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Improving the efficiency of nitrogen (N) uptake and utilization in plants could potentially increase crop yields while reducing N
fertilization and, subsequently, environmental pollution. Within most plants, N is transported primarily as amino acids. In this
study, pea (Pisum sativum) plants overexpressing AMINO ACID PERMEASE1 (AAP1) were used to determine if and how genetic
manipulation of amino acid transport from source to sink affects plant N use efficiency. The modified plants were grown under
low, moderate, or high N fertilization regimes. The results showed that, independent of the N nutrition, the engineered plants
allocate more N via the vasculature to the shoot and seeds and produce more biomass and higher seed yields than wild-type
plants. Dependent on the amount of N supplied, the AAP1-overexpressing plants displayed improved N uptake or utilization
efficiency, or a combination of the two. They also showed significantly increased N use efficiency in N-deficient as well as in
N-rich soils and, impressively, required half the amount of N to produce as many fruits and seeds as control plants. Together,
these data support that engineering N allocation from source to sink presents an effective strategy to produce crop plants with

improved productivity as well as N use efficiency in a range of N environments.

Nitrogen (N) is an essential nutrient that plants re-
quire in large amounts for growth and development. In
industrial countries, high N fertilization enables maxi-
mum crop yields, and in the last 50 years, the use of
synthetic N fertilizers has increased dramatically to
meet the agricultural demands of a growing population
(FAO, 2012; Conant et al., 2013). However, depending
on the crop species and soil conditions, plants take up
less than half of the applied N fertilizer (Raun and
Johnson, 1999; Hodge et al., 2000; Kumar and Goh,
2002; Yang et al., 2015; Zhu et al., 2016). The remaining
soil N may contaminate aquatic systems through run-
offs or leached water (Crews and Peoples, 2005; Gruber
and Galloway, 2008) or it may undergo denitrification
and be released into the atmosphere as nitrous oxide, a
powerful greenhouse gas (Bouwman, 1996; Bouwman
et al., 2002), altogether resulting in negative effects on
the environment and human health. Oppositely, in
developing countries, access to N fertilizer is limited,
and insufficient N nutrition results in low crop pro-
ductivity and, ultimately, in reduced food supply
(Brown et al., 2009; Lal, 2009).
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One solution to these issues is the production of crop
varieties that are highly efficient in using N and pro-
duce high yields with reduced N input (Masclaux-
Daubresse et al., 2010; McAllister et al., 2012; Garnett
et al., 2015). Plant nitrogen use efficiency (NUE) is de-
termined by plant seed yield relative to the amount of N
applied and is generally composed of both N uptake
and N utilization efficiency (Moll et al., 1982). Nitrogen
uptake efficiency (NUpE) is defined as total shoot N
relative to the amount of N supplied to the soil. The
uptake of N by the root is influenced by the availability
of soil N and controlled by plant N assimilation pro-
cesses and N metabolite levels as well as the N demand
of the plant (Ruffel et al., 2011; Nacry et al., 2013; Stahl
et al., 2016). In addition, recent work has resolved that
amino acid transport processes in root and shoot strongly
influence N uptake and metabolism, most probably
through a feedback regulatory mechanism and shoot-
to-root signaling (Miller et al., 2008; Sanders et al.,
2009; Tan et al., 2010; Zhang et al., 2010, 2015; Forde,
2014; Santiago and Tegeder, 2016). Nitrogen utiliza-
tion efficiency (NUtE) is defined as total seed yield
relative to total shoot N content (Moll et al., 1982) and
is affected by several physiological factors, including
N uptake, metabolism, allocation, and remobilization
(Habash et al., 2001; Tsay et al., 2011; Girondé et al.,
2015). In addition, regulated transport of N within the
plant strongly influences the amount of N allocated to
seeds and final seed yields (Rolletschek et al., 2005;
Schmidt et al., 2007, Weigelt et al., 2008; Tan et al.,
2010; Zhang et al., 2010, 2015; Carter and Tegeder,
2016; Santiago and Tegeder, 2016).

Approaches to improve plant NUE have focused mainly
on the genetic manipulation of N uptake (Fang et al., 2013;
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Araus et al., 2016; Chen et al., 2017), nitrate allocation
(Tsay et al., 2011), N metabolism (Ameziane et al.,
2000; Chichkova et al., 2001; Habash et al., 2001;
Yamaya et al., 2002; Seiffert et al., 2004; Good et al,,
2007; Shrawat et al., 2008; Pefia et al., 2017), and its
regulation (Yanagisawa et al., 2004). While generally
successful, these studies often did not address the
different components of NUE (i.e. NUtE and NUpE)
and/ or the effects of different N environments on NUE,
or they only demonstrated improved NUE when trans-
genic plants were grown under a specific N condition.
Furthermore, N partitioning processes within the plant
and associated amino acid transporters have been dis-
cussed as potentially important factors influencing NUE
(Masclaux-Daubresse et al., 2010; Xu et al., 2012; Gaju
et al., 2014; Mu et al., 2015; see above), but their role in
efficient plant N use has not yet been investigated. The
goal of this study was to tackle this lack of knowledge.

Plants generally take up nitrate and ammonium from
the soil, which are assimilated into amino acids in either
roots or shoots, depending on the plant species (von
Wirén et al., 2000; Miller and Cramer, 2005; Miller et al.,
2007; Xu et al., 2012; Krapp et al., 2014). In legumes like
pea (Pisum sativum), amino acid synthesis occurs mainly in
the roots followed by its transport via the xylem to mature
source leaves (Atkins et al., 1983). Within leaves, the
amino-N is utilized for a variety of metabolic processes,
transiently stored as amino acids or protein, or loaded into
the phloem in order to supply N to developing sinks, such
as fruit and seeds (Urquhart and Joy, 1982; Tegeder and
Rentsch, 2010; Zhang et al., 2010; Tegeder, 2014; Santiago
and Tegeder, 2016). Some of the root-derived amino acids
also might be transferred from the xylem to the phloem for
direct N supply of sinks (Urquhart and Joy, 1982; Zhang
et al, 2010; Tegeder, 2014) or exit the xylem along
the transport pathway for transient storage in the stem
(McNeil et al., 1979). During the reproductive stage, N
stored in stem and leaves is remobilized and transported
in the phloem to developing flowers, pods, and seeds
(Pate and Flinn, 1973; Schiltz et al., 2005). Within the seed,
amino acids are taken up by the embryo for metabolism
and the accumulation of storage compounds, such as
proteins and starch (Lanfermeijer et al., 1990; Jenner et al.,
1991; Hirner et al., 1998; Sanders et al., 2009; Zhang et al.,
2015). Both loading of amino acids into the phloem and
uptake into the embryo are key regulatory steps in N al-
location from source to sink and require the activity of
transport proteins (Schmidt et al., 2007; Tan et al., 2010;
Zhang et al, 2010, 2015; Tegeder, 2014; Santiago and
Tegeder, 2016). The function of these amino acid trans-
porters impacts the number of pods and seeds that de-
velop as well as the amount of seed storage compounds
(Atkins et al., 1975; Hirel et al., 2007; Sanders et al., 2009;
Tan et al., 2010; Zhang et al., 2015; Santiago and Tegeder,
2016). We hypothesized that these organic N transporters
in source and sink also contribute to plant NUE and that
their activities affect plant growth and development in
N-poor as well as N-rich environments.

In recent work, we found that simultaneous over-
expression of AMINO ACID PERMEASE1 (AAP1) in
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the phloem and embryos of pea plants improved source-
to-sink allocation of amino acids and led to increased
seed yield and seed storage protein levels when the
plants were grown with highly abundant N nutrition
(Zhang et al.,, 2015). The results further indicated positive
feedback regulation of N uptake and assimilation in roots
and increased shoot N supply. Using AAPI-overexpressing
(AAP1-OE) plants, this study aimed to resolve the role
of source-to-sink N partitioning processes in NUE and
to determine if increased amino acid transporter ex-
pression in source and sink results in improved plant
performance, even in N-deficient environments. The
AAP1-OE and wild-type pea plants were grown in
low, moderate, and high N-fertilized soils, and the
effects on the efficiency of N uptake and utilization
were evaluated. The results demonstrate that AAPI-
OE plants outperform the control plants and achieve
higher seed yields in all N fertilization regimes. While
the effects on NUpE and NUE varied with the dif-
ferent N treatments, NUE was improved significantly
under all N conditions tested. Remarkably, with half
the amount of N fertilizer supplied, the modified plants
performed as well as wild-type plants grown with twice
as much N. Overall, our work demonstrates that the
manipulation of source-to-sink N transport provides a
promising approach for increasing plant productivity
while optimizing N use.

RESULTS

Shoot Biomass and Root-to-Shoot N Partitioning Are
Increased in AAP1-OE Plants Grown under Low,
Moderate, and High N Nutrition

Previous studies in our laboratory demonstrated
that, when grown in very high N environments, pea
plants overexpressing AAPI in the leaf phloem and
embryos produce more shoot biomass and seed yield,
as well as higher seed protein levels, relative to the wild
type (Zhang et al., 2015). In this study, we examined if
the improved performance of the AAPI-OE plants is due
in part to high N nutrition or if the genetic manipulation
provides the AAPI-OE plants with an essential trait result-
ing in improved performance even in N-deficient environ-
ments. Non-nodulated transgenic and wild-type plants
were grown in nutrient-deficient soil with 2 g (low), 4 g
(moderate), or 8 g (high) of N per week and a modified
Hoagland nutrient solution. These N amounts were estab-
lished in preliminary experiments with wild-type pea
plants. High N fertilization resulted in maximum shoot
growth, while moderate N nutrition caused a significant
decrease in shoot biomass (Fig. 1, A to C). Wild-type plants
grown under low N supply showed severe N deficiency
symptoms, including yellow leaves and reduced shoot
growth (Fig. 1, A to C). To analyze the growth of AAP1-OE
compared with wild-type plants in the different N soils,
shoot dry weights of 8-week-old plants (Fig. 1, A and B) and
of plants at harvest (Fig. 1C) were examined. The results
resolved that AAPI-OE plants produced significantly more
biomass than the wild type for all N treatments.
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Figure 1. Shoot biomass and root-to-shoot amino
acid transport in AAPT-OE and wild-type (WT) pea
plants grown in low (2 g of N per week), moderate (4 g
of N per week), or high N (8 g of N per week) envi-
ronments. A, Image of two AAPT-OE lines (OET and
OE2) and wild-type plants after 8 weeks of growth. B,
Shoot dry weight of plants 8 weeks after germination
(WAG; n = 6). C, Shoot dry weight of desiccated
plants at harvest (16-week-old plants; n = 6). D, Total
free amino acids in xylem (n = 7). Data are means *
sp. Significant differences are indicated by letters
(ANOVA; P = 0.05).
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Non-nodulated pea plants mainly assimilate N in the
roots and transport the resulting amino acids to the shoot
via the xylem. To analyze if and how N delivery from root
to shoot is affected in the non-nodulated AAPI-OE and
wild-type plants, xylem amino acid content was ana-
lyzed. Generally, the total xylem amino acid content was
similar in pea plants grown under moderate and high N,
while it was strongly reduced in plants with low N supply
(Fig. 1D). This corroborates other studies showing that
plants display severe reductions in N uptake and as-
similation in extremely low N environments (Black and
Wight, 1979; Delogu et al., 1998; Tillard et al., 1998). When
comparing AAPI-OE lines and the wild type, the results
showed a significant increase in total xylem amino acids
for the transgenic plants under all N conditions tested
(Fig. 1D). Together, the results support that, independent
of the amount of N supplied, AAP1-OE plants perform
better than wild-type plants with respect to root-to-shoot
N allocation and shoot biomass production.

AAPI-OE Plants Display Increased Source-to-Sink
Transport of Amino Acids under Low, Moderate, and
High N Nutrition

To analyze the effects of N nutrition on N partitioning
to sinks, the expression of phloem amino acid transporters
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as well as amino acid levels in leaf exudate were ex-
amined (Fig. 2). The expression of AAPI as well as
CAT6 (CATIONIC AMINO ACID TRANSPORTERS),
which also may contribute to increased amino acid
phloem loading in AAPI-OE leaves (Zhang et al,,
2015), was analyzed (Fig. 2A). The results showed an
up-regulation of both transporters in AAP1-OE plants
exposed to low, moderate, and high soil N levels (Fig.
2A). Generally, exudates released from leaf petioles
consist mainly of phloem sap but also may contain fluids
from other leaf cells, the leaf apoplast, and xylem (Fiehn,
2003; Zhang et al., 2012). Analysis of leaf exudates resolved
that the total amino acid concentrations were generally
increased for all pea genotypes grown with higher N fer-
tilization (Fig. 2B; Winzer et al., 1996; Tillard et al., 1998).
Most importantly, when comparing transgenic versus
wild-type plants, amino acid levels were significantly
elevated in the AAPI-OE leaf exudates under all N
treatments (Fig. 2B). Analysis of the most abundant
amino acids showed that the amounts of Asn, GIn, Asp,
and Ala were increased for all N fertilization regimes for
one or both of the AAPI-OE lines. Homoserine levels,
however, seem to have been up-regulated only under
low and moderate N conditions (Fig. 2C). In addition,
the amounts of y-aminobutyric acid (GABA), a non-
protein amino acid, were increased in the AAP1-OE leaf
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Figure 2. Analysis of source-to-sink amino acid
transport in two AAPT-OE lines (AAPT1-OE1 and
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exudates under all N conditions tested. GABA levels
were highest when AAP1-OE plants were grown in low
N soil and contributed considerably to the total amino
acid pool in leaf exudates (Fig. 2C). This observed GABA
accumulation under N deficiency is in line with the
proposed function of the amino acid in environmental
stress responses (Kinnersley and Turano, 2000; Shelp
et al., 2012). Overall, the results support that improved
source-to-sink translocation of N in AAPI-OE pea plants
is achieved not only under high but also under deficient
N nutrition.

AAP1-OE Plants Produce More Seeds Than Wild-Type
Plants, Independent of the N Condition, But Their Seed N
Content Depends on N Availability

The effects of N fertilization on reproductive AAP1-OE
sink development were analyzed. No differences in pod
number per plant were found between AAPI-OE and
wild-type plants (Fig. 3A), including under high N nu-
trition. This varies from the work by Zhang et al. (2015)
showing that pod numbers were increased significantly
in AAP1-OE versus wild-type plants. The discrepancy is
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most probably due to differences in the type of growth
medium and the type and amount of fertilization. Our
study used nutrient-deficient soil and a modified
Hoagland solution. In the previous work, plants were
grown on nutritious soil and with plentiful nutrition
using a commercial fertilizer at high volume to maxi-
mize pod and seed development (see “Materials and
Methods”; Zhang et al., 2015). Nevertheless, and most
importantly, in this work, the seed number per pod was
higher in the transgenic plants for all N treatments,
resulting in a significant increase in the number of
seeds per AAP1-OE plant compared with wild-type
plants independent of the N nutrition (Fig. 3B). No-
tably, a comparison between moderate and high N
treatment showed that AAPI-OE plants fed with half
the amount of N produced as many seeds as wild-type
plants grown under high N supply (Fig. 3B).

In order to evaluate the effects of N nutrition on seed
quality of AAPI-OE plants, seed N and protein levels
were determined (Fig. 3, C and D). Both N and protein
content were increased in AAPI-OE versus wild-type
seeds under high N supply, unchanged under moder-
ate N, and reduced under low N fertilization. These
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Figure 3. Analyses of sink number and seed N levels
of AAPT1-OE1 and wild-type (WT) plants grown with
low (2 g of N per week), moderate (4 g of N per week),
or high N (8 g of N per week) supply. Plants were
grown for 16 weeks and analyzed after desiccation.
A, Total number of pods per plant (n = 6). B, Total
seed number per plant (n = 6). C, Seed elemental N
content (n = 5 plants). D, Seed protein content (n =
5). E, Total seed N yield per plant (n = 5). F, Total seed

protein yield per plant (n = 5). Data are means = sp.
Significant differences are indicated by letters
(ANOVA; P = 0.05). DW, Dry weight.
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data support that, independent of the amount of N fed
to the plant, the increased N allocation to sinks primarily
improves seed number rather than protein amount per
seed (Zhang et al., 2015). Only when N supply is plentiful,
as under high N, are both maximum sink development
and seed N/protein accumulation achieved (Fig. 3, C-F;
Zhang et al., 2015). Nevertheless, when calculating
total seed N and protein per plant, the results showed
that AAP1-OE plants perform significantly better than
wild-type plants for all N treatments. They allocate
more N to seed sinks and produce higher protein
yields (Fig. 3, E and F).

AAP1-OE Plants Contain Less N in Stubble Tissue under
Low and Moderate N Supply

In order to determine the N uptake and utilization ef-
ficiencies of AAP1-OE and wild-type plants, total shoot N
needed to be examined at harvest. Shoot N is composed of
seed N (Fig. 3E) as well as stubble N, which includes N
present in stem, leaf, and pod wall tissues (all shoot tissue
except seeds). First, the effects of the different N treatments
on stubble mass and N content were evaluated (Fig. 4,
A-C). The results showed that high versus moderate and
low N fertilization generally led to significantly higher

Plant Physiol. Vol. 175, 2017

"moderate’

high

stubble dry weight in both transgenic and wild-type pea
plants (Fig. 4A). But, within each N treatment, no dif-
ference in stubble dry weight was observed between
AAPI-OE lines and the wild type. Furthermore, when
grown with high N, no differences were found between
AAP1-OE and wild-type plants with respect to the per-
centage of N in stubble tissue and total stubble N content
(Fig. 4, B and C). However, under low and moderate N
conditions, the stubble matter of AAPI-OE plants con-
tained significantly less N than in the wild type.
Dependent on the N application, stubble N contrib-
uted between 12% and 29% to the total shoot N of the
pea plants analyzed, while seed N represented the major
N pool (Fig. 4D). Although stubble N was reduced in
AAPI1-OE plants grown in environments with low and
moderate N supply relative to the wild type, the trans-
genic plants showed no change or an increase in total
shoot N, respectively, due to significant increases in total
seed N per plant (Figs. 3E and 4D). Together, these re-
sults suggest that AAP1-OE plants supplied with limited
N amounts store less N in stubble than wild-type plants
and allocate the N to sinks. However, when plenty of N
is available, as in the high N treatment, AAP1-OE plants
contain similar N amounts to the wild type in stubble
tissues while increasing N delivery to seed sinks, to-
gether resulting in an increased total shoot N (Figs. 3E
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Figure 4. Analyses of stubble biomass and shoot N
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and 4D). Furthermore, increased shoot N levels in
AAPI-OE plants grown with moderate and high N
amounts indicate that, under those N conditions, the
transgenic plants take up and distribute more N to the
shoot than in the wild type. Overall, the AAPI-OE
plants displayed a higher N harvest index (i.e. the
percentage of shoot N present in seeds; Fig. 4E), sug-
gesting that they preferentially allocate N to seeds,
which results in an overall increase in seed production
as well as in higher seed N and protein yields (Fig. 3, B,
E, and F).

NUE Is Greatly Improved in AAP1-OE Plants

Plant NUE is generally composed of both NUpE and
NULE (Moll et al., 1982). NUpE and NUE of AAP1-OE
and wild-type plants grown under low, moderate, and
high N conditions were calculated as described in
“Materials and Methods.” Overall, NUpE (and NUtE)
decreased in all pea plants analyzed with increasing N
supply, as generally expected (Fig. 5, A and B; Beatty
et al,, 2010). Under low N conditions, no change in
NUpE was detected for AAP1-OE plants compared with
wild-type plants (Fig. 5A). However, when the supply of
N was moderate or high, AAPI-OE plants displayed
higher NUpE and contained 13% and 11%, respectively,
more N in the shoot than control plants (Fig. 5A).

240

To be able to determine NUE, total seed yield per
plant was measured. The results showed an increase in
seed yields with increasing N supply for transgenic and
wild-type plants (Fig. 5C). More importantly, under
each N condition tested, AAPI-OE plants outperformed
wild-type plants. Dependent on the N treatment, seed
yield increases of 17% to 39% were obtained. Equally
impressive, when comparing moderate versus high N
treatments, the AAP1-OE plants achieved similar yields
to the wild type with half the amount of N fertilizer (Fig.
5C). Seed weight was unchanged in each treatment
(data not shown), indicating that the increase in yield is
due to an increased number of seeds (Fig. 3B).

Analysis of N utilization demonstrated that AAPI-OE
plants grown under low and moderate N conditions show
a significant increase in NUtE by 17% and 13%, respec-
tively (Fig. 5B). This further supports that the transgenic
plants allocate more shoot N to seeds compared with the
wild type (Figs. 3E and 4, D and E), resulting in higher
seed production (Fig. 5C). No differences in NUtE were
detected between AAPI-OE and wild-type plants grown
with a high N supply (Fig. 5B).

Finally, NUE was determined for AAPI1-OE and
wild-type plants grown under low, moderate, and
high N conditions. Overall, NUE of the analyzed pea
plants increased with decreasing N nutrition, as ex-
pected (Fig. 5D; Beatty et al., 2010). Remarkably, com-
pared with the wild type, AAPI-OE plants displayed

Plant Physiol. Vol. 175, 2017
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Figure 5. Analysis of NUE in AAPT-OE1 and wild-
type (WT) plants grown with low (2 g of N per week),
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significant improvements in NUE under all N conditions
(Fig. 5D). Dependent on the N treatment, NUE was en-
hanced between 17% and 39%. Furthermore, AAP1-OE
plants with a moderate N supply, which produced
similar yields to wild-type plants grown under high N,
were 109% more efficient in using N (Fig. 5D). Overall,
the results demonstrate that enhancing source-to-sink
amino acid partitioning provides a successful strategy
for achieving high crop yields in non-fixing or low
N-fixing legumes and non-legume seed crops while
supplying less N fertilizer.

DISCUSSION

Source-to-Sink Partitioning of Amino Acids Is a Bottleneck
for Shoot Biomass and Seed Production in Both
N-Deficient and N-Sufficient Environments

This work examined the importance of N source-to-
sink partitioning for plant performance and NUE in a
range of N environments. Recent research has demon-
strated that amino acid transport processes that occur
downstream of N uptake and assimilation play essen-
tial roles in plant development, seed yield, and seed
protein accumulation (Rolletschek et al., 2005; Sanders
et al., 2009; Tan et al., 2010; Zhang et al., 2010, 2015;
Carter and Tegeder, 2016; Santiago and Tegeder, 2016).
Even more important, transporter function in movement
of amino acids from source (i.e. mature leaf) to sink (e.g.
fruits and seeds) seems to exert a regulatory control over
N uptake, amino acid synthesis, and amino acid alloca-
tion (Rolletschek et al., 2005; Weigelt et al., 2008; Tan
et al.,, 2010; Zhang et al., 2015; Santiago and Tegeder,
2016). Essential for this work, positive feedback regula-
tion of N assimilation and root-to-shoot partitioning, as
well as an increase in seed productivity, were observed
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are indicated by letters (ANOVA; P = 0.05). Numbers
above the columns indicate percentage changes be-
tween AAPT-OE and wild-type plants grown under
the same (solid brackets) or different (dashed
brackets) N conditions.

high

in pea plants overexpressing AAP1 in the phloem and
embryo and that were grown under a very high N
supply (Zhang et al., 2015). In this study, we determined
if the observed increases in seed yield and seed protein
require high N availability and if the modified pea plants
use N more efficiently than the wild type in a range of N
conditions. When AAPI-OE plants were grown under
low, moderate, and high N nutrition, the expression
of transporters involved in phloem loading as well as
amino acid levels in leaf exudates were increased (Fig. 2),
indicating that more N was moved from sources to sinks
under all N conditions. In addition, seed number (Fig.
3B) and seed yield (Fig. 5C) were increased in every N
environment tested, supporting that the transgenic pea
plants outperform the wild type independent of N sup-
ply. This further demonstrates that transporters func-
tioning in source-to-sink partitioning of amino acids
strongly influence seed production in all N fertilization
regimes and that altering transporter expression pre-
sents a successful approach to increase seed yields, even
when N supply is suboptimal.

While AAPI-OE plants produce higher seed yields
compared with the wild type in each N treatment, in-
cluding in low N environments, seed N and protein
levels were influenced by the N fertilization level (Fig. 3,
C and D). The importance of amino acid partitioning for
seed development and quality was recently elucidated
through studies in Arabidopsis (Arabidopsis thaliana) and
pea. Knocking out an Arabidopsis transporter involved
in amino acid phloem loading led to a decreased number
of seeds but no change in seed protein levels (Santiago
and Tegeder, 2016), whereas a mutation in an amino
acid seed loader negatively affected seed protein content
(Sanders et al., 2009). Furthermore, studies overexpressing
amino acid transporters in the parenchyma of legume
cotyledons resulted in improved seed N and protein
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content (Weigelt et al., 2008; Rolletschek et al., 2005).
Together, these findings suggest that seed protein
levels are controlled by amino acid transporter func-
tion in the embryo, while amino acid phloem loading
affects sink/seed number (Tan et al., 2010; Santiago
and Tegeder, 2016). As demonstrated in this and pre-
vious studies, concurrent up-regulation of both amino
acid phloem and seed loading leads to increased seed
yield as well as seed storage protein levels when N is
plentiful (Figs. 3D and 5C; Zhang et al., 2015). How-
ever, our work also demonstrates that, under low and
moderate N supply, AAPI-OE seed N/protein levels
were decreased or unchanged, respectively, compared
with the wild type (Fig. 3, C and D), while seed
number/yield was increased (Figs. 3B and 5C). The
amount of N allocated to many seed sinks versus the N
taken up by the individual seed might depend not only
on the N available to the plant but also on the total
number of sinks that develop at the early reproductive
phase. Once seeds are established, and especially
during the seed-filling phase when N demand is high,
competing dynamics might exist between seed number
and protein content per seed (Seiffert et al., 2004;
Drechsler et al., 2015). In AAP1-OE plants, the increased
amounts of phloem amino acids (Fig. 2, B and C) seem to
accommodate both the increased number of seeds as
well as seed loading, but at some cost for seed protein
accumulation when N availability is low (Fig. 3, B and
D). This contrasts with Arabidopsis, which produces
fewer seeds but with sufficient N/storage protein when
N phloem loading, and subsequently, delivery to seeds
isreduced (Schmidt et al., 2007; Bennett et al., 2012; Guan
et al., 2015; Santiago and Tegeder, 2016). These varia-
tions in seed number or seed protein levels under N
stress may point to species-specific survival strategies
(Fageria and Baligar, 2005; Hirel et al., 2007). Neverthe-
less, the transgenic pea plants produced higher total seed
N and protein yields per plant, due to increased seed
number, and displayed a higher N harvest index com-
pared with wild-type plants in each N treatment (Figs.
3E, 4E, and 5C). This underpins that the AAP1-OE plants
are more effective at using available N to produce har-
vestable seed protein, no matter the N condition.

Alteration of Source-to-Sink N Partitioning Is an Effective
Strategy to Improve NUE

The observed increase in seed yield in AAP1-OE
plants in each N treatment suggests that the transgenic
plants are generally better equipped in using N com-
pared with control plants. In fact, the AAPI-OE plants
display increased NUE independent of the soil N status
(Fig. 5D). However, the engineered pea plants exhibit
improved NUpE, NUE, or both, depending on N avail-
ability (Fig. 5, A and B). NUpE has been discussed as one
of the most critical components of plant NUE in both high
and deficient N conditions (Le Gouis et al., 2000; Lépez-
Bellido and Lépez-Bellido, 2001; Fageria and Baligar, 2005;
Coque and Gallais, 2007). However, efforts to increase N
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uptake and NUpE through the manipulation of nitrate
and ammonium transporters or associated transcription
factors have had only limited success (Fraisier et al., 2000;
Yuan et al., 2007; Tsay et al., 2011; Ranathunge et al., 2014;
Qu et al., 2015; Araus et al., 2016; Chen et al., 2017).
Furthermore, varying outcomes have been reported
from the ectopic expression of genes involved in amino
acid synthesis and N metabolism (Ameziane et al.,
2000; Chichkova et al., 2001; Habash et al., 2001; Yamaya
et al., 2002; Seiffert et al., 2004; Good et al., 2007; Shrawat
et al., 2008, McAllister et al., 2012; Pefia et al., 2017).
However, these studies rarely addressed the different
components of NUE (i.e. NUtE and NUpE) and the ef-
fects of different N environments or only demonstrated
improved NUE under specific N conditions (Shrawat
et al., 2008; McAllister et al., 2012).

Some plant species take up N primarily during the
vegetative growth phase (Guindo et al., 1992; Rossato
et al., 2001; Malagoli et al., 2005; Coque and Gallais,
2007; Gallais et al., 2007), but pea plants generally acquire
N throughout the life cycle (Salon et al., 2001; Schiltz et al.,
2005). When grown under high or moderate N fertiliza-
tion, AAP1-OE plants displayed significantly higher
xylem amino acid levels (Fig. 1D) and N accumulation
in the shoot (Fig. 4D), supporting increased root-to-
shoot allocation and potentially increased root N ac-
quisition and assimilation. This is also in line with our
previous studies showing the up-regulation of genes
involved in nitrate uptake and amino acid synthesis
under high N (Zhang et al., 2015) and agrees with the
observed significant increases in NUpE for AAP1-OE
plants under moderate and high N supply (Fig. 5A).
The regulation of N uptake and assimilation is multifac-
eted and may involve N metabolite sensing and signaling
mechanisms in shoot and root as well as shoot-to-root
communication (Fig. 6; Ruffel et al,, 2008; Thum et al.,
2008; Vidal and Gutiérrez, 2008; Ho et al., 2009; Nunes-
Nesi et al.,, 2010; Wang et al., 2012). Amino acids like Glu,
Gln, or Asn have been shown to regulate the expression of
genes involved in N uptake and assimilation (Cooper and
Clarkson, 1989; Imsande and Touraine, 1994; Lam et al.,
1998; Gutiérrez et al., 2008). While increased shoot N levels
could result from increased N remobilization from root to
shoot, one might also predict that, in AAPI-OE plants,
increased source-to-sink amino acid transport and as-
sociated changes in the levels of amino acids or related
compounds result in positive feedback on root N uptake
and assimilation when N availability is sufficient (Fig. 6;
Zhang et al., 2015).

Increased shoot biomass as well as xylem amino acid
levels in 8-week-old AAP1-OE plants grown under low
N (Fig. 1) support that these plants take up more N and
move larger amounts of amino acids from the root to
the shoot than wild-type plants, at least until the early
reproductive phase. However, total N acquisition for
the whole growing period was not changed in the
transgenic compared with control plants, as total shoot
N content at harvest (Fig. 4D) and NUpE (Fig. 5A) were
unchanged. This suggests that N allocation from root to
shoot in AAP1-OE plants is lower or at best similar to
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Figure 6. Overview model of AAPT overexpression in pea and the effects on N uptake, allocation, and use under high N and
N-deficient growth conditions. Left, In previous work, it was found that increased AAPT transporter expression in the phloem and
seeds of pea plants grown under very high N supply results in (1) increased N partitioning from source leaves to sinks, affecting seed
development, and (2) improved N import into seed cotyledons, influencing seed N/protein level (Zhang etal., 2015). Enhanced leaf-
to-seed N transport positively affected root-to-shoot N allocation in the xylem, probably due to feedback regulation through root-
shoot signaling via the phloem (large white arrow). Arrows with red circles point to increased expression of AAP1 transporters in the
phloem and seeds. Right, AAPT-OE and wild-type plants were grown with low (2 g of N per week), moderate (4 g of N per week), or
high N (8 g of N per week) supply. Arrows indicate relative change in AAPT-OE plants compared with the wild type. Under high N
nutrition, shoot N supply, seed yield, and seed N content were increased in AAPT-OE pea plants compared with the wild type. The
transgenic plants displayed improved NUE due to increased NUpE, but NUtE was unchanged. When N fertilization was reduced by
half (moderate N), AAPT-OE plants continued to outperform wild-type plants with respectto N allocation to sinks and seed yield, but
seed N/protein levels were unchanged. Under these strongly reduced N conditions, NUE of AAPT-OE plants was increased sig-
nificantly due to increases in both NUpE as well as NUtE. Under extreme N deficiency (low N), AAP1-OE plants still produced higher
seed yields, although with lower N content. NUE was increased significantly in the N-starved plant due to more efficient N utilization
for seed production, but NUpE was not changed. Overall, this model supports that manipulation of source-to-sink N transport is an

effective strategy to improve plant NUE and plant productivity independent of the N treatment.

that in the wild type during the later reproductive
growth phase, when plant N demand for seed develop-
ment and protein accumulation is high and soil N is de-
pleted. While future studies might address how extremely
N-deficient soils affect N acquisition throughout all phases
of AAPI-OE development, overall, our data demonstrate
that the overexpression of AAP1 provides the transgenic
plants with an advantage with respect to NUpE in
N-limiting environments (i.e. moderate N) but not
under severe N stress (i.e. low N).

A crop with optimum N use would not only take up N
more effectively from the soil but also utilize the acquired
N more efficiently for biomass and seed production
(Lhuillier-Soundélé et al., 1999; Salon et al., 2001; Schiltz
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et al., 2005; Burstin et al., 2007). Following N uptake and
assimilation, the amino acids may be transported to de-
veloping sinks (Lewis and Pate, 1973; Pate and Flinn,
1973; Urquhart and Joy, 1982; Schiltz et al., 2005), or,
during the vegetative phase, some N also might be tran-
siently stored in leaves or stem as amino acids or proteins
(Pate and Flinn, 1973; Egle et al., 2015; Girondé et al.,
2015). At the reproductive phase, the stored N is remo-
bilized and redistributed in support of fruit growth and
seed filling (Masclaux-Daubresse and Chardon, 2011;
Girondé et al., 2015). In addition, the remobilization of N
occurs from senescing tissues (Feller and Fischer, 1994;
Guiboileau et al.,, 2010; Avila-Ospina et al.,, 2014, 2015).
AAPI-OE plants grown under a low or moderate amount
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of N produced similar amounts of stubble to wild-type
plants (Fig. 4A); however, the tissue contained less N
(Fig. 4, B and C). On the other hand, total seed N per
transgenic plant was significantly higher (Figs. 3E and
4D). This suggests that, under insufficient N nutrition,
the transgenic plants remobilize more N, probably
triggered by improved sink strength (Fig. 5C; Crafts-
Brandner and Egli, 1987; Schulze et al., 1994; Lemaitre
et al., 2008; Masclaux-Daubresse et al., 2008; Masclaux-
Daubresse and Chardon, 2011). Indeed, NUtE was im-
proved significantly in the AAP1-OE plants under low
and moderate N conditions (Fig. 5B). On the other hand,
no change in NUE between transgenic and wild-type
plants was detected under high N fertilization (Fig. 5B).
Obviously, when soil N is abundant, shoot adjustments
in N usage are not required for AAP1-OE plants and
improved N allocation to the shoot is sufficient to ac-
commodate the increased N demand of sinks (Fig. 5, A
and B). These results are in line with studies in Arabi-
dopsis and different maize (Zea mays) cultivars showing
that NUpE contributes to NUE in N-rich soils while
NUtE influences NUE under N deficiency (Moll et al.,
1982; Chardon et al., 2010; Mu et al., 2015). However, in
barley (Hordeum vulgare) cultivars and wheat (Triticum
aestivum) plants that overexpressed a GIn synthetase
gene, observed increases in seed yield under low N were
due to both improved NUpE and NUtE (Habash et al.,
2001; Beatty et al., 2010). These discrepancies might
imply species-dependent differences in physiological
responses to varying N environments (Xu et al., 2012).

CONCLUSION

In conclusion, this study established that improving
amino acid partitioning from source to sink presents
an effective strategy to produce high seed yields while
reducing N fertilization (Fig. 6). It is demonstrated that
the engineered pea plants outperform wild-type plants
in low, moderate, and high N soils. NUE is generally
higher in the transgenic plants, and they produce seed
yields that are similar to the controls when grown with
half the amount of fertilizer. The components contrib-
uting to the improved NUE, however, vary, depending
on the amount of N supplied. Specifically, the trans-
genic plants display improved (1) NUpE in high N soils,
(2) NULE in low N environments, and (3) both NUpE
and NUtE under moderate N supply (Fig. 6). Clearly,
the AAP1-OE plants demonstrate important physiological
plasticity through a flexible response to changing N en-
vironments. Such a flexible adjustment of NUpE and
NULE requires serious consideration in breeding pro-
grams. In the past, selection for optimal crop productivity
has often been performed in high N environments prob-
ably favoring effective N uptake and with little selection
pressure for improved NUtE. However, to avoid poor
plant performance on marginal land, and/or to allow for
reduced fertilization to diminish costly energy inputs and
to protect the environment from N pollution, modern and
conventional breeding approaches need to be evaluated
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under varying N nutrition and to select for both NUpE
and NUE to achieve reliable improvements in NUE.
Nevertheless, future studies with AAPI-OE plants will
have to address if they grow as impressively under field
conditions and on marginal soils and if they continue to
outperform wild-type plants. Ultimately, this research has
the strong potential to be transferred to other crop plants.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Pea (Pisum sativum ‘Bohatyr’) wild-type plants and transgenic pea plants
overexpressing PsAAP1 (AY956395) under the control of the Arabidopsis
(Arabidopsis thaliana) AAP1 (At1g58360) promoter (AAPI-OE; Zhang et al.,
2015) were grown in 2-gallon pots in nitrogen- and nutrient-deficient soil (Sun
Gro growing mix LB2) consisting of a mix of peat, perlite, and gypsum (70%—
80%) and domestic limestone (20%-30%). In addition to using fresh nutrient-
deficient soil, growth chambers, greenhouse benches, and pots were cleaned
thoroughly with bleach to prevent rhizobial infection. Furthermore, roots were
inspected postharvest for the presence of N-fixing nodules. Generally, non-
nodulated, non-fixing AAPI-OE lines and wild-type plants were grown at 14-h
daylength with photosynthetically active radiation between 400 and 500 wmol
photons m ™2 s™! and at day and night temperatures of 18°C and 15°C, re-
spectively. Fertilization was performed weekly using 500 mL of a modified
Hoagland solution containing 1 mm MgSO,, 1 mm CaCl,, 0.25 mm KH,PO,,
0.25 mm K,SO,, 50 um CoCl,, 50 um H3BO,, 25 um MnCl,, 2 um Fe-EDTA, 0.5 um
ZnSO,, 0.5 um CuSO,, and 0.5 um Na,MoO,. In addition, N was supplied at
high and low concentrations that were defined as follows: low N (2 g of N once
per week using 5 mm NH,NO,), moderate N (4 g of N once per week using
10 mm NH,NO;), or high N (4 g of N twice per week using 10 mm NH,NO;).
Source leaves, xylem sap, and leaf exudates were collected from 8-week-old pea
plants grown in growth chambers. Seed yield and total N of shoots, stubble, and
dry seeds were determined from greenhouse-grown, desiccated plants and
after a 4-month growth period. Initial experiments were performed with two
AAP1-OE lines (OE1 and OE2), but since the results were generally similar for
both lines (Figs. 1 and 2; Zhang et al., 2015) and greenhouse growth space was
restricted, later experiments focused on AAP1-OE1.

Gene Expression Analyses

Total RNA was extracted from mature source leaves using TRIzol reagent
(Invitrogen; Chomczynski, 1993). Reverse transcription was performed according to
Santiago and Tegeder (2016). Quantitative PCR was done following Sanders et al.
(2009) using source leaf RNA from two independently grown sets of plants and
primer sets targeting genes associated with N transport (Zhang et al., 2015). For each
experimental group and treatment, five independent biological replicates were
analyzed. Fold changes in gene expression were calculated using the 24" method
(Livak and Schmittgen, 2001) by comparing the expression of a specific gene relative
to the expression of actin (X90378) and ubiquitin (PUBI-PUB4; 181139, L81140,
181141, and L81142; Zhang et al., 2015). A mean fold change of greater than 2 or less
than 0.5 between the wild type and overexpressors was used to identify differen-
tially expressed genes (Rajeevan et al., 2001; Guether et al., 2009).

Collection of Leaf Exudates and Xylem Sap

Leaf exudates were collected according to Urquhart and Joy (1981) and by
using the fifth and sixth source leaves from the plant base. Leaf petioles were
placed into a tube containing 360 uL of 20 mm Na,EDTA at pH 7 and covered
with plastic wrap to avoid transpiration. Exudates were collected for 2 h in a
dark humid chamber. The EDTA was precipitated by adding 40 uL of 1 M HC1
to each tube and subsequent centrifugation at 13,500¢ for 30 min. The super-
natant was transferred to a new tube and stored at —80°C or used for analysis.
Xylem sap was collected during the reproductive stage from 8-week-old, non-
nodulated plants by using positive root pressure following a standard proce-
dure. Roots were flooded with water 2 h prior to decapitation of the shoot at the
stem base with a razor blade. The cut surface was rinsed with deionized water.
Xylem sap that exudated during the first 5 min was discarded to avoid con-
tamination with fluid from phloem or other cells in exudate samples. Subsequent
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exudate was then collected every 5 min for 20 min with a pipette and stored at
—80°C until analysis (Pélissier and Tegeder, 2007). Total xylem sap volume from
plants grown with low N was around 50 uL and up to 120 uL for plants grown
with moderate and high N. Undiluted xylem sap was used for HPLC analysis as
described below.

Amino Acid, Protein, and Elemental N Analyses

For amino acid analyses, 22 uL of leaf exudate samples and 4.5 uL of un-
diluted xylem sap were used. Derivatization was performed as described
previously (Aoyama et al., 2004; Zhang et al., 2015), and HPLC analyses were
done according to Tan et al. (2010). Total amounts of soluble seed proteins were
determined according to Zhang et al. (2015). Protein was extracted from 1 mg of
ground dry seed tissue and quantified using the NanoOrange reagent (Invi-
trogen). Analysis of elemental N was performed with dry seeds (2 mg) or
stubble tissue (100 mg) according to Sanders et al. (2009).

Determining NUE

NUPpE, NUE, and NUE were calculated according to Moll et al. (1982). NUpE
was defined as the ratio of total N in the aboveground shoot mass to total N supplied.
NUEE is the ratio of seed yield to total shoot N. NUE is described as the combination
of these two parameters, or the ratio of seed yield to the total N supplied:

N Uptake Efficiency (NUpE) N Utilization Efficiency (NUEE) N Use Efficiency (NUE)

total shoot N seed yield [ seed yield
N supplied total shoot N ~ |N supplied

Statistical Analyses

The results presented are from one growth set but are representative of at least
two independently grown sets of plants. Data are generally shown as means * sp of
at least four biological repetitions. One-way ANOVA followed by a Holm-Sidak
test was used to determine statistical significance with SigmaPlot 11.0 software.
Statistical significance was determined by P values less than or equal to 0.05.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: PsAAP1 (AY956395), AtAAP1
(At1g58360), PsActin (X90378), and PsUbiquitin (PUB1-PUB4; 181139, 181140,
L81141, and L81142).
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