-0 and avp1-2 plants.

s 7 1 v D, Immunohistochemical analysis of
il ‘s AVP1 expression in t I secti

_\ pression in transversal sections

ah of avpl-2 adult source leaves. Black

bars = 0.1 mm; white bars = 0.01 mm. E,
Ultrastructural details of avp7-2 minor
vein. Upper left, Transverse sections
treated with anti-AHA3 sera and gold-
conjugated secondary antibody. Lower
left and right, Higher magnification of
dotted and solid boxed regions, re-
spectively. Arrows show gold particles
localized at the PM of companion cells
and sieve elements. F and G, Phenol-
ogy and growth of Col-0 (white bars)
and avp1-2 (gray bars) plants at differ-
ent times after sowing as indicated.
Maximum rosette radius: means * sg;
n =20 plants per line (pot width = 5.8
cm). H, Shoot dry weight of 50-d-old
plants (means * sg; n = 6 plants per

Max. rosette radius (cm)

4 5 6

Weeks after sowing

H"-PPases in several different crops is shown to in-
crease shoot and root biomass (Li et al., 2005; Yang
et al., 2007; Bao et al., 2008; Lv et al., 2008; Pasapula
et al., 2011; Arif et al., 2013; Paez-Valencia et al., 2013;
Schilling et al., 2014). Some of these transgenic plants
also have enhanced rhizosphere acidification capacity
and nutrient use efficiencies (Yang et al.,, 2007; Pei
et al., 2012; Undurraga et al., 2012; Paez-Valencia et al.,
2013; Li et al., 2014). These phenotypes suggest that
H"-PPase up-regulation elicits an increased production
and mobilization of photoassimilates. In this work, we
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line; two independent trials). Signifi-
cant differences relative to Col-0 are
based on Student’s t test. CC, Companion
160~ cell; CW, cell wall; D.W., dry weight; SE,
e sieve element; *, P < 0.05.

o

Col-0
avp1-2

present a body of evidence that supports a fundamental
role of AVP1 in phloem loading and transport of pho-
toassimilates in Arabidopsis.

To learn about the spatiotemporal expression pattern
of the H'-PPase gene in Arabidopsis, we analyzed the
activity of a 1.7-kb AVPI promoter fused to the uidA
gene encoding GUS. GUS activity was monitored in
seedlings (Fig. 1; Supplemental Fig. S1) and adult plants
(Fig. 2; Supplemental Fig. S1). A conspicuous vascular
expression was evident in both developmental stages,
and transversal leaf sections revealed that it is phloem
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Figure 7. Effect of the phloem-specific expression of an E. coli soluble
ppa in the avp1-2 mutant. A, Rosettes of representative avp7-2 and T2
avp1-2 pCoYMV::ppa plants (40 and 60 d old, respectively. Note that
five independent T2 avp7-2 pCoYMV::ppa transgenic lines were ana-
lyzed, and the phenotypes were similar. Pot width = 5.8 cm. B, Immu-
noblots of E. coli-soluble ppa (different amounts of the protein extracts as
indicated) from E. coli and Col-0 and T2 avp1-2 pCoYMV::ppa plants.
C, Coimmunolabeling of AHA3 (green) and ppa (red) in minor veins of
T2 avp1-2 pCoYMV::ppa leaves. Ph, Phloem. Bars = 0.01 mm.

specific. Of note, leaves of 15-d-old seedlings (Fig. 1)
show a distinct sink-to-source transition pattern that
mimics that of the PM-localized Suc-H® symporter,
SUC2 (Truernit and Sauer, 1995; Imlau et al., 1999;
Schneidereit et al., 2008). The sink-to-source transition
starts at the tip of expanding young leaves and proceeds
toward the base (Turgeon and Webb, 1973; Wright et al.,
2003). SUC2 and orthologs are essential transporters re-
quired for phloem loading of Suc in apoplasmic loaders
like Arabidopsis, and they are commonly used markers
of the sink-to-source transition in leaves (Wright et al.,
2003; Schneidereit et al., 2008). The closely correlated
expression patterns of SUC2 and AVP1 further suggest
that AVP1 is involved in the phloem-loading process.
It is worth mentioning that an earlier report using a 1.4-kb
AVPI promoter fused to GUS showed vascular and me-
sophyll expression (Mitsuda et al., 2001). Interestingly, this
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group contends that, although mesophyll expression is
repressed by light, vascular expression is not (Mitsuda
et al., 2001). In addition, we see strong GUS activity in
sink tissues (root and shoot meristems, hypocotyls,
stamen, pistil, and leaf primordia; Figs. 1 and 2;
Supplemental Fig. S1). These results are consistent with
the role of H'-PPases in hydrolyzing PP, generated as by-
products of biopolymer synthesis (nucleic acids, cellulose,
etc.) in rapidly growing cells, which if allowed to ac-
cumulate, would inhibit these biosynthetic reactions
(Gaxiola et al., 2007).

Different physiological parameters involved with
photoassimilate production and transport were eval-
uated in AVPI-1 plants (Gaxiola et al., 2001; Li et al.,
2005; Yang et al., 2007). A pulse with 14CO2 shows that
AVP1 up-regulation enhances the amount of reduced
carbon allocated to the roots of transgenic seedlings
(Fig. 3A). Augmented root proton extrusion capacity
was also evident during both the day and the night
(Fig. 3B). Furthermore, expression of well-characterized
Suc-induced root ion transporters (KUP2, NRT2.1,
NRT2.4, and PHT1.4) was enhanced in these plants
(Fig. 3C). AVPI-1 plants also have significantly higher
seed yield (Fig. 3D). In an apoplasmic loader like Arabi-
dopsis, increased supply of sugars to sinks tissues is di-
rectly correlated with Suc phloem loading (Ruan, 2014).
Increments in reduced carbon production (i.e. photo-
synthesis) are not enough to increase availability in
sinks; enhanced phloem loading and transport are also
required. We reason that AVPI up-regulation improves
apoplasmic loading by providing more PP, substrate for
Suc oxidation, resulting in more ATP for the maintenance
of the PMF across the PM through the PM ATPase.

Interestingly, rhizosphere acidification capacity is
reduced during the night in both AVPI-1 and Col-0
(Fig. 3B). This could be explained by the fact that root
growth occurs mostly at night (Yazdanbakhsh et al.,
2011; Kircher and Schopfer, 2012; Miiller et al., 2014),
and the photoassimilates are redirected, in part, to
build root biomass. It is worth emphasizing that the
nocturnal acidification capacity displayed by the AVP1-1
plants is still significantly higher than in Col-0. Starch
content has been identified as the major integrator of
plant biomass (Sulpice et al., 2009). In agreement,
AVP1-1 plants have stronger starch staining than Col-0
at the end of the day (Fig. 3E). Thus, AVP1-1 plants are
not only mobilizing more photoassimilates but also,
storing more starch in leaves. Moreover, most of this
starch is mobilized at night to presumably feed the
root carbon requirements, enhancing nocturnal root
acidification and growth.

To further analyze the role of H*-PPase in the SE-CC
complexes, we generated transgenic plants with phloem-
specific AVP1 up- (Fig. 4A; Col-0 background) and
down-regulation (Fig. 5A; AVPI-1 background).
We used the well-characterized promoter element
from Commelina Yellow Mottle Virus (pCoYMV) that
directs expression specifically in the companion cells
(Medberry and Olszewski, 1993; Dasgupta et al., 2014).
All three independent pCoYMV::AVP1 lines showed a
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significant increase in shoot biomass relative to Col-0,
comparable with the biomass developed by four in-
dependent p355::AVP1 lines, including AVP1-1 (Fig. 4D).
These results show that phloem-specific AVPI over-
expression is sufficient to enhance biomass in Arabi-
dopsis, even under minimal increase in transcript levels
(Fig. 4). A detailed characterization of p355:AVP1 and
pCoYMV::AVP1 lines is seen in the work by A.S.
Khadilkar, U.P. Yadav, C. Salazar, V. Shulaev, J. Paez-
Valencia, R.A. Gaxiola, and B.G. Ayre, (unpublished
data).

Phloem-specific AVP1 RNAi (pCoYMV::py 0, AVPI)
lines generated in AVP1-1 background further emphasize
the requirement of the H'-PPase in phloem function
(Fig. 5; Supplemental Fig. S2). In stark contrast with
the AVPI-1 phenotypes, the transgenic lines with phloem-
specific silencing showed profound growth impairment
in the absence of Suc supplementation in the growth
medium (Fig. 5B; Supplemental Fig. S2), whereas medium
with Suc partially restored growth to pCoYMV:py4,AVPI
plants (data not shown). This is consistent with impaired
phloem loading and Suc transport in pCoYMV::py4,AVP1
lines. In addition, similarities in the spatial and temporal
expression patterns conferred by the AVPI1 promoter
(Fig. 1A) and the promoter of SUC2 encoding the
primary if not the exclusive Suc-H® symporter in-
volved in Arabidopsis phloem loading of Suc (Truernit
and Sauer, 1995; Gottwald et al., 2000; Srivastava et al.,
2008) further suggest a prominent role for AVP1 in
phloem loading and transport. The stunted growth in
pCoYMV:igyAVPL lines resembles suc2 knockout
plants (Gottwald et al., 2000).

An AVP1 mutant, Vacuolar proton pyrophosphatasel-1
(vhpl-1; Ferjani et al., 2011; Segami et al., 2014), also
showed a significant growth reduction in Suc-depleted
medium but no growth impairment under Suc supple-
mentation (Supplemental Fig. S5). Of note, this vhpl-1
mutant retains approximately 25% of PPase activity in
total membrane fractions compared with Col-0 (Segami
et al., 2014). Other AVP1 mutants (fugu5-1, fugu5-2, and
fugub-3) without detectable tonoplast PPase activity
have been reported (Ferjani et al.,, 2011). It is worth
mentioning that the main phenotype reported for these
mutants is a mild reduction in cotyledon size in early
heterotrophic stages (Ferjani et al., 2011). However,
beyond this stage, a notable reduction in shoot devel-
opment was evident when grown in soil (Supplemental
Fig. S3). These phenotypes are consistent with problems
in photosynthate partitioning. Additional characteriza-
tion of the above fugu mutants in autotrophic devel-
opmental stages, where phloem loading becomes critical,
is needed.

Unlike pCoYMV:pgyaAVPT and vhpl-1 mutants,
both 35S ethanol-inducible py,,AVP1 and avpl-1 lines
that show shoot abnormalities and strong inhibition of
root growth could not be rescued with Suc supple-
mentation (Li et al., 2005). These data suggest that
AVP1 also has essential functions independent of phloem
Suc loading. These are probably related to AVP1 in the
vacuolar and prevacuolar compartments mediating PP;
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hydrolysis and lumen acidification. The discrepancy in
these Suc-dependent phenotypes warrants further
experiments.

Interestingly, compared with Col-0, the avpl-2 line
showed only a mild growth reduction, despite having
a short promoter (244 bp) and only about 30% AVP1
expression (Fig. 6). This 244-bp promoter fragment has
six DOF2 elements (Supplemental Fig. S4). DOF2 ele-
ments (AAAG or CTTT) are the core binding sites for
DOF transcription factors (Noguero et al., 2013) that
are positive regulators required in the formation and
functioning of vascular tissues, including those of Arabi-
dopsis (Ward et al., 1998; Zhao et al., 2005; Le Hir and
Bellini, 2013). DOF2 elements are also present in the
essential 241-bp SUC2 promoter fragment that drives
phloem-specific SUC2 expression in Arabidopsis
(Schneidereit et al., 2008), and the 244-bp promoter is
sufficient to drive AVP1 expression in the phloem (Fig. 6,
C-E). A severe impairment of the hydrolytic and proton-
translocating activities of the H™-PPase in this aupl-2
mutant has been previously reported (http://abstracts.
aspb.org/pb2004/public/M24/9123.html). These find-
ings are in agreement with the reduced levels of AVP1
protein detected in the tonoplast fractions of avp1-2 plants
(Fig. 6C). Importantly, AVP1 immunogold labeling in
these plants showed normal PM localization in SE-CC
complexes, which has been reported previously in
Arabidopsis (Fig. 6E; Paez-Valencia et al., 2011).

The phloem-specific expression of the soluble PPase
from E. coli, ppa (Lahti et al., 1988), in aupl-2 plants
resulted in a dwarf phenotype (Fig. 7A; Supplemental
Fig. 54). This result agrees with a previous work that
showed a similar effect in transgenic tobacco plants
expressing the same ppa enzyme in the SE-CC com-
plexes (Lerchl et al., 1995). Clearly, the lack of PP; in
the phloem system is detrimental for normal growth in
apoplasmic loaders. Therefore, these results are consis-
tent with the thermodynamically sound role of AVP1 as
a PP, synthase in the PM of SE-CC complexes (Gaxiola
et al., 2012).

A Detter understanding of carbon partitioning is es-
sential for crop improvement. In this work, we present
evidence consistent with a PP; synthase function for the
PM-localized AVP1 in SE-CC complexes in Arabidopsis.
Our results agree with the involvement of this enzyme in
the maintenance of PP; homeostasis in companion cells
with direct implications in phloem function.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The plant materials used in this work are as follows: Col-0, gain-of-function
AVPI-1 line (Gaxiola et al., 2001), T-DNA promoter insertion line avp1-2
(SALK 046492), transgenic reporter line p1.7AVP1::GUS (Yang et al., 2007),
pCoYMV::AVPI and p355::AVP1 (Col-0 background; this work), pCoYMV::,AVP1
(in an AVPI-1 background), pCoYMV::ppa (in an avpl-2 background), fugus-1
(Ferjani et al., 2011), and vhp1-1 (Segami et al., 2014).

When planted in soil, plants were grown in Sun Gro Sunshine LP5 Mix Plug
in growth chambers at 21°C with a 12-h-light/12-h-dark cycle. When aseptic
growth was required, plants were grown in one-half-strength Murashige and
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Skoog (MS) salt mixtures (GIBCO/BRL) at 25°C under a 12-h-light/12-h-dark
cycle. The medium was supplemented with 2% (w/v) Suc (when indicated)
and 1% (w/v) agar. In all cases, before sowing, seeds were stratified at 4°C for
2 d. For experiments requiring sterility, seeds were surface sterilized by
soaking them in 30% (v/v) commercial bleach and 0.05% (v/v) Tween 20 for
15 min and rinsed four times with sterile water.

Constructs, Transformation, and Selection

AVP1 complementary DNA (cDNA) was amplified by PCR from pRT103-
AVP1 (Gaxiola et al., 2001) using forward oligonucleotide AVP1-F (5'-CAC-
CATGGTGGCGCCTGCTTTGTTAC-3') and reverse oligonucleotide AVP1-R
(5'-GAAGTACTTGAAAAGGATACCACC-3'). Phusion Hot Start Polymerase
(NEB) was used according to the manufacturer’s instructions. The PCR prod-
uct was cloned with a pENTR/D-TOPO Cloning Kit (Invitrogen), resulting
in pPENTR-AVP1. pENTR-AVP1 was recombined with pMDC32 (Curtis and
Grossniklaus, 2003) using the Gateway LR Clonase II Enzyme Mix (Invitrogen)
to generate pMDC32::AVP1. pMDC32 contains a duplicated 35S enhancer ele-
ment (Curtis and Grossniklaus, 2003). pENTR::AVP1 was recombined with
pGPTV::CoYMVp::cmr::ccdB (Dasgupta et al., 2014) to get pGPTV::CoYMVp::
AVPI. These vectors were electroporated into Agrobacterium tumefaciens strain
GV3101mp90.

Wild-type Col-0 (Arabidopsis Biological Resource Center stock no. CS-
70000) was transformed with the above constructs by the floral dip method
(Clough and Bent, 1998). T1 generation seeds of plants transformed with
pMDC32::AVP1 were selected on sterile one-half-strength MS medium (Phyto-
technology Laboratories) containing 40 mg L™! hygromycin. Seeds were ger-
minated in the dark and grown for 5 d; resistant seedlings were selected based
on their longer hypocotyls (Harrison et al., 2006) and transferred to Fafard 3B
potting mix (Sun Gro Horticulture). For selecting plants transformed with
pGPTV:pCoYMV:AVP]1, T1 seeds were germinated on Fafard 3B potting soil and
sprayed with 20 mg L' glufosinate ammonia (Finale; Farnam Companies)
postgermination. Twenty-five or more independent lines were identified for
both pCoYMV::AVPI and p35S::AVPI cassettes. Lack of segregation of the re-
sistance marker in the T3 generation was used to identify homozygous lines.
From these, three representative lines for each construct were selected for further
experiments based on cDNA expression and growth morphology.

The pCoYMV::py,,AVP1 construct was generated using the AVP1 silencing
cassette reported previously (Li et al., 2005) cloned behind pCoYMV (Dasgupta
et al., 2014). This expression cassette was cloned into pClean-G146, and the
resulting vector was cotransformed with pClean-S166 (Thole et al., 2007) into
A. tumefaciens GV3101mp90. Selection of positive transformants was done as
described previously (Thole et al., 2007).

To generate the pCoYMV::ppa construct, total chromosomal DNA from
Escherichia coli K-12 was isolated. The ppa ORF was amplified (Supplemental
Table S1 shows primers). Amplicons were digested with Ncol and Smal and
directionally cloned into pRT103 (Topfer et al., 1987). Subsequently, the ppa
ORF was digested with Ncol and Xbal and cloned between the CoYMV pro-
moter and octopine synthase polyadenylation signal in the pClean-G146 binary
plasmid (Thole et al., 2007). This plasmid was cotransformed with pClean-S166
(Thole et al., 2007) into A. tumefaciens GV3101mp90. Selection of positive trans-
formants was done as described previously (Thole et al., 2007).

A. tumefaciens carrying the above plasmids was used to transform Arabi-
dopsis (Arabidopsis thaliana) Col-0, AVPI1-1, or avpl-2 (SALK 046492) by the
floral dip method (Desfeux et al., 2000).

Histochemical GUS Staining

Seedlings and adult plants from two T3 independent lines (Yang et al., 2007)
were infiltrated with staining solution (50 mm sodium phosphate bulffer,
pH 7.0, 0.5 mm potassium ferrocyanide, 0.5 mm potassium ferricyanide, and
2 mg mL™" 5-bromo-4-chloro-3-indolyl-3-b-GlcA; SIGMA-Aldrich) in a vacuum
chamber for 2 h and subsequently incubated at 37°C for 24 h. Then, all tissues
were fixed in 3.7% (v/v) formaldehyde, 50% (v/v) ethanol, and 5% (v/v)
acetic acid for 3 h at room temperature and cleared in 70% (v/v) ethanol for
several days. After that, the tissues were rehydrated in water and mounted on
glass slides with glycerol. For sectioning, fixed material was dehydrated in a
graded ethanol series (50%, 60%, 70%, 80%, 90%, and 100% [v/v]), and ab-
solute ethanol was replaced by tert-butanol (SIGMA-Aldrich). Tissues were
embedded in paraplast at 60°C. The embedded tissue was sliced with a mi-
crotome into 30-um sections and placed onto poly-Lys-coated slides (Denville
Scientific). Sections on slides were deparaffinized in tert-butanol, hydrated in a
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graded alcohol series (100%, 90%, 80%, 70%, 60%, 50%, and 30% [v/v] dis-
tilled, deionized water), and mounted with glycerol. Samples were analyzed
under an Olympus BX40 Microscope or an Olympus SZx7 Stereomicroscope
and photographed with an Infinity2 Camera (Lumenara Corp.).

“CO, Labeling

In brief, seeds were arranged on sterile filter paper dyed black with India ink
(for visualizing roots; we see no toxicity) and placed on top of MS nutrient
medium with 1% (w/v) Suc. The plates were incubated 60° from horizontal so
that the roots grew down the black paper. After 1 week, the paper with
seedlings was transferred to Suc-free medium for 2 weeks, with a second
transfer to fresh medium after the first 1 week. The paper with plants was
transferred to a clean plate, the lid was sealed in place with vacuum grease,
and this chamber was placed below a 400-W metal halide lamp. The leaves
were photosynthetically labeled with CO, created by acidifying 5 uCi of
[“C]Na-bicarbonate. After the desired labeling and chase period (15 and 60 min,
respectively), the plants and supporting filter paper were placed between two
sheets of protective paper, flash frozen, and lyophilized at —35°C to prevent
diffusion of transported label. The plants were exposed to Kodak BioMAX MR
Film; the autoradiograph was scanned on a flatbed scanner, and density was
established with Image]. Four plates were labeled in this manner, with one
representative plate presented in Figure 3.

Acidification Assay

Seeds were germinated and grown aseptically on vertical agar plates for 5 d.
Then, seedlings (10 per point) were transplanted to flasks with 4 mL of liquid
medium (one-half-strength MS and 1% [w/v] Suc) and grown for 2 weeks. Before
the acidification assay, roots were washed with the assay solution (one-quarter-
strength MS and 2 mm MES buffer, pH 6.8) for 5 min. Acidification assay was
performed in fresh assay solution during either the day (from 12-6 rm) or the night
(from 12-6 am). H' released to the medium was calculated by the difference be-
tween the initial and final pH and standardized to the total root fresh weight.

Quantitative Real-Time PCR

AVP1

Total RNA was extracted from rosette leaves of adult Col-0 and avp1-2 plants
using Trizol reagent following the manufacturer’s instructions. To rule out ge-
nomic contamination, a PCR with primers designed on intron sequences of
Actin7 (ACT7; At5g09810; ACT7-FOR, 5'-GAC ATG GAA AAG ATA TGG CAT
AC AC-3"; ACT7-REV, 5'-AGA TCC TTC CTG TGG CAT CAC AC-3') was
carried out. After measuring RNA concentrations, samples were adjusted to the
same value for subsequent cDNA synthesis reactions. Reverse transcription was
carried out using the RETROscript Kit (Ambion). Quantitative real-time (qRT)-
PCR analysis was done in optical 96-well plates with a MyiQ Single-Color
Real-Time PCR Detection System (Bio-Rad) using SYBR Green to monitor
double-strand DNA synthesis. The primers used are listed in Supplemental
Table S1. Each reaction contained 1 uL of cDNA, 0.5 uL of each of two gene-
specific primers, and 10 uL of 2X iQ SYBR Green Super Mix Reagent (Bio-Rad)
in a final volume of 20 uL. Threshold cycle (Ct) values were calculated using
Optical System Software, version 1.0 for MyiQ (Bio-Rad). Subsequently, Ct
values were normalized for differences in double-strand DNA synthesis using
the Ubiquitin10 (UBQ10) Ct values. The relative value for expression levels of
each gene was calculated by the equation Y = 2724, where ACt is the difference
between control and target products [ACt = Ctypy — Ctupgie] and AACE =
ACtansgenicy ~ ACtgne witd typey: Thus, the calculated relative expression values are
normalized to wild-type expression levels (the wild type = 1). Three different
technical replicates and two independent sets of plants were used for analysis.

Sugar-Induced Ion Transporter Genes (KUP2, NRT2.1,
NRT2.4, and PHT1.4)

Total RNA was extracted from roots of adult Col-0 and AVPI-1 plants
grown under hydroponic conditions as described previously (Lejay et al.,
2008). The qRT-PCR analysis of ion transporter genes was performed as
above, with the exception of the housekeeping gene, Clathrinl (At4g24550;
Supplemental Table S1).
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AVP1 in Transgenic Lines (p35S::AVP1 and
CoYMVp::AVP1)

For qRT-PCR on p35S::AVP1 lines 9, 30, and 31 and CoYMVp::AVP1 lines
41, 50, and 68, four well-spaced plants were grown in 3.5-in square pots under
the conditions described above but using Fafard 3B Mix as the potting me-
dium. Three pools (each containing four rosettes of 28-d-old plants from dif-
ferent pots) were ground at liquid nitrogen temperatures, and total RNA was
isolated from 50 mg of each pool using Trizol and treated with DNase; 1 ug of
total RNA was reverse transcribed with either Superscript III (Life Technol-
ogies) or GoScript (Promega). qRT-PCR was carried out in duplicate for each
of the three pools using GO Taq qPCR Mix (Promega) on an Applied Bio-
systems ViiA 7 (Life Technologies) with 2 min of denaturation at 95°C fol-
lowed by 40 cycles of 95°C for 10 s, 65°C for 30 s, and 70°C for 30 s. Final
melting curves were obtained to confirm a single PCR product. Expression of
the AVP1 cDNA transgene was normalized against Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH3) for the p355::AVP1 lines and against AtSUC2 for the
phloem-specific pCoYMV::AVP1 overexpression lines with AtSUC2. Three
biological and two technical replicates were used for analysis. The gene-
specific primers used are listed in Supplemental Table S1.

AVP1 Immunolocalization

Arabidopsis seedlings or source leaves (as indicated) were fixed in 3.7% (v/v)
formaldehyde, 50% (v/v) ethanol, and 5% (v/v) acetic acid for either 3 h at room
temperature (seedlings) or overnight at 4°C (leaves). Fixed material was dehydrated
in a graded ethanol series (50%, 60%, 70%, 80%, 90%, and 100% [v/v]), and absolute
ethanol was replaced by a histological clearing agent (xylene; SIGMA-Aldrich).
Tissues were embedded in paraplast at 60°C. The embedded tissue was
sliced into 10- to 15-um sections and placed onto poly-Lys-coated slides.
Sections were deparaffinized in xylene, hydrated in graded alcohol (100%,
90%, 80%, 70%, 60%, 50% [v/v], and 30% [v/v] distilled, deionized water), and
pretreated with Antigen Retrieval Solution (BioGenex) under a steamer at 65°C
for 20 min. Endogenous peroxidase activity was quenched with 3% (v/v)
hydrogen peroxide, and the slides were treated with Power Universal Reagent
(BioGenex) to reduce nonspecific binding and incubated with polyclonal anti-H'-
PPase antibody (Park et al, 2005). Controls were done with preimmune sera at
a 1:1,000 dilution in phosphate-buffered saline (PBS) for all samples. Then, three
rinses with 0.1% (v/v) PBS Tween were followed by incubation with the DAKO
EnVision System (DAKO) following the manufacturer’s instructions.

Microsomal Fraction and Tonoplast Isolation

Plant leaf tissue was homogenized in a buffer containing 250 mm sorbitol,
50 mm HEPES-1,3-bis(tris[hydroxymethyllmethylamino) propane, pH 7.4 (SIGMA-
Aldrich), 25 mMm ascrobic acid, 1 mm dithiothreitol (DTT; Fluka), 6 mm EGTA
(SIGMA-Aldrich), 1.2% (w/v) Polyvinylpyrrolidone-40 (SIGMA-Aldrich), and
protease inhibitor cocktail (Complete EDTA-Free; Roche). A 1:2 (w/v) ratio of
tissue and homogenization medium was used. The homogenization medium was
filtered through four layers of cheesecloth and centrifuged at 10,000g for 15 min
(JA 30.50 Ti Rotor; Beckman). The supernatant was recovered and centrifuged at
60,000¢ for 30 min (SW 28 Rotor; Beckman), and microsomal fractions were
suspended in 250 mm sorbitol, 25 mm HEPES-Bis-Tris propane, pH 7.4, 1 mm DTT,
and protease inhibitor cocktail (Complete EDTA-Free; Roche). Separation of
tonoplast fractions was done with a three-step dextran gradient as previously
described (Schumaker and Sze, 1985). Protein concentration was measured with
BCA Reagent (Thermo) according to the manufacturer’s instructions.

Total Protein Isolation of E. coli, Col-0, and
P,y ypvi:sPPase Lines

Homogenates of E. coli and plant shoots of Col-0 and Py,,::sPPase (avp1-2
background) were prepared in a homogenization buffer: 50 mm HEPES, pH
7.4, 250 mm D-sorbitol, 6 mm EGTA, 1 mm DTT, 0.2% (w/w) bovine serum
albumin, and protease inhibitor cocktail (Complete EDTA-Free; Roche).

Antibody Production
The synthetic peptide N-terminal (NH2)-CIKDVNDLPELLKAQIAH cor-
responding to E. coli-soluble ppa (EC 3.1.3.1) was conjugated to keyhole limpet

hemocyanin. Antibody production in rabbit was as described previously
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(Paez-Valencia et al., 2011). The synthetic peptide (NH2)-CTISKDRVKPSPTPDS
corresponding to positions 690 to 704 of AHA3 (At5g57350; Kobae et al., 2004)
was conjugated to keyhole limpet hemocyanin. Antibody production in mouse
was as described previously (Paez-Valencia et al., 2011).

Western Blot

Protein samples were separated by 10% (w /v) SDS-PAGE. After electrophoresis,
gels were either stained with Coomassie Brilliant Blue R-250 (SIGMA-Aldrich) or
transferred to Immobilon-P membranes (Millipore). After blocking with 0.1% (v/v)
Tris-buffered saline-Tween 20 and 5% (w/v) defatted milk, membranes were in-
cubated overnight at 4°C with polyclonal sera raised in rabbits against the fol-
lowing antigens: soluble PPase (this work), H*-PPase (Park et al., 2005), and PIP1
(Paez-Valencia et al., 2011). After 1 h of incubation with the secondary goat anti-
rabbit IgG coupled to alkaline phosphatase (Santa Cruz Biotechnology), mem-
branes were then treated with an Nitro blue tetrazolium chloride/5-bromo-4-
chloro-3-indolyl phosphate substrate solution (Roche) for staining.

Electron Microscopy and Immunogold Labeling

Source leaves from avpl-2 plants were processed as described previously
(Paez-Valencia et al., 2011). For the immunogold labeling experiments, anti-
AVP1 sera (Paez-Valencia et al., 2011) were used.

Double-Immunofluorescence Staining

Samples were prepared as described above (“AVP1 Immunolocalization”).
After blocking, slides were incubated with the following primary antibodies:
rabbit anti-E. coli-soluble ppa and mouse anti-PM ATPase (AHA3) at a dilu-
tion of 1:200 in PBS Tween or preimmune sera for 1 h at room temperature.
Antigen-antibody complexes were revealed with goat anti-mouse IgG coupled
to fluorescein isothiocyanate (Santa Cruz Biotechnology) for AHA3 and goat
anti-rabbit coupled to Alexa 568 (Molecular Probe; Invitrogen) for E. coli ppa.
All sections were mounted using Vectashield Mounting Media (Vector Lab-
oratories). The fluorescence was excited with 488 nm of light (AHA3; green
fluorescence) and 568 nm of light (ppa; red fluorescence).

Statistical Analysis

Statistical analysis (unless specified otherwise) was performed with Excel
2007 software (Microsoft Office). Student’s t test was used along the different
experiments to analyze the significance of differences against Col-0 (wild-type
plants) in each point or treatment. The significance of the P values were in-
dicated as **P = 0.01, *P = 0.05, and *P = 0.07 for all analyses.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers KUP2 (At2g40540), NRT2.1 (At1g08090),
NRT2.4 (At5g60770), PHT1.4 (At2g38940), CLH1 (At4g24550), GAPDH3
(AT1g13440), AtSUC2 (AT1g22710), AVPI (Atlg15690), UBQI0 (At4g05320),
and avp1-2 T-DNA (SALK046492).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. GUS staining patterns of an AVP1 1.7-kb
promoter-B-glucuronidase reporter in Columbia-0 seedlings and
adult plants.

Supplemental Figure S2. Phloem-specific AVP1 silencing in AVPI-1 plants.

Supplemental Figure S3. Putative DOF2 core binding sites present in the
244-bp AVPI1 promoter sequence.

Supplemental Figure S4. Genotypic confirmation of T2 avpl-2 lines trans-
formed with an E. coli-soluble PPase driven by a phloem-specific promoter.

Supplemental Figure S5. Comparative growth phenotypes of Columbia-0
and AVP1 mutants.

Supplemental Table S1. List of primers.
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