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Plant nitrate (NO; ") acquisition depends on the combined activities of root high- and low-affinity NO,™ transporters and the
proton gradient generated by the plasma membrane H'-ATPase. These processes are coordinated with photosynthesis and the
carbon status of the plant. Here, we present the characterization of romaine lettuce (Lactuca sativa ‘Conquistador’) plants
engineered to overexpress an intragenic gain-of-function allele of the type I proton translocating pyrophosphatase (H'-PPase)
of Arabidopsis (Arabidopsis thaliana). The proton-pumping and inorganic pyrophosphate hydrolytic activities of these plants are
augmented compared with control plants. Immunohistochemical data show a conspicuous increase in H'-PPase protein
abundance at the vasculature of the transgenic plants. Transgenic plants displayed an enhanced rhizosphere acidification capacity
consistent with the augmented plasma membrane H'-ATPase proton transport values, and ATP hydrolytic capacities evaluated in
vitro. These transgenic lines outperform control plants when challenged with NO,™ limitations in laboratory, greenhouse, and
field scenarios. Furthermore, we report the characterization of a lettuce LsNRT2.1 gene that is constitutive up-regulated in the
transgenic plants. Of note, the expression of the LsNRT2.1 gene in control plants is regulated by NO,~ and sugars. Enhanced
accumulation of N-labeled fertilizer by transgenic lettuce compared with control plants was observed in greenhouse
experiments. A negative correlation between the level of root soluble sugars and biomass is consistent with the strong root
growth that characterizes these transgenic plants.

The survival of plants depends on the ability of root
systems to establish themselves in locations where
water and nutrients are available for uptake and
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translocation (Hawes et al., 2003). As a response to
limiting mineral elements, plants have the ability to
allocate a greater proportion of their biomass to the
root system (Hermans et al., 2006). Evidence over-
whelmingly shows that carbon and nitrogen (N)
metabolisms are interrelated for the sustained growth
and development of plants (Zheng, 2009). Physiologi-
cal and biochemical studies have shown that when
plants are deficient in N, their photosynthetic output is
negatively affected. Interestingly, an increase in carbon
supply promotes N uptake and assimilation (Coruzzi
and Bush, 2001). Of note, the expression of two
root high-affinity nitrate (NO; ) transporter genes
(AtNRT1.1 and AtNRT2.1) in Arabidopsis (Arabi-
dopsis thaliana) has been shown to be regulated by N
status, photosynthesis, or via direct supply of Suc to
the roots (Lejay et al., 1999). Active transport across
the plasma membrane (PM) of root epidermal and
cortical cells is the first step in NO,~ acquisition.
This transport is coupled to a H" electrochemical
gradient generated by the PM H™-ATPases (Miller and
Smith, 1996; Forde, 2000).
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NO," is the major form of plant-available N in agri-
cultural soils. Application of large quantities of N fer-
tilizers is the norm for the production of high-yielding
domesticated crops. This practice has intrinsic energetic
and ecological costs (Bi et al.,, 2007), since single-year
crop recoveries average below 50% (Mosier et al,
2004). Lettuce (Lactuca sativa) is a crop that receives N
rates typically exceeding 150 kg N ha™' (Kerns et al.,
1999), and crop N recoveries are often low depending on
climate, soil, and management conditions (Jackson et al.,
1994; Sanchez, 2000; Karam et al., 2002). N not taken up
by the crops is often lost to the environment, potentially
having adverse ecological impacts (Mosier et al., 2004).
Approximately 76 MJ (Nagy, 1999) in the form of nat-
ural gas is required to produce 1 kg of N fertilizer. It has
been estimated that energy associated with fertilizer and
water can exceed 50% of the total utilized in irrigated
crop production (Alexandrou et al., 2009). A number of
studies have sought to improve the N use efficiency of
vegetable crops through fertilizer management schemes
(Sanchez and Doerge, 1999), but far fewer have attempted
modification of the plant to better exploit soil N (Jackson,
1995; Johnson et al., 2000).

The partitioning of photoassimilates between their sites
of production (source tissues) and their sites of utilization
in harvestable regions is a major determinant of crop
yield (Giaquinta, 1983). The potential of regulating the
translocation of assimilates promises substantial oppor-
tunities for yield increases in crops. A recent study pro-
vided immunohistochemical and immunogold-labeling
data consistent with a PM localization of the type I proton
translocating pyrophosphatase (H'-PPase) Arabidopsis
Vacuolar Pyrophosphatasel (AVP1) in sieve element
and companion cell complexes of Arabidopsis source
leaves (Paez-Valencia et al., 2011). Furthermore, the
binding of the phloem-specific AtVOZ1 transcription
factor to the cis-acting region of the AVPI promoter
(Mitsuda et al., 2004), together with the conspicuously
localized expression of the AVP1p::GUS reporter under
control or phosphate limitations in Arabidopsis, are
consistent with a relevant role for the H'-PPase in
Arabidopsis vascular tissue (Yang et al, 2007). Up-
regulation of either the Arabidopsis or Thellungiella
halophila type 1 H'-PPases triggers enhanced growth/
biomass and photosynthetic capacity in a variety of ag-
riculturally important crops (Gaxiola et al., 2001; Li et al.,
2005, 2008, 2010; Park et al., 2005; Yang et al., 2007; Bao
et al., 2008; Lv et al., 2008, 2009; Pasapula et al., 2011)
grown under normal or stressful conditions, such as
water scarcity, salinity, and nutrient limitation. Interest-
ingly, it was recently shown that the metabolite profile
in Arabidopsis plants engineered with an AVPI over-
expression cassette (AtAVPI1-OX) is shifted toward N
metabolism and changes in carbon signaling (Gonzalez
et al., 2010). Furthermore, changes in the expression of
AVP1 correlate with apoplastic pH alterations and rhi-
zosphere acidification (Li et al., 2005; Yang et al., 2007). A
recent report on the proton-pumping activity of the PM
H"-ATPase from roots of AtAVPI-OX plants grown
under nonlimiting nutrient conditions showed that the
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initial velocity and steady state of the proton gradients
generated by the PM H'-ATPase are significantly greater
(50%—-70%; a = 0.05) than in the wild type (Undurraga
et al.,, 2012). Rhizosphere acidification is a central
mechanism for plant mineral nutrition, since it contrib-
utes to nutrient solubility and the PM proton motive force
(Palmgren, 2001; Marschner, 2002). Accordingly, it has
been shown that AVPI transgenic Arabidopsis, tomato
(Solanum lycopersicum), and rice (Oryza sativa) plants
outperform controls when grown under phosphate
limitation and accumulate higher contents of potas-
sium under all conditions tested (Yang et al., 2007).
Interestingly, immunohistochemical data on AVPI-
overexpressing transgenic Arabidopsis (Gaxiola et al.,
2001) and cotton (Gossypium hirsutum) plants (Pasapula
et al., 2011) are consistent with an enhanced H*-PPase
abundance at the vasculature of leaves.

In this study, we evaluate the potential for improved
NO,  use efficiency in transgenic romaine lettuce
‘Conquistador’ plants with enhanced H*-PPase abun-
dance and activity. In addition, a complementary
DNA (cDNA) clone encoding a putative high-affinity
NO,  transporter, called LsNRT2.1, was characterized
with regard to its tissue expression patterns and re-
sponses to NO,;~ and sugars in control and transgenic
lettuce plants. N status in aboveground tissues, and
the levels of soluble sugars and total carbon and N in
roots, were also determined in control and transgenic
plants.

RESULTS

Molecular and Biochemical Characterization of Lettuce
Plants Engineered with a 355:AVP1D Expression Cassette

Lettuce ‘Conquistador’ was engineered with a 35S:
AVPI1D expression cassette. The AVPID gene is an
intragenic E229D gain-of-function allele of the Arabi-
dopsis type I H'-PPase AVP1 gene that has been
shown to have an in vitro-coordinated increase of both
inorganic pyrophosphate (PP hydrolytic activity and
PP-dependent H'-translocation (Zhen et al., 1997). Inter-
estingly, tomato plants engineered with this 355:AVP1D
expression cassette have been shown to develop robust
root systems that enable them to outperform controls
under water deprivation (Park et al., 2005) and limiting
phosphate nutrition (Yang et al., 2007). Here, we present
the characterization of two T4 independent transgenic
lettuce lines, AVP1D-2 and AVP1D-6. AVPI1D-specific
primers (Supplemental Table S2) were used to determine
the expression levels of the transgene in the AVP1D-2
and AVP1ID-6 lines. The expression of AVPID ranges
from about 38,000 to 48,000 copies ,ug_l cDNA for the
AVPID-2 and AVP1ID-6 lines, respectively (Fig. 1A).
Immunohistochemical analysis was used to monitor the
expression patterns of the H™-PPase in the main rib of
source leaves (L1) of control and transgenic lines. An
H'-PPase immunospecific signal was detected mainly in
companion cells and sieve elements of control and
AVPI1D transgenic lettuce. It should be noted that
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Figure 1. Molecular and biochemical characterization of AVP1D expression in transgenic lettuce. A, Quantification of AVP1
transcript levels in leaves of wild-type cv Conquistador (wt) and transgenic (AVP1D-2 and AVP1D-6) lettuce plants was per-
formed by real-time PCR. Transcript levels are expressed as the number of copies ug ™' cDNA (see “Materials and Methods”).
The data shown are means from triplicates per run of three independent mRNA extractions = sp. B, H*-PPase proton-pumping
activity. Data of initial velocity (V0) and steady state (AF) of H*-PPase-dependent H* gradients across tonoplast vesicles from
root microsomal fractions of control (wt) and transgenic lettuce (as indicated) were monitored by fluorescence quenching of the
pH-sensitive dye 9-amino-6-chloro-2-methoxyacridine (see “Materials and Methods”). Tukey’s HSD test a = 0.05. C, H*-PPase
hydrolytic activities from the same root microsomal fractions monitored as phosphate release (see “Materials and Methods”).
The PP, hydrolysis was determined at pH 7 with or without K*. Tukey’s HSD test a = 0.05.

staining for both transgenic lines appeared significantly
stronger compared with control leaf sections (Fig. 2).
The antibody used was raised against a peptide corre-
sponding to the PP,-binding site of the Arabidopsis
H"-PPase that is conserved among all of the reported
plant H"-PPases (Kim et al., 1994; Park et al., 2005).
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Biochemical experiments were set to examine whether
the enhanced H'-PPase mRNA and protein levels
documented in these AVP1D transgenic lettuce plants
had an effect on the pump activities. PP;-dependent
proton-pumping activities from root microsomal frac-
tions of control and transgenic lettuce plants showed

Figure 2. Immunohistochemical locali-
zation of H*-PPase protein in source
leaves of cv Conquistador and AVP1D-
expressing lettuce plants. Representative
micrographs are shown for cross sections
of source leaves from cv Conquistador
(A), AVP1D-2 (B), and AVP1D-6 (C) let-
tuce stained with Fast Green. A’, B’, and
C' show cross sections from the same
leaves as above incubated with an anti-
serum raised against the H*-PPase (see
“Materials and Methods”). The signal
(dark brown precipitate) is mainly detec-
ted in companion cells (CC) and in sieve
elements (SE) of control and AVP1D
transgenic lettuce. X, Xylem. [See online
article for color version of this figure.]
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that both the initial velocity and the steady state were 2-
and 3-fold enhanced in the AVP1D-2 and AVP1D-6 lines
compared with controls, respectively (Fig. 1B). Further-
more, PP; hydrolytic activities were about 2-fold higher
in AVP1D-2 and AVP1D-6 than in controls (Fig. 1C).

Higher H*-PPase Activity in Transgenic Lettuce Increases
Plant Biomass and Root Acidification Capacity

It has been shown that overexpression of type I H'-
PPases under the control of either the 355 or Ubiquitin
promoter increases root and shoot proliferation (Li
et al., 2005, 2008, 2010; Bao et al., 2008; Lv et al., 2008,
2009). Here, we monitored shoot and root parameters
of control and AVP1D transgenic lettuce plants grown
in a complete hydroponic nutrient solution (Fig. 3).
Area data of most leaves and cotyledons did not show
statistically significant differences among control and
AVP1D transgenic lines (Fig. 3A). However, both leaf
and root dry weight data showed a tendency toward
higher weights in both AVP1D transgenic lettuces com-
pared with the controls (Fig. 3, B and C). To further
characterize these AVP1D transgenic plants, we tested
their root acidification capacity. Seeds of control, AVP1D-2,
and AVP1D-6 plants were germinated in solid medium
supplemented with complete nutrient solution and a pH
indicator dye. As shown in Figure 4A, the acidification
zone generated by both AVPID-2 and AVP1D-6 seed-
lings appears more intense compared with the controls.
In order to have quantitative data of this enhanced
acidification capacity displayed by the AVP1D trans-
genic lettuce plants, we evaluated the PM H'-ATPase
proton-pumping (Fig. 4C) and hydrolytic (Fig. 4D)
activities from root microsomal fractions. Interestingly,

Figure 3. Growth parameters of cv A
Conquistador and AVP1D-expressing
lettuce lines grown in normal me-
dium. A, cv Conquistador and AVP1D
transgenic lettuce were grown under
hydroponic  control conditions for
14 d, and their leaf areas were deter-
mined as described in “Materials and
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there is no statistically significant difference in the
initial velocities of control and AVP1D lettuce plants;
however, their steady-state transport values are about
2-fold higher than in controls (Fig. 4C). Further-
more, the ATP hydrolytic capacities of AVP1D-2 and
AVP1D-6 are 25% higher compared with the controls
(Fig. 4D).

AVPI1D Transgenic Lettuce Plants Outperform Controls
When Grown under Limiting NO,~ Conditions

Overexpression of type I H'-PPases has been as-
sociated with increased photosynthesis rates and root
development (Lv et al.,, 2008). The enhanced root
acidification capacity and biomass displayed by
AVPI1D transgenic lettuce plants (Figs. 3 and 4) are
indicative of the augmented availability of photosyn-
thates. Coordinating the activity of root ion-uptake
systems with photosynthesis in shoots has been pro-
posed to be the way in which plants balance their
nutrient homeostasis (Lejay et al., 2003). NO;  uptake
has been correlated with the availability of photosyn-
thates in roots (Delhon et al., 1996). Furthermore, root
acidification that depends on photosynthate supply
is a universal strategy for nutrient uptake in plants
(Marschner, 2002). In order to test if the robust and
active root systems of the AVP1D-2 and AVP1D-6
plants confer a growth advantage under limiting
NO,"~ conditions, we germinated seeds in low-NO;~
(0.5 mm) solid medium supplemented with a pH in-
dicator dye. Interestingly, the seedlings of both trans-
genic lines displayed an enhanced acidification
capacity compared with controls (Fig. 4B). Furthermore,
visual inspection of the seedlings showed that both
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Figure 4. Root acidification and PM H*-ATPase activity of cv Conquistador and AVP1D-expressing lettuce. A and B, Seedlings
of wild-type cv Conquistador (wt) and AVP1D-2 and AVP1D-6 transgenic lettuce were germinated in the presence of normal (A)
or low (B; 0.5 mm) NO, ™ -containing solid medium with the pH indicator bromocresol purple. The pH change was visualized
via changes in medium color. The inset in B shows a color bar generated by documenting the color change of bromocresol
purple in the same medium at specific pH values. The photographs show plants grown for 20 d (A) and 25 d (B). C, PM H*-
ATPase proton-pumping activity. Data of initial velocity (V0) and steady state (AF) of H*-ATPase-dependent H* gradients across
PM vesicles from root microsomal fractions of control (wt) and transgenic lettuce (as indicated) were monitored by fluorescence
quenching of the pH-sensitive dye 9-amino-6-chloro-2-methoxyacridine (see “Materials and Methods”). D, PM H*-ATPase
hydrolytic activities from the same root microsomal fractions monitored as phosphate release (see “Materials and Methods”).
The vanadate-sensitive ATP hydrolysis was measured at pH 6.5. Tukey’s HSD test & = 0.05; ns = not significantly different. [See

online article for color version of this figure.]

shoots and roots of the AVP1D lines are larger and that
lateral root development is more robust compared
with the controls (Fig. 4B).

To further document this H'-PPase-triggered growth
advantage under limiting NO, , we monitored shoot
and root parameters from control, AVP1D-2, and
AVP1D-6 plants grown in a limiting NO;~ (0.5 mm)
hydroponic nutrient solution (Fig. 5). Cotyledon and
leaf data of both AVP1D-2 and AVP1D-6 plants
showed a statistically significant increase in area
compared with controls (Fig. 5A). Consistently, leaf
and root dry weight data showed that AVP1D-
expressing lettuce lines developed at least 2-fold
more leaf biomass and about 3-fold more root biomass
than controls under limiting NO;~ (Fig. 5, B and C).

Expression Analysis of LsNRT2.1 in Response to
NO," Concentration and Sugars

As shown above (Fig. 5), overexpression of the
AVPID gene in lettuce plants enhances shoot, and

Plant Physiol. Vol. 161, 2013

more significantly root, development when plants are
grown under limiting NO;~ conditions as compared
with controls. NO; ™ deficiency has been shown to af-
fect photosynthesis and the partitioning of reduced
carbon between source and sink tissues (Hermans
et al.,, 2006). Interestingly, the regulation of the high-
affinity NO,~ transporter AtNRT2.1 in Arabidopsis
roots is coordinated with photosynthesis and carbon
allocation (Lejay et al., 2003). In order to determine if
the enhanced carbon allocation hinted by the robust
root systems and the acidification capacity of the
AVP1D expression lines correlates with an increased
expression of a lettuce ortholog of AtNRT2.1, we ex-
amined the levels of expression of the lettuce NRT2.1
NO,™ transporter gene (LsNRT2.1; Supplemental Fig-
ures S1 and S2; Supplemental Tables S1 and S2; Sup-
plemental Text S1) in leaves, cotyledons, root-shoot
junctions, and roots using semiquantitative reverse
transcription (RT)-PCR. Expression was detected in
cotyledons, root-shoot junctions, and roots of control
lettuce seedlings that were N starved for 5 d and then
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Figure 5. Growth parameters of cv A
Conquistador and AVP1D-expressing
lettuce grown in low-NO;~ medium.
A, Wild-type cv Conquistador (wt) and
AVP1D transgenic lettuce were grown
hydroponically under low-NO,~ (0.5
mm) conditions for 20 d, and their leaf
areas were determined as described
in “Materials and Methods.” Average
areas of cotyledons (C1 and C2) and
leaves (L1-L7) of cv Conquistador
(white bars), AVP1D-2 (black bars),
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incubated in the presence of 1 mm NO, -containing
solution (Fig. 6A). In order to further characterize this
LsNRT?2.1 gene, we monitored its expression in roots of
control seedlings in response to different concentra-
tions of NO,;~ in the growth medium. The peak of
expression was detected when NO, -starved seedlings
were transferred for 6 h to a 200 um NO; -containing
growth medium (Fig. 6B). This expression diminished
about 60% when the NO,; ™ concentration was 400 uMm,
reaching the lowest expression at 1 mm NO; ™ (Fig. 6B).
To study the response of LsNRT2.1 expression to
sugars, control seedlings were grown in 1 mm NO; ™ -
containing medium and treated with Glc and Suc
(100 um). After 6 h of root exposure to Glc or Suc,
the expression levels of LiNRT2.1 were measured by
real-time PCR. Exogenous Glc and Suc were able to
up-regulate the basal expression of the LsNRT2.1
gene about 5- and 3.6-fold, respectively (Fig. 6C).
The more robust root systems and enhanced acidi-
fication capacity displayed by the AVP1D lettuce
plants exposed to limiting NO;~ conditions (Figs. 4
and 5) suggest that these root systems should have
higher availability of photosynthates. We tested the
behavior of LsNRT2.1 expression in roots of control,
AVP1D-2, and AVP1D-6 plants grown in the pres-
ence of 1 mM NO,  medium. The expression of
LsNRT2.1 in AVP1D-2 and AVP1D-6 was 7-fold
higher compared with control plants (Fig. 6D).

Evaluation of Soluble Sugar Levels and Total Carbon and
N in Roots of AVP1D Transgenic Lettuce and Controls

We measured the levels of Glc, Fru, and Suc in
roots to test if carbon allocation was enhanced in

1562

L1

ba
a
a b s
a
a
b
b
baa aa
e R L i ==
L3
a

AVP1D-2

L2 L4 L5 L6 L7

)
=)
o
N
o
o

g
o
N

0.015

—_—

0.01 b

0.005
0

AVP1D-6 wt

Root Dry Weight (g)

AVP1D-2 AVP1D-6

the AVP1D-2 and AVP1D-6 lines compared with the
controls (Fig. 7, A-C). Plants were grown in the
presence of 1 mM NO,;  medium. The levels of all
these soluble sugars were reduced in the AVP1D-2
and AVP1D-6 lines. The levels of Glc and Suc were
about 5- and 2-fold lower than in controls in the
AVP1D-2 and AVP1D-6 lines, respectively (Fig. 7, A
and C). By comparison, the level of Fru was only
slightly reduced in the roots of the transgenic let-
tuce (Fig. 7B). However, root total carbon in the
AVP1D-2 and AVP1D-6 lines was about 2-fold
higher than in controls (Fig. 7D). These data show a
distinct negative correlation between soluble sugars
and biomass. Interestingly, root total N from the
aforementioned plants was about 50% higher than
in controls (Fig. 7D).

Greenhouse and Field Experiments

All the above experiments were performed in arti-
ficial medium; in order to explore the behavior of these
AVP1D transgenic lettuce plants under real soil con-
ditions, we performed greenhouse and field experi-
ments. Lettuce leaf area and aboveground dry matter
were significantly (P < 0.01) increased by N rate (Fig.
8, A and B). Furthermore, cultivar effects were also
statistically significant, where AVP1D-6 outperformed
AVP1D-2, which in turn outperformed the control
plants.

Leaching of N in this greenhouse experiment was
high due to the frequent watering required to maintain
plant vigor in the warm greenhouse. Aboveground
N accumulation from soil and fertilizer N (the latter

Plant Physiol. Vol. 161, 2013
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Figure 6. Characterization of a lettuce NRT2.1 gene (LsNRT2.1). A, Ethidium bromide staining of semiquantitative RT-PCR
expression analysis of LsNRT2.1 in first and second leaves (FL and SL), cotyledons (C), root-shoot junction (R/S), and roots (R) of
control plants N starved for 5 d and then incubated in the presence of 1 mm NO,™-containing solution. LsNRT2.1 expression
levels in different tissues are relative to actin. B, Analysis of LsNRT2.1 expression in roots of control seedlings starved for
NO;"~ and incubated for 6 h under different NO;~ concentrations as indicated (for details, see “Materials and Methods”).
C, Response of LsNRT2.1 expression in roots of control plants incubated in the presence of T mm KNO,, 100 mm Glc +
1 mm KNO;, or 100 mm Suc + 1 mm KNO, as indicated (for details, see “Materials and Methods”). D, Expression levels of
LsNRT2.1 in roots of control (wild type [WT]), AVP1D-2, and AVP1D-6 plants grown in the presence of 1 mm NO, ™.
Quantification was performed by real-time PCR, and the transcript levels in B, C, and D are expressed as the number of
copies ug™' cDNA (see “Materials and Methods”). All real-time PCR experiments were done in triplicate from three

independent RNA extractions.

measured by "°N) increased with N rate and was sta-
tistically (P < 0.05) higher in AVP1D transgenic lettuce
plants compared with the controls. On average, over
90% of the N accumulated in the plant was derived
from the applied "N-labeled fertilizer, and the engi-
neered cultivars recovered more fertilizer N (from 10%
to 50% more) than the unmodified controls across all N
rates (Table I).

Romaine lettuce showed a significant (P < 0.05)
quadratic response, where marketable yields were
essentially maximized to the first N rate (50 kg N ha ™)
and N rates beyond 100 kg N ha~' reduced yields
(Fig. 8C). Cultivar response was highly significant
(P < 0.01), where both AVP1ID-2 and AVP1D-6
produced more marketable yields across all N rates
compared with control plants. The AVP1D6 cultivar
produced 40% more marketable product per unit of
N at the optimal N rate of 50 kg N ha " than the
controls.

DISCUSSION

In this study, two transgenic lettuce lines (AVPD1-2
and AVPDI1-6) with enhanced H'-PPase abundance
and activity (Figs. 1 and 2) were used to evaluate the
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potential of this genetic manipulation for improving
NO,"  uptake efficiency in lettuce. The experiments
described in this work demonstrate that this tech-
nology was instrumental in improving lettuce N use
efficiency under control and limiting NO, " regimens
in laboratory, greenhouse, and field scenarios (Figs.
3,5, and §; Table I). In all instances, more production
(including marketable yield) was obtained per unit
of N input for AVP1D-engineered lettuce versus
controls.

The type I H*-PPase from Arabidopsis (AVP1) has
been identified as a yield-enhancing gene (Gonzalez
et al., 2009, 2010). There is a large body of evidence
showing that overexpression of type I H'-PPases un-
der the control of either the 35S or Ubiquitin promoter
in different crops increases root and shoot proliferation
(Li et al., 2005, 2008, 2010; Park et al., 2005; Yang et al.,
2007; Bao et al., 2008; Lv et al., 2008, 2009; Pasapula
et al,, 2011). However, only the work by Yang and
collaborators has shown that these H"-PPase-enhanced
root systems represent an advantage when plants are
challenged with limiting phosphate nutrition (Yang
et al., 2007; Gaxiola et al., 2011). Furthermore, it was in
this work that an enhanced root acidification capacity
was correlated with the up-regulation of the H'-PPase
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(Yang et al., 2007). This enhanced rhizosphere acidifi-
cation capacity was shown to be sensitive to vanadate,
suggesting that up-regulation of the H'-PPase has a
positive effect on the activity of the PM H'-ATPase
(Yang et al., 2007). A recent report on the proton-
pumping activity of the PM H"-ATPase from roots of
transgenic Arabidopsis plants engineered with a 35S:
AVP1 expression cassette showed that the initial
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velocity and steady state of the proton gradients gen-
erated by the PM H'-ATPase are significantly greater
(50%-70%; a = 0.05) than in the wild type (Undurraga
et al., 2012). Rhizosphere acidification is a central
mechanism for plant mineral nutrition, since it con-
tributes to nutrient solubility and the PM proton mo-
tive force (Palmgren, 1998; Marschner, 2002). AVP1D-2
and AVP1D-6 transgenic lettuce plants display an
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Table 1. Total aboveground N and fertilizer N to N rate and cultivar in the greenhouse

Significant linear (L) and quadratic (Q) responses to N rate at P < 0.01 were seen. The cultivar effect was
significant at P < 0.05. Fertilizer N was calculated from the "N label (see “Materials and Methods”). **P < 0.01.

Total Aboveground N

Total Aboveground Fertilizer N

N Rate Conquistador AVP1D-2 AVP1D-6 Conquistador AVP1D-2 AVP1D-6
mg per pot
0 g per pot 3.7 5.4 5.4 - - -
0.1 g per pot 22.5 25.1 28.1 19.7 22.0 24.5
0.2 g per pot 33.1 44.7 49.2 30.9 40.8 44.9
0.4 g per pot 47.5 59.7 51.7 41.4 55.6 48.4
0.8 g per pot 335 46.1 67.7 31.4 43.3 63.8

increased rhizosphere acidification capacity under
both normal and limiting NO,  conditions (Fig. 4).
Furthermore, direct evidence shows that the aug-
mented root acidification capacity displayed by
AVPI1D lettuce plants correlates with enhanced PM
H"™-ATPase pumping and hydrolytic activities (Fig.
4). The enhanced biomass (shoot and root) and rhi-
zosphere acidification capacities displayed by the
AVP1D-engineered lettuce under normal or limiting
NO; ™ are indicative of the augmented availability of
photosynthates in these plants. Suc produced by
photosynthesis is the cornerstone of higher plant
metabolism. It is the main substrate for respiration
and biosynthesis. NO;  uptake has been correlated
with the availability of photosynthates in roots
(Delhon et al., 1996). Carbon and N metabolisms are
interrelated for the sustained growth and develop-
ment of plants (Zheng, 2009). For example, amino
acid biosynthesis requires the coordination of N and
carbon metabolism, since the N assimilation demands
carbon skeletons in the form of 2-oxoglutarate, ATP, and
reductant (Lancien et al., 2000). Interestingly, it has
been shown that the metabolite profile in AVP1-
overexpressing transgenic Arabidopsis is shifted to-
ward N metabolism and changes in carbon signaling
(Gonzalez et al., 2010).

Plant NO;~ acquisition depends on the combined
activities of root high- and low-affinity NO," trans-
porters and the proton gradient generated by the PM
H"-ATPase (Forde, 2000). Plant NRT2 genes studied so
far are expressed preferentially in roots (Miller et al.,
2007). In Arabidopsis, the regulation of AtNRT2.1
transcript levels in roots by light, Suc supply to the
roots, and N limitation has been extensively docu-
mented (Lejay et al, 1999). The response to NO;
limitation (Fig. 6B) as well as Suc and Glc treatments of
the LsNRT2.1 gene reported here (Fig. 6C) is consistent
with the behavior of the Arabidopsis and rice NRT2.1
transporter genes (Feng et al., 2011). Of note, it has
been shown that Suc-mediated diurnal regulation is
common to a wide range of nutrient-uptake genes in
Arabidopsis roots, including ammonium transporters
and high-affinity sulfate, phosphate, and potassium
transporters (Lejay et al., 2003). These results are con-
sistent with an integration of photosynthesis in the
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shoots with nutrient uptake in the roots. The consti-
tutive up-regulation of the LsNRT2.1 gene in both
AVP1D-2 and AVPID-6 transgenic lettuce (Fig. 6D),
and the conspicuous increase in H'-PPase abundance
at the vasculature of leaves shown here (Fig. 2) and
elsewhere (Gaxiola et al., 2001; Pasapula et al., 2011),
further suggest that the enhanced expression of the
H'-PPase could favor the transport of photosynthates
from source to sink tissues, as hypothesized previously
(Paez-Valencia et al., 2011; Gaxiola et al., 2012). In
keeping with this, the enhanced root biomass (Figs. 3
and 5) is consistent with an augmented transport of
reduced carbon to the roots of these transgenic lettuce
plants. Furthermore, an increased root acidification
capacity (Fig. 4) depends on an ATP supply generated
by the respiration of reduced carbon molecules. The
data presented here showing a reduction in the level of
soluble sugars (Fig. 7, A-C) and an increase in total
carbon (Fig. 7D) in the roots of the AVP1D-2 and
AVP1D-6 lines suggest that the reduction of the pool
sizes of these soluble sugars is due to a high metabolic
activity. A similar negative correlation between the
level of soluble sugars and strong growth has been
described previously in Arabidopsis (Meyer et al.,
2007). Of note, total root N also increased in both
transgenic lettuce lines, but the carbon-N ratios
were similar to controls (Fig. 7D). The data from the
greenhouse study show greater aboveground N
accumulation from total and fertilizer N for the
AVP1D-2 and AVP1D-6 lines compared with con-
trols in all N rates tested (Table I). These data are
consistent with the enhanced root acidification ca-
pacity (Fig. 4) and the observed up-regulation of
the LsNRT2.1 gene in both AVP1D-2 and AVP1D-6
transgenic lettuce compared with controls (Fig. 6D).
Furthermore, the enhanced biomass and market-
able yield of the AVP1D transgenic lettuce under
control and limiting N suggest that this genetic
modification results in an integral N and carbon
metabolism.

In summary, this simple genetic manipulation can
trigger agriculturally relevant phenotypes that will
likely allow more efficient utilization of N and facili-
tate high production at a fraction of the economic and
environmental cost.
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MATERIALS AND METHODS
Plant Material, Transformation, and Growth Conditions

Lettuce (Lactuca sativa ‘Conquistador’) transformation was performed by
means of the Agrobacterium tumefaciens-mediated transformation method de-
scribed elsewhere (Michelmore et al., 1987). A. tumefaciens strain GV3101
carrying the pGR395 (CaMV355::AVP1D) vector was used for this study. The
PRG395 plasmid was generated by cloning the AVP1D gene downstream of a
tandem repeat of the 355 promoter of Cauliflower mosaic virus as described
(Zhen et al., 1997; Gaxiola et al., 2001). T1 seeds were screened in 100 mg L!
kanamycin-containing medium, and 15 positive lines were selected and then
transferred to soil. Segregation analysis of T2 seeds from self-pollinated T1
plants was carried out on kanamycin selection medium, and homozygous T2
AVPID lines were selected. From these 15 lines, two T4 homozygous lines
(AVPID-2 and AVP1D-6) were chosen for use in all the experiments reported
in this study. For a typical experiment, lettuce seeds (the wild type and
transgenic lines AVPID-2 and AVP1D-6) were germinated in soil (SunGro
Redi-Earth) in chambers at 21°C with 70% relative humidity and a 16-h-light
photoperiod (150 umol m ™2 s7?). After germination, seedlings were carefully
removed and transferred to 11-L tanks containing modified Hoagland nutrient
solution [1.5 mm Ca(SO,), 0.75 mm MgSO,, 0.50 mm KH,PO,, 72 um Fe-EDTA,
and 1 mL L™! 1,000X trace element solution]. The only source of N was KNO;;
two concentrations of KNO; were used for most of the experiments, 6.25 mm
(sufficient) and 0.5 mm (low). Potassium chloride (KCl) was used to keep the
potassium concentration at 1 mm.

Greenhouse Experiment

Surface soil mapped as Casa Grande (fine-loamy, mixed, hyperthermic,
Typic Natriargid [reclaimed]) was collected at the Maricopa Agricultural
Center, sieved, and 1.6 kg was weighed into 15-cm-diameter pots. The preplant
NO, -N test for this soil was 50 mg kg™'. All pots received 0.34 g of phos-
phorus as monocalcium phosphate so that phosphorus would not be limiting.
The treatments included cv Conquistador, AVP1D-2, and AVP1D-6 romaine
lettuce and N rates. The total seasonal rates of N were 0, 0.1, 0.2,0.4,and 0.8 g
per pot. The N was applied as a potassium nitrate solution in eight split ap-
plications to achieve these seasonal total rates. The potassium nitrate solution
was labeled with 10 atom % "°N. The experimental design was a randomized
complete block with four replications.

Lettuce seedlings (one-leaf stage) were transplanted into the prewatered
pots on September 15, 2011. The first N fertilization occurred on September 20
and continued twice weekly through harvest. These plants were grown to the
eight-leaf stage (October 14) and harvested by cutting the aboveground plant
at the soil surface. Total leaf area was measured using a LiChor area meter (LI
3100 C), and fresh and dry weights were determined as described above. Total
N and N percentage were determined by combustion mass spectroscopy at
the Colorado Plateau Stable Isotope Laboratory at Northern Arizona Uni-
versity. N derived from fertilizer and N fertilizer recovery were determined
using methods described elsewhere (Sanchez and Blackmer, 1988). Statistical
analysis was performed using SAS (SAS Institute), where responses to N were
evaluated by trend analysis and differences among cultivars were evaluated
by Lsp.

Field Experiment

This study was performed in the field where we collected soil for the
greenhouse experiment. The entire plot area received 125 kg phosphorus ha ™'
as monoammonium phosphate, which is the common practice for low-
phosphorus testing soils. Thus, the entire plot area also received 54 kg N
ha! with the preplant phosphate fertilizer. The treatment design was a split
plot with cultivar subplots (cv Conquistador, AVP1D-2, and AVP1D-6) within
N main plots. The N rate treatments of 0, 50, 100, 150, and 200 kg N ha™! (not
including that applied with the preplant phosphate fertilizer) were applied
preplant as a polymer-coated urea controlled-release N product (ESN, dis-
tributed by Agrium Advanced Technologies). All N and phosphorus fertilizers
were roto-mulched into the beds. Individual main plots were 25 m?, and the
experimental design was a randomized complete block with four replications.

Lettuce cultivars were seeded in elevated double-row beds on 1-m centers
with a hand planter (Jang JP1 Clean Seeder) and thinned by hoe at the four-leaf
stage to approximately 71,000 plants ha™". The planting date was November
14, 2011. The stands were established by sprinkler irrigation. After establish-
ment, all required irrigations were applied by level (no-slope) furrows.
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Lettuce was harvested at maturity (March 16, 2012) by cutting and weighing
all plants from 3 m of double-row beds. Marketable yield was determined after
grading using standard practices. Statistical analysis was performed using SAS
(SAS Institute), where responses to N were evaluated by trend analysis and
differences among cultivars were evaluated by Lsp.

AVPID and LsNRT2.1 Quantitative Real-Time PCR

Total cellular RNA was purified with Trizol reagent following the manu-
facturer’s instructions. RT was carried out using the RETROscript kit
(Ambion) according to the manufacturer’s instructions. The resulting cDNAs
were used as templates for quantitative RT-PCR. Plasmid controls were con-
structed for the AVPI and LsNRT2.1 genes by cloning specific amplicons into
pBluescript SK+ and pGEM T-Easy vectors, respectively. Purified plasmid
clones were quantified spectrophotometrically, and the copy number was
calculated as described previously (Whelan et al., 2003). The copy number and
concentration of the plasmid DNA were used to determine the precise number
of molecules added to the real-time PCR in order to provide a standard for
specific cDNA quantification. Real-time quantitative analyses were performed
on the My iQ Single Color Real Time PCR Detection System (Bio-Rad). A
standard curve was drawn plotting the natural log of the threshold cycle
against the natural log of the number of molecules. The threshold cycle was
calculated under default settings for the real-time sequence detection software
(Bio-Rad). The linear equation fitted to the data points was used to calculate
the precise number of cDNA molecules present per microgram of total oligo
(dT) primered cDNA on the same reaction plate as the standard. Primer se-
quences are listed in Supplemental Table S1. Real-time PCR was performed on
optical 96-well plates (Bio-Rad) under universal cycling conditions (10 min at
95°C, 35 cycles of 15 s at 95°C and 60 s at 60°C) followed by the generation of a
dissociation curve to check for amplification specificity. The real-time PCRs
contained 10 uL of SYBR Green Master Mix (Bio-Rad), 500 nm of specific
forward and reverse primers, 1 uL. of cDNA, and the appropriate amount of
water for a final volume of 20 uL per reaction. Expression levels for each
sample were calculated on three technical replicates.

Immunohistochemistry

Lettuce source leaves were fixed in 3.7% formaldehyde, 50% ethanol, and
5% acetic acid for 3 h at room temperature. Fixed material was dehydrated in a
graded ethanol series (50%, 60%, 70%, 80%, 90%, and 100%), and absolute
ethanol was replaced by histological clearing agent (xylene; Sigma-Aldrich).
Tissues were embedded in Paraplast at 60°C. The embedded tissue was
sliced into 10-um sections and placed onto poly-Lys-coated slides. Sections on
positively charged slides were deparaffinized in xylene, hydrated in graded
alcohol (100%, 90%, 80%, 70%, 60%, 50%, and 30% distilled, deionized water),
and pretreated with Antigen Retrieval Solution (BioGenex) under a steamer
at 98°C for 10 min. 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) or preimmune serum at a 1:1,000 dilution
in phosphate-buffered saline. Three rinses with phosphate-buffered saline-
Tween (0.1%, v/v) were followed by incubation with the DAKO EnVision
system following the manufacturer’s instructions. After several washes,
the immunohistochemical preparations were contrasted with Fast Green
(Sigma).

H*-ATPase and H*-PPase H*-Pumping and
Hydrolytic Activities

Microsomal fractions containing PM vesicles and tonoplast were isolated
from roots by differential centrifugation, as described elsewhere (Giannini and
Briskin, 1988) with some modifications. Plant root material was homogenized
in buffered medium (pH 8.0) containing 250 mm Suc, 10% glycerol, 100 mm
MOPS-1,3-bis(tris[hydroxymethylJmethylamino) propane (BTP), 2 mm EDTA,
2 mu dithiothreitol, 2 mm phenylmethylsulfonyl fluoride, 0.4% polyvinylpyrrolidone-
40T, 0.3% bovine serum albumin, and 100 mm KCIL. The homogenate was
filtered through a membrane Miracloth (Calbiochem) and subjected to sub-
sequent centrifugation to obtain the microsomal fraction. The microsomal
fraction was solubilized in a medium containing 15% glycerol, 20 mm Tris-HCl
(pH 7.6), 1 mm EGTA, 1 mm dithiothreitol, and 1 mm phenylmethylsulfonyl
fluoride.

The H'-ATPase and H'-PPase activities were determined colorimetri-
cally by the release of phosphate during ATP or PP; hydrolysis using the
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method described elsewhere (Fiske and Subbarow, 1925) with modifi-
cations proposed by Facanha and De Méis (1998). The reactions were
performed using the reaction medium composed of 20 mm MOPS-BTP
(pH 6.5) for ATPase and MOPS-Tris (pH 7.0) for H*-PPase, 100 mm KCl,
5 mm MgSO,, 0.2 mm Na,MoO,, 0.2 mm Na,VO,, and 1 mm ATP or
0.1 mm PP;.

The proton gradient was measured by monitoring the rate of decrease in
fluorescence of the metachromatic fluorescent probe 9-amino-6-chloro-2-
metoxiacridina using a Fluoroskan Ascent spectrofluorimeter (model FL;
Thermo Labsystems). The reaction medium was composed of 10 mm MOPS-
BTP (pH 6.5) for ATPase, 10 mm MOPS-BTP (pH 7.0) for H'-PPase, 100 mm
KCl, 5 mm MgSO,, 250 mm Suc, 2 mm 9-amino-6-chloro-2-metoxiacridina, and
30 ug of protein, using 1 mm ATP or 0.1 mm PP; as substrate, respectively.
From the data, the initial velocity and the variation of maximum fluorescence
were determined. The H" pump specific activities were calculated by mea-
suring H' transport in the presence or absence of 0.2 mmol L™ vanadate and
5 nmol L™ concanamycin, specific inhibitors of P-type ATPase and V-ATPase, re-
spectively. The reaction was triggered by the addition of 1 mmol L™ ATP or 0.2
mmol L' PP, and 3 mmol L' mesoxalonitrile 4-trifluoromethoxyphenylhydrazone
was used to dissipate the H" gradient.

Medium for Root Acidification

Seeds were germinated on plates containing modified Hoagland nutrient
solution with normal or low KNO; (see above), 0.8% agar, 1 mm MES (pH 6.8),
and 0.04% (w/v) of the pH indicator bromocresol purple as reported previ-
ously (Yang et al., 2007). Two weeks after germination, images were captured
using a Nikon 5100 camera.

Leaf Area Determination

Control, AVP1D-2, and AVPID-6 plants were grown for 15 d in tanks
containing modified Hoagland nutrient solution supplemented with normal
or low NO; . Leaves were carefully excised with a scalpel blade and scanned
on an HP Scanjet G4010. The leaf areas were determined using the Image] 1.4.1
program (http:/ /rsb.info.nih.gov/download.html).

Root and Shoot Fresh and Dry Weight Measurements

Control, AVPID-2, and AVPID-6 plants were grown for 15 d in tanks
containing modified Hoagland nutrient solution supplemented with low or
high N. Roots and shoots were separated with a scalpel blade, and their fresh
weights were determined. The excess of water from roots was removed with
tissue paper. Then, all plant material was oven dried at 70°C for 72 h in paper
bags, and the dry weight was determined.

Relative Quantitative RT-PCR

Relative quantitative RT-PCR was used to determine the expression of
LsNRT2.1 in vegetative tissue of wild-type lettuce plants. Total RNAs were
isolated from first and second leaves, cotyledon, root-shoot junction, and roots
using Trizol reagent according to the manufacturer’s instructions. RT was
carried out using the RETROscript kit (Ambion). Gene-specific primers were
designed according to the predicted mRNA to obtain the amplified product of
123 bp. Actin forward and reverse primers (Supplemental Table S1) were used
as internal controls in RT-PCR under the following cycling conditions: dena-
turing step at 95°C for 30 s, amplification step for 35 cycles (98°C for 10 s, 58°C
for 1 min, and 72°C for 45 s), and a final elongation step at 72°C for 10 min.
The PCR products were visualized on ethidium bromide-stained 1% agarose
gels.

LsNRT2.1 Gene Expression Experiments

In order to test the expression of the LsNRT2.1 gene in roots of control
plants, a group of 20 seedlings were germinated in soil, transferred to
control hydroponic medium, and allowed to grow for 3 weeks. Twelve
plants of similar size were then transferred to deionized water for 5 d. Fi-
nally, groups of three plants were transferred at the beginning of the pho-
toperiod to medium supplemented with different KNO, concentrations
(200 um, 400 um, 600 um, and 1 mm). Roots of each group of plants were
collected after 6 h of incubation.
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A similar procedure was followed in order to analyze the response of the
LsNRT2.1 gene to sugar added to the root solution. Briefly, plants were grown
under control conditions for 3 weeks, transferred to deionized water for 5 d,
and then transferred to medium containing 100 mm Suc plus 1 mm KNO;,
100 mm Glc plus 1 mm KNO,, or 1 mm KNO; only.

For all experiments, plants of the same age were cultivated under similar
conditions and harvested at the same time at hour 8 of the light period. The
plants were grown in a controlled-environment chamber with a 16-h/8-h day/
night cycle (150 wmol m™2? s77) at a temperature of 21°C with 70% relative
humidity. Tissues used for gene expression analysis were collected at hour 8 of
the illuminated period and immediately frozen in liquid N for subsequent
RNA extraction.

Determination of Root Levels of Soluble Sugars and Total
Carbon and N Contents

Control, AVP1D-2, and AVP1D-6 plants were grown through the eight-leaf
stage in tanks containing modified Hoagland nutrient solution supplemented
with 1 mm KNOj. Roots of six plants per line were harvested at midday and
rinsed in cold distilled water for 5 s. This material was dried with tissue paper
to determine fresh weight (dry weight was determined from a fraction of this
material) and frozen in liquid N. The frozen material was extracted once with
80% (v/v) ethanol and twice with 50% (v/v) ethanol. The supernatants were
mixed and used for the determination of soluble sugars. Fru, Glc, and Suc
were determined by using the Suc/p-Glc/p-Fru assay kit (Roche).

In a follow-up experiment, control, AVPID-2, and AVP1D-6 plants were
grown in a modified Hoagland nutrient solution supplemented with 1 mm
KNO; through the eight-leaf stage. These plants were harvested, separated
into shoots and roots, dried at 60°C for 48 h, and ground, and total N and
carbon were determined by combustion analysis using the Carlo Erba CN
analyzer.

Statistical Analysis

Statistical analysis (unless specified otherwise) was performed with the JMP
6 software package (SAS Institute). In all cases, the “Fit Y by X” command was
used to perform one-way analysis to compare the effect of genotype (X factor)
and quantitative measurement (Y factor). Multiple comparisons were per-
formed by using, alternatively, Student’s ¢ test and Tukey’s honestly signifi-
cant difference (HSD) test, which are the most suitable ways to compare
numerous means because they correct for multiple comparisons. The signifi-
cance value (a) was 0.05 for all analyses.

Sequence data from this article can be found in the GenBank data libraries
under the following accession numbers: JI578969.1, NP_172288, ABQ57241,
AAS93686, AAC09320, AAC49531, CAC35729, ACN22072, CAD89798,
NP_001045658, BAD04063, XP_002523687, AAK19519, and AAV73917.

Supplemental Data

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

Supplemental Figure S1. Nucleotide sequence of a putative lettuce high-
affinity NO;~ transporter, LsNRT2.1.

Supplemental Figure S2. Unrooted, bootstrapped tree of high-affinity
NO;™ transporters.

Supplemental Table S1. Cloned sequences of known or putative high-
affinity NO,™ transporters used to generate Supplemental Figure S2.

Supplemental Table S2. Primers used for quantitative RT-PCR analysis.

Supplemental Text S1. Characterization of a NRT2.1 gene from lettuce.
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