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Nitrogen (N) is an essential nutrient that plants 
require for the synthesis of amino acids, proteins, and 
many other important metabolites. Consequently, the 
amount of N that is assimilated and distributed from 
roots to source leaves and finally to developing sinks, 
like fruits and seeds, has significant consequences for 
plant metabolism and growth. Importantly, N and car-
bon (C) metabolism are highly interrelated (Palenchar 
et al., 2004; Krapp et al., 2005; Nunes-Nesi et al., 2010). 
Photosynthesis and subsequent respiration provide 
the C skeletons and energy required for the synthesis 
of amino acids (Lewis et al., 2000; Nunes-Nesi et al.,  
2010), whereas the majority of leaf N is present in 
proteins essential for C assimilation and metabolism 
(Evans, 1989a; Hikosaka and Terashima, 1996). In fact, 
Rubisco, the primary enzyme in C fixation, alone can 
account for up to 30% of the total N and 60% of the sol-
uble proteins in mature source leaves (Sage et al., 1987; 
Makino and Osmond, 1991; Osaki et al., 1993; Warren 

et al., 2000). Accordingly, photosynthetic nitrogen use 
efficiency (PNUE) is related to the proportion of leaf 
N used for C fixation per unit of leaf area (Poorter and 
Evans, 1998; Onoda et al., 2004; Warren and Adams, 
2006).

It has been demonstrated that PNUE can be im-
proved in Brassicaceae when N assimilation in leaves is 
stimulated through exogenous ethylene supply (Iqbal 
et al., 2012). In addition, repression of Rubisco syn-
thesis in transgenic rice (Oryza sativa) plants resulted  
in higher Rubisco activity and increased PNUE,  
although overall C fixation was decreased (Makino 
et al., 1997). In general, PNUE is influenced by the 
amount of photosynthetic machinery that is produced 
and is negatively correlated with N supply (Nakano 
et al., 1997; Onoda et al., 2004; Takashima et al., 2004). 
Furthermore, PNUE is impacted by C metabolism and 
the C demand of the plant (Hikosaka et al., 1998) and, 
subsequently, is an important factor for the production 
of carbohydrates, energy, and structural compounds 
as well as for plant growth and seed development. 
Plants must balance N allocation in support of leaf 
metabolism with supplying sufficient N to developing 
sinks. Plants that display improved PNUE, therefore, 
also tend to exhibit higher overall plant nitrogen use 
efficiency (NUE) for seed production (Brown, 1978). 
However, strategies for crop improvement generally  
have not integrated PNUE with plant NUE (Hirel et al.,  
2007; Kant et al., 2012).

NUE is determined by the seed yield relative to N 
supply and generally is divided into two major compo-
nents, nitrogen uptake efficiency (NUpE) and nitrogen 
utilization efficiency (NUtE). Plant NUE is a complex 
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trait that is governed by many physiological processes, 
including N uptake, assimilation, metabolism, allo-
cation, and remobilization, as well as environmental 
factors, such as the availability of soil N (Habash  
et al., 2001; Tsay et al., 2011; Girondé et al., 2015). Many 
plants display a relatively low NUE because they are 
ineffective at accessing soil N and may take up as little 
as 41% of supplied N fertilizer (Hodge et al., 2000; 
Kumar and Goh, 2002; Thornton and Robinson, 2005; 
Yang et al., 2015; Zhu et al., 2016). Research on improv-
ing NUE has focused on the manipulation of nitrate 
and ammonium transporters (Fraisier et al., 2000; Yuan  
et al., 2007; Tsay et al., 2011; Fang et al., 2013; Ranathunge 
et al., 2014; Bao et al., 2015; Chen et al., 2016, 2017;  
Fan et al., 2016; Wang et al., 2018a, 2018b), associated 
transcription factors (Qu et al., 2015; Araus et al., 2016), 
or 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; Peña et al., 2017). 
Although promising results have been achieved with 
respect to seed yields and NUE, these studies rarely 
analyzed both NUE-contributing factors, NUpE and 
NUtE, or the effects of different N environments (Kiba 
and Krapp, 2016; Tegeder and Masclaux-Daubresse, 
2018).

In most plant species, N partitioning within the plant 
and to sinks occurs in the form of amino acids, and 
recent studies have demonstrated that altering amino 
acid transport processes from leaves to seeds impacts 
N and C assimilation, seed development (Rolletschek 
et al., 2005; Schmidt et al., 2007; Weigelt et al., 2008;  
Zhang et al., 2010, 2015; Carter and Tegeder, 2016;  
Santiago and Tegeder, 2016, 2017), and overall plant 
NUE (Perchlik and Tegeder, 2017). Here, it was hypoth-
esized that regulated amino acid allocation from the 
root to leaves influences PNUE and also affects plant 
NUE. Root-synthesized amino acids are transported 
in the xylem to mature source leaves, where they are 
used for metabolism, stored, or loaded into the phloem  
to supply sinks with N (Atkins et al., 1983). In ad-
dition, along the path from root to leaf, up to 21% of 
the organic N may be transferred from the xylem to  
the phloem to directly supply developing sinks with 
N (Pate et al., 1975; van Bel, 1984). In Arabidopsis  
(Arabidopsis thaliana), AMINO ACID PERMEASE2 (AAP2) 
is involved in this xylem-to-phloem transfer step (Zhang 
et al., 2010), and knockout of AAP2 results in decreased 
N delivery to seeds and reduced seed protein levels 
(Zhang et al., 2010). However, in these aap2 mutants, 
amino acid allocation to leaves was increased, posi-
tively affecting photosynthesis and Suc transport to 
sinks. This resulted in higher seed yields and seed oil 
levels (Zhang et al., 2010). This study aimed to resolve 
how regulated amino acid allocation to leaves impacts 
photosynthesis and PNUE, how plant N and C status 
and overall NUE are affected, and how soil N avail-
ability influences these processes.

It is demonstrated that, independent of the amount 
of N nutrition, aap2 plants move significantly more N to 
leaves, promoting leaf growth and photosynthetic sur-
face area. In addition, shifts in leaf N pools and rates of 
electron transport occurred in favor of photosynthesis, 
resulting in enhanced C fixation and PNUE. Further-
more, the transgenic plants displayed improved NUpE 
and significant increases in total shoot N and C. To-
gether, the increased amino acid delivery to aap2 leaves 
and a subsequent enhanced sink C supply resulted 
in higher NUE, including under N stress conditions. 
Overall, our work demonstrates that, independent of 
the soil N conditions, increasing N transport to leaves 
provides a promising approach for optimizing N use 
in support of C fixation as well as for sink develop-
ment and oilseed yield.

RESULTS

C Fixation Is Elevated in aap2 Plants under High-N and 
N-Stress Conditions

The aap2 and wild-type plants were grown in N- 
deficient soil containing low, moderate, or high N, and 
photosynthetic rates were analyzed under ambient 
light and CO2 concentrations (Fig. 1A). Our results 
demonstrate that photosynthesis generally increased with  
higher fertilization, similar to prior reports (Fredeen  
et al., 1991; Cechin and Fumis, 2004; Dordas and 
Sioulas, 2008). Within each N fertilization regime, pho-
tosynthetic rates were always higher in aap2 plants 
compared with the wild type, with increases ranging 
between 113% and 136% (Fig. 1A). Similarly, analysis 
of photosynthesis under high light showed an increase 
in C assimilation rates in aap2 plants when atmospheric  
CO2 levels were 400 µL L−1 or higher (Fig. 1B). This 
supports that the knockout of AAP2 leads to improved 
photosynthesis, even in N-limited environments and 
when measured at higher CO2 concentrations.

Rubisco Content and Rates of Electron Transport Are 
Elevated in aap2 Plants under High and Deficient N Supply

To understand which components of the photo-
synthetic machinery contribute to the increase in C 
fixation, the Rubisco content as well as the electron 
transport rate under light-saturated conditions were 
determined. Leaf Rubisco content was both calculated 
based on in vivo photosynthetic CO2 response curves 
(Fig. 2A) and measured using an in vitro assay (Fig. 
2B). Both methods showed that the aap2 plants contain 
significantly higher Rubisco levels in leaves than wild-
type plants under all N conditions. Depending on the 
method and N treatment, observed increases in Rubisco 
contents ranged from 37% to 88% (Fig. 2, A and B).

Maximum CO2 assimilation is limited by the regen-
eration of ribulose bisphosphate (RuBP), and succes-
sively, RuBP regeneration is dependent on the ATP 
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and NADH supply from the light-dependent elec-
tron transport in the chloroplast (Farquhar, 1979). 
Therefore, the light-saturated electron transport rate 
provides an appropriate measure for the effects of N 
fertilization on the CO2 assimilation capacity of aap2 
leaves. Electron transport rate was calculated using  
the A-Ci response curves and standard biochemical 
models of C3 photosynthesis (see “Materials and 
Methods”; von Caemmerer, 2000). The results show 
that the electron transport rate was significantly 
higher in the aap2 plants relative to wild-type plants 
under all N treatments (Fig. 2C). Since electron 
transport rates are generally impacted by chloro-
phyll abundance (von Caemmerer and Farquhar, 1981; 
Friend, 1995), leaf chlorophyll content was assayed. 
The data demonstrate that aap2 source leaves con-
tained 16% to 46% more chlorophyll than wild-type 
leaves within each N condition (Fig. 2D). Together, 
photosynthesis, electron transport, Rubisco, and chlo-
rophyll analyses (Figs. 1 and 2, A–D) support that the 
aap2 lines have a higher CO2 assimilation capacity 
than the control plants.

PNUE of aap2 Plants Is Elevated under All N Conditions

To determine the PNUE of aap2 plants, first, the total 
elemental N content of source leaf discs was deter-
mined. Within each N treatment, no differences in 
total N per leaf area were observed between mutant 
and wild-type plants (Fig. 2E). PNUE was then cal-
culated by relating photosynthesis rates measured 
under ambient growth conditions to leaf N content 
(Fig. 1A; see “Materials and Methods”). As expected, 

PNUE was higher when plants were exposed to severe 
N deficiency compared with moderate- and high-N 
conditions (Fig. 2F; Kochsiek et al., 2006; Ibrahim et al.,  
2010). More importantly, the aap2 plants exhibited 
higher PNUE than wild-type plants, regardless of the 
N condition (Fig. 2F). Furthermore, increases in Rubisco 
and chlorophyll levels in mutants versus wild-type 
plants (Fig. 2, A, B, and D) but no changes in elemen-
tal N per leaf area (Fig. 2E) suggest that a higher pro-
portion of leaf N is channeled into the synthesis of the 
photosynthetic machinery in aap2 plants, resulting in 
enhanced C fixation.

Total Leaf Area and Total C and N Content of Rosette 
Leaves Are Elevated during Vegetative Growth under  
All N Conditions

The effect of N supply on rosette leaf growth was 
examined at the vegetative stage (Fig. 3, A–D). Our 
results showed that the rosette leaf (i.e. shoot) biomass 
was increased significantly in aap2 plants compared 
with wild-type plants under all N treatments (Fig. 3, 
A and B). The transgenic plants produced 109%, 106%, 
and 42% more leaf biomass than wild-type plants in 
low-, moderate-, and high-N environments, respectively 
(Fig. 3B). Additionally, aap2 plants displayed a 26% to 
106% increase in total leaf area per rosette in all N treat-
ments (Fig. 3, A and C). No change in leaf disc weight 
was detected between aap2 and wild-type plants or 
among the different N conditions (Fig. 3B), suggesting 
no differences in leaf density or thickness.

To determine the effects of the loss of AAP2 
function on total shoot C and N gain, elemental 

Figure 1.  Photosynthesis in Arabidopsis aap2 and 
wild-type (WT) plants grown for 5 weeks in 12-h 
days under low-, moderate-, or high-N conditions. 
A, Photosynthetic rate (A) under ambient light (300 
µmol photons m−2 s−1 photosynthetically active  
radiation [PAR]) and CO2 (400 µL L−1; n ≥ 4). B, Re-
sponse of A to internal CO2 concentration (Ci) un-
der light-saturating conditions (1,000 PAR; n ≥ 4).  
Data are means ± sd. Significant differences are 
indicated by letters (A) or asterisks (B; ANOVA;  
P ≤ 0.05).
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C and N levels of rosettes were analyzed (Fig. 3, 
E and F). Within each N treatment and dependent 
on the amount of N supplied, the leaves of aap2 
lines showed a 43% to 202% higher C content than 
wild-type leaves (Fig. 3E). Similarly, the transgenic 
plants contained significantly more total shoot N 
than wild-type plants in all N fertilization regimes 
(Fig. 3F). Dependent on the N condition, the in-
creases ranged from 42% to 323%. The differences 
in C and N content seem to be related to differenc-
es in biomasses, since leaf disc weights and N (and 
C) content per leaf disc were unchanged. Together, 
these data support that the transgenic plants as-
similate and allocate more C and N to the shoot/
rosette leaves, resulting in increased leaf size and 
biomass.

Shoot Biomass and Silique Number Are Elevated in aap2 
Plants at the Reproductive Stage

The effects of N fertilization were analyzed at the re-
productive stage (i.e. leaves, stem, branches, siliques, 
and seeds) in aap2 plants grown under a 16-h photope-
riod (Fig. 4). Within each N treatment, the total shoot 
dry weight was increased in aap2 plants relative to 
wild-type plants, and depending on the N fertiliza-
tion, the increases ranged between 13% and 68% (Fig. 
4, A and B). As seen at the vegetative stage and when 
plants were grown in 12-h (short) days (Fig. 3C), total 
leaf surface area of the rosettes also was increased in 
16-h (long) days and at the reproductive stage in aap2 
mutants versus wild-type plants under all N condi-
tions (Fig. 4C). Furthermore, aap2 and wild-type plants 

Figure 2.  Analysis of components of the photosynthetic apparatus and PNUE. Arabidopsis aap2 and wild-type (WT) plants were 
grown in 12-h days for 5 weeks under low-, moderate-, or high-N conditions. A, Calculated apparent Rubisco content (n ≥ 4). 
B, Measured Rubisco content per rosette leaf disc (n = 5). C, Calculated electron transport rates (J) based on the CO2-response 
curves measured under light-saturating conditions (n ≥ 4). D, Total chlorophyll content (n ≥ 15). E, N content in rosette leaf discs 
(n = 5). F, PNUE, calculated based on photosynthesis at 400 µL L−1 CO2 relative to the amount of N in a leaf disc (n = 5). Data 
are means ± sd. Significant differences are indicated by letters (ANOVA; P ≤ 0.05).
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produced fewer branches with high numbers of siliques  
per branch under low N versus more branches with 
fewer siliques per branch at moderate and high N  
(Fig. 4, D and E). When comparing the mutants with 
wild-type plants, the branch number was only in-
creased significantly under high-N conditions (Fig. 4D).  
However, aap2 mutants produced more siliques per 
branch under all N treatments (Fig. 4E), resulting in an 
increased number of total siliques per plant (Fig. 4F).  
Analysis of the seed number per silique showed no dif-
ferences between aap2 mutants and wild-type plants 
(Fig. 4G).

Seed Yield, NUE, and Seed C Gain Are Elevated in aap2 
Plants under All N Conditions

The effects of N fertilization on seed yield and 
NUE of aap2 plants were analyzed. Generally, with 
increasing N supply, transgenic and wild-type plants 
displayed higher seed yields but lower NUE (Fig. 5, 
A and B). More importantly, under each N condition 
tested, aap2 plants achieved significantly higher seed 
yields and NUE than wild-type plants (Fig. 5, A and 
B). Seed yield increases of 32% to 41% were obtained 
in aap2 plants under moderate and high N and up to 
91% in low N (Fig. 5A). Notably, aap2 mutants grown 
with moderate N produced similar yields to wild-type 
plants that were grown with twice the amount of N (i.e. 
high N) and displayed up to 125% higher NUE (Fig. 5, 
A and B). Together, these results demonstrate that aap2 
mutants outperform wild-type plants with respect to 
both seed yield and NUE under all N conditions.

In order to evaluate the effects of N nutrition on N 
and C allocation to aap2 seeds, seed N and C content 
was analyzed. Overall, with increasing N fertilization, 
seed N content was increased in all Arabidopsis plants, 
while seed C content was unaffected (Fig. 5, C and D). 
Within each N treatment, seed N levels were decreased 
in aap2 relative to wild-type plants (Fig. 5C) and seed 
C content was unchanged (Fig. 5D). When calculating 
the total seed N and C yield per plant by using seed 
yield and seed N/C content data (Fig. 5, A and D), no 
differences were observed for seed N per plant with-
in each N treatment (Fig. 5E), whereas seed C yields 
were increased from 19% to 80% for aap2 plants (Fig. 
5F). These data support that, in the aap2 mutants, more 
C is allocated to seed sinks, while N source-sink parti-
tioning is unchanged under all N fertilization regimes.

Total Shoot C and N Levels of aap2 Plants Are Elevated 
under All N Conditions

At the harvest time point, total shoot biomass is 
composed of seed (Fig. 5A) and stubble tissue (Fig. 
6A), which included rosette leaves, cauline leaves, 
stems, and silique walls (i.e. all aboveground tissue 
except seeds). Analysis of stubble materials showed 
that, independent of the N fertilization, aap2 plants 
produced significantly more stubble biomass (Fig. 6A), 
which agrees with the observed increases in rosette 
leaf size, silique (wall) amounts, and, in some cases, 
branch numbers (Fig. 4, C, D, and F).

To resolve the contribution of stubble to total shoot 
C and N content, elemental C and N levels in stubble 
were analyzed. Stubble C represented the major C pool 

Figure 3.  Analysis of leaf development and total elemental N and C content in rosette leaves of Arabidopsis aap2 and wild-type 
(WT) plants. Plants were grown in 12-h days for 5 weeks under low-, moderate-, or high-N conditions. A, Composite images of 
two aap2 mutant lines and wild-type plants exposed to the different N regimes. Photographs of single plants were put together 
on black backgrounds, assembled in a panel, and labeled using Adobe Photoshop CS5. B, Total dry weight of source rosette 
leaves per plant (n ≥ 4). C, Total surface area of rosette leaves (n ≥ 3). D, Weight of rosette leaf discs with 2-cm2 surface area  
(n ≥ 5). E, Total C content of rosette leaves per plant (n = 5). F, Total N content of rosette leaves per plant (n = 5). Data are means ± sd. 
Significant differences are indicated by letters (ANOVA; P ≤ 0.05).
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in the shoot of all Arabidopsis plants. It contributed  
between 60% and 64% of the total shoot C when N sup-
ply was low and between 70% and 75% in moderate-  
and high-N environments, respectively (Fig. 6B). 
When comparing aap2 mutants with wild-type plants, 

total stubble C was increased significantly in the mu-
tants under all N regimes. Together with the increases 
in total C seed yield (Fig. 5F), this led to an overall C 
gain in aap2 versus wild-type shoots from 30% to 90%, 
depending on the N fertilization treatment (Fig. 6B).

Figure 4.  Analysis of shoot, fruit, and seed development. Arabidopsis aap2 and wild-type (WT) plants were grown in 16-h days 
for 6 weeks under low-, moderate-, or high-N conditions. A, Composite images of two aap2 mutant lines and wild-type plants. 
Mutant and wild-type plants from each N treatment were photographed. The three images were put on black backgrounds, 
assembled in a panel, and labeled using Adobe Photoshop CS5. B, Total shoot dry weight per plant (n ≥ 10). C, Total surface 
area of rosette leaves (n ≥ 3). D, Total branch number per plant (n ≥ 8). E, Siliques per branch (n ≥ 8). F, Total siliques per plant 
(n ≥ 7). G, Seeds per silique on the main branch (n ≥ 17). Data are means ± sd. Significant differences are indicated by letters 
(ANOVA; P ≤ 0.05).
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Analysis of the stubble N content showed that, while 
the percentage of N content of stubble tissues was 
similar between mutants and wild-type plants at low, 
moderate, or high N (Fig. 6C), total stubble N content 
per plant was increased significantly in aap2 plants 
within each N treatment (Fig. 6D) due to more stub-
ble biomass (Fig. 6A). Adding up the stubble and seed 
N to determine total shoot N per plant (Figs. 5E and 
6D) resolved that the majority of shoot N was present 
in stubble tissue for both aap2 and wild-type plants 
grown under moderate and high N, with stubble con-
tributing between 68% and 74% of the total shoot N. In 
low-N environments, however, only 40% to 47% of the 
total shoot N was present in stubble, while seed N rep-
resented the major N pool (Fig. 6D). This is in line with 
previous studies showing that Arabidopsis plants re-
mobilize more leaf N and allocate a higher proportion 
of stubble N to seeds when the N supply is low (Schulze 

et al., 1994; Masclaux-Daubresse and Chardon, 2011). 
Furthermore, within each N treatment, aap2 mutants 
contained 75%, 45%, and 43% more total shoot N than 
wild-type plants when grown in low-, moderate-, and 
high-N environments, respectively (Fig. 6D). For all N 
fertilization regimes, this increase in total shoot N was 
due solely to significant increases in total stubble  
N and not to changes in seed N (Figs. 5E and 6D). 
Overall, these results support that aap2 plants take up 
and allocate more N to the shoot than wild-type plants.

The NUpE of aap2 Mutants Is Elevated under All  
N Conditions

To analyze if aap2 mutants are more effective than 
wild-type plants in N uptake and/or in the utilization 
of N for seed production, both NUpE and NUtE were 
calculated. NUpE describes the amount of N supplied 

Figure 5.  Analysis of plant NUE and seed N and C content of Arabidopsis aap2 and wild-type (WT) plants at harvest. Plants 
were grown in 16-h days for 8 weeks under low-, moderate-, or high-N conditions. A, Seed yield per plant (n ≥ 12). B, Plant 
NUE, calculated based on seed yield relative to N supply (n ≥ 12). C, N content of seeds in percentage (n = 6). D, C content 
of seeds in percentage (n = 6). E, Total seed N content per plant (n = 6). F, Total seed C content per plant (n = 6). Data are  
means ± sd. Significant differences are indicated by letters (ANOVA; P ≤ 0.05).
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relative to the N that was taken up and allocated to the 
shoot, while NUtE conveys the relationship between 
seed yield and total shoot N. In general, NUpE and 
NUtE increased in both aap2 and wild-type plants with 
lower N supply, similar to previous reports (Fig. 6, E and 
F; Kaul et al., 2005; Beatty et al., 2010). When comparing 
aap2 and wild-type plants within each N treatment, the 
transgenic plants displayed significantly higher NUpE 
(Fig. 6E), while no differences in NUtE were observed 
(Fig. 6F). Together, these data support that the increases  
in seed yield and NUE of aap2 plants (Fig. 5, A and B) 
are due to higher NUpE and N allocation to leaves as 

well as to the subsequent improvement in C capture 
and transport to seeds (Fig. 6, B, D, and E).

DISCUSSION

Amino Acid Allocation to Source Leaves Influences 
C Fixation and PNUE under High-N and N-Stress 
Conditions

Photosynthetic capacity is highly related to the 
leaf N content, as the majority of leaf N is present in 

Figure 6.  Analysis of stubble biomass, shoot C and N distribution, NUpE, and NUtE of Arabidopsis aap2 and wild-type (WT) 
plants at harvest. Plants were grown in 16-h days for 8 weeks under low-, moderate-, or high-N conditions. Stubble includes 
rosette and cauline leaves, stems, and silique walls and excludes seeds. For total shoot analyses, all aboveground tissue was 
used (i.e. stubble and seeds). A, Stubble dry weight per plant (n = 6). B, Total shoot C as a sum of stubble and seed C per plant 
(n = 6). C, N content of stubble in percentage (n = 6). D, Total shoot N as a sum of stubble and seed N per plant (n = 6). E, Plant 
NUpE, calculated based on total shoot N relative to N supply (n = 6). F, Plant NUtE, calculated based on seed yield relative to 
total shoot N (n = 6). Data are means ± sd. Significant differences are indicated by letters (ANOVA; P ≤ 0.05).
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chlorophyll and in proteins of the thylakoids and the 
Calvin-Benson cycle (e.g. Rubisco; Evans, 1989a; Evans 
and Poorter, 2001; Ripullone et al., 2003). This study 
demonstrates that knocking out the Arabidopsis amino  
acid transporter AAP2 leads to increased N alloca-
tion to photosynthetically active rosette/source leaves, 
independent of how much soil N is available to the 
plant (Fig. 3F). The additional N then stimulates shoot 
biomass production (Figs. 3, A and B, and 4, A and 
B), including the development of larger leaves (Figs. 
3C and 4C). Leaf N content per unit of area was not  
changed (Fig. 2E), but the levels of chlorophyll and  
Rubisco per leaf area were increased in the mutants 
versus wild-type plants (Fig. 2, A, B, and D), suggesting 
that less N is invested in the transient storage of amino  
acids (Zhang et al., 2010) or in insoluble N pools (Evans 
and Poorter, 2001; Ripullone et al., 2003) and that a 
higher proportion of leaf N is channeled into synthesis 
of the photosynthetic machinery. In fact, the optimized 
N allocation to, and within, aap2 leaves resulted in in-
creased photosynthesis in all N environments (Fig. 1).

During high as well as limited N nutrition, photo-
synthetic activity can be influenced by affecting com-
ponents of (1) the light reaction, and thereby in the 
production of ATP and NADPH through light absorp-
tion and electron transport in the chloroplast, and/or 
(2) the dark reaction, in which ATP and NADPH from 
the light reaction are consumed to reduce inorganic 
C and to regenerate RuBP, which is then carboxylat-
ed by Rubisco (von Caemmerer and Farquhar, 1981; 
Sage et al., 1988; Genty et al., 1989). Furthermore, the  
physiological state and the C demand of the plant im-
pact ATP and NADPH consumption (Schwender et al.,  
2006; Vanhercke et al., 2014), which, in turn, controls 
electron movement through the light-dependent elec-
tron transport chain (Khamis et al., 1990; Fernie et al., 
2004). This study supports that enhanced N partition-
ing to leaves can improve the performance of both 
the light and dark reactions, as chlorophyll amounts, 
electron transport rate (and RuBP regeneration), and 
Rubisco content were increased (Fig. 2, A–D). This is in 
line with previous reports showing a positive correla-
tion between leaf Rubisco content, electron transport, 
and N nutrition (Ripullone et al., 2003; Bown et al.,  
2007; Liberloo et al., 2007; Eichelmann et al., 2009) 
and between leaf N content and photosynthesis (Evans,  
1989a, 1989b; Onoda et al., 2004; Takashima et al., 
2004). This work also suggests that pushing increased 
amounts of N into leaves induces adjustments in the 
leaf N balance and modifications in N allocation to 
different components of the photosynthetic apparatus 
(Fig. 2; Fuentes et al., 2001; Iqbal et al., 2012). While the 
signal(s) for cellular N distribution remains unclear, 
the shift in N usage in aap2 leaves may be triggered by 
alterations in local N metabolite pools or by changes in 
sink C demand (Fig. 3, A, B, and E; Paul and Foyer, 2001;  
Stitt et al., 2010; Zhang et al., 2010). On the other hand, 
pulling N into specific photosynthetic elements, such 
as Rubisco, by using, for example, an overexpression  

approach, seems less successful (Suzuki et al., 2007), as 
it might affect photosynthetic plasticity.

PNUE depends on the leaf N content as well as the 
proportion of leaf N used for the different components 
of the photosynthetic machinery (Westbeek et al., 1999; 
Onoda et al., 2004; Pons and Westbeek, 2004; Takashima 
et al., 2004). Typically, higher N fertilization raises the 
leaf N concentration more than corresponding increases  
in photosynthetic rates, thereby lowering PNUE (Kochsiek 
et al., 2006; Dordas and Sioulas, 2008; Ibrahim et al., 
2010). However, as pointed out above, the N content 
was not changed in aap2 leaves; rather, a higher propor-
tion of leaf N was used for the photosynthetic appara-
tus, supporting higher C assimilation rates per unit of 
N, or PNUE (Figs. 1 and 2). This is in line with studies 
comparing different plant species and/or developmen-
tal stages of leaves, where high PNUE was associated 
with a favorable distribution of N to photosynthetic  
elements (e.g. chlorophyll, Rubisco, and RuBP carboxy-
lase) versus other cellular N pools (e.g. cell wall proteins 
and structural compounds; Evans, 1989b; Warren et al., 
2000; Onoda et al., 2004; Takashima et al., 2004). Most 
importantly, our results demonstrate that optimizing N 
allocation to leaves results in an up-regulation of photo-
synthesis and PNUE under high and deficient N as well 
as in a substantial increase in plant C gain (up to 90%; 
Figs. 1, 2F, and 6B).

Optimized N Allocation to and within Leaves Leads to 
Improved NUE

The efficiency of N use and plant adaptation to less 
favorable N environments are highly complex pro-
cesses (Moll et al., 1982; Ortiz-Monasterio et al., 1997; 
Xu et al., 2012) but generally are associated with both 
N uptake capacity and the efficiency of N utilization 
for seed production (Kaul et al., 2005; Beatty et al., 
2010). Strategies to increase N uptake have focused 
on the overexpression of root transporters involved 
in nitrate and ammonium uptake or related transcrip-
tion factors. But often, studies only demonstrated im-
provements in a particular N environment (Yuan et al.,  
2007; Ranathunge et al., 2014; Qu et al., 2015; Chen  
et al., 2016, 2017; Fan et al., 2016), showed no or negative  
effects on N uptake and/or growth (Fraisier et al., 2000; 
Kaiser et al., 2002; Kumar et al., 2006; Bao et al., 2015; 
Araus et al., 2016), or did not determine NUpE (Katayama  
et al., 2009; Fang et al., 2013; Wang et al., 2018a). How-
ever, some studies support that amino acid transport 
processes in the shoot and/or associated changes  
in the shoot N status exert regulatory control over N 
uptake in roots (Tan et al., 2010; Zhang et al., 2015;  
Santiago and Tegeder, 2016; Perchlik and Tegeder, 
2017). For example, overexpression of AAP1 in pea (Pisum  
sativum) plants led to increased amino acid phloem 
loading, which positively affected N acquisition and, 
subsequently, N assimilation and usage in source and 
sink tissues (Zhang et al., 2015). Furthermore, NUpE 
was improved in these plants when grown with suf-
ficient N but unchanged under N deficiency (Perchlik 
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and Tegeder, 2017). In this study, the Arabidopsis aap2 
plants showed significantly higher shoot N levels and 
increased NUpE in all N conditions (Figs. 3F and 6, 
D and E), supporting that the mutant lines take up and  
allocate more N to the shoot than wild-type plants, even 
under severe N deficiency. Why Arabidopsis aap2 mu-
tants and pea AAP1-overexpressing plants perform dif-
ferently with respect to NUpE at low N is unclear, but 
the effects may be species specific due to the respective 
genetic manipulation or caused by differences in shoot 
N utilization (see below; Perchlik and Tegeder, 2017). 
Nevertheless, changes in leaf N concentrations or pools 
in aap2 plants probably affect shoot-to-root signaling and 
trigger positive feedback regulation of N uptake (Ruffel  
et al., 2011; Zhang et al., 2015; Santiago and Tegeder, 
2016; Ohkubo et al., 2017; Perchlik and Tegeder, 2017). 
Such phloem-mobile signals, for example, may involve  
nitrate or particular amino acids (Miller et al., 2008; Forde, 
2014) or require the production of specific molecules, in-
cluding the C-terminally encoded peptide downstream1 
(CEPD1) and CEPD2 (Tabata et al., 2014; Ohkubo et al., 
2017; Tegeder and Masclaux-Daubresse, 2018).

A number of studies have demonstrated a positive 
correlation between N uptake and seed development 
(López-Bellido and López-Bellido, 2001; Fageria and 
Baligar, 2005; Coque and Gallais, 2007). However, in this 
study, the increased amount of N taken up and allocated 
to aap2 shoots was not used directly for seed production, 
as individual seeds contain less N and the total seed N 
yield per plant is not changed (Fig. 5, C and E). Compared 
with other plant species, Arabidopsis plants generally 
display low N remobilization and utilization efficiency, 
and a large portion of the shoot N remains in the leaf or 
stubble tissue at harvest (Fig. 6D; Masclaux-Daubresse  
et al., 2010; Masclaux-Daubresse and Chardon, 2011;  
Guiboileau et al., 2012). Obviously, changes in amino acid 
xylem-to-phloem transfer did not affect N usage for seed 
production in aap2 plants; instead, the additional N was 
invested in growth and the physiological function of aap2 
stubble tissue, especially of rosette leaves (Figs. 3F, 5E, 
and 6D). During the reproductive phase, the extra N in 
aap2 leaves/shoot seems not to be remobilized for seed 
production, since aap2 stubble tissue still contained more 
N than wild-type stubble tissue at the harvest time point 
and seed N levels were lower in the mutants compared 
with the control (Figs. 5E and 6, C and D). Limited N re-
mobilization also is supported by previous work show-
ing that aging aap2 leaves maintain higher chlorophyll 
levels relative to wild-type leaves (Zhang et al., 2010). As 
discussed for stay-green mutants, the preservation of the 
photosynthetic apparatus in older leaves may be critical 
for seed nutrient supply during the seed-filling phase 
(Borrel et al., 2001; Spano et al., 2003; Christopher et al., 
2008; Derkx et al., 2012).

Coordinated N and C Partitioning Processes Are Essential 
for Efficient Plant N Use

Despite displaying similar shoot NUEs for seed devel-
opment to the wild-type plants, aap2 plants produced 

significantly more fruits and higher seed yields and 
displayed increased NUE under high as well as sub-
optimal N conditions (Figs. 4F, 5, A and B, and 6F). 
A number of factors may contribute to this success, as 
follows. (1) Increased N uptake and allocation to aap2 
leaves support an increase in total leaf area for photo-
synthesis as well as enhanced C fixation per unit of leaf 
area, together leading to strongly improved C capture 
as well as C transport from leaves to growing sinks (see 
above; Fig. 7A). (2) Overall source-to-sink N supply is 
unchanged (Fig. 5E), thereby avoiding N-limitation 
conditions for seed development (Guiboileau et al.,  
2012; Santiago and Tegeder, 2016). (3) Increases in C 
partitioning to sinks (Fig. 5F) and/or in the C-N ratio 
in the phloem under all N regimes (Fig. 7B; Zhang et al.,  
2010) may trigger increased fruit and seed develop-
ment (Munier-Jolain and Salon, 2003; Munier-Jolain  
et al., 2008; Braun et al., 2014).

Clearly, in aap2 plants, changes in N uptake and 
allocation to leaves, as well as increases in leaf C me-
tabolism and partitioning to seeds, have positive con-
sequences for seed yield, independent of how much N 
is supplied. However, in all N environments, N levels 
in individual aap2 seeds were decreased and their C 
content was unchanged, likely due to the decreased 
supply of amino acids to seeds and increased Suc 
transport to individual seeds (Zhang et al., 2010; Figs. 
5, A, C, and D, and 6, B and D). As shown previously, 
these changes in total N and C correspond to decreases 
in seed protein and increases in seed oil levels, respec-
tively (Kirkman et al., 1982; Mossé, 1990; Zhang et al., 
2010). Nevertheless, since seed yields generally were 
higher in aap2 plants compared with wild-type plants, 
the results support that the seed N/protein yields are 
unchanged in aap2 plants, while the total seed C/oil 
yields were improved (Zhang et al., 2010; Fig. 5, E and 
F). Overall, this demonstrates that reduced amino acid 
xylem-to-phloem transfer and a successive increase 
in N allocation to leaves trigger increases in both to-
tal seed yield and seed C/oil yield under high-N and 
N-stress conditions.

CONCLUSION

This study established that regulated N partitioning 
to and within Arabidopsis aap2 leaves positively af-
fects both NUpE and PNUE, irrespective of how much 
N is fed to the transgenic plants (Fig. 7). In aap2 plants, 
more N is channeled into leaf growth to provide more 
surface area for photosynthesis and the photosynthetic 
machinery, together resulting in higher C assimilation 
and transport to sinks (Fig. 7A). The transgenic plants 
outperformed wild-type plants with respect to shoot 
biomass and seed production and displayed significantly 
improved NUE in high-N as well as N-deficient envi-
ronments. In fact, aap2 plants achieved similar biomass 
and seed production to wild-type plants with half the 
N supply, clearly demonstrating more efficient N use. 
Even on marginal N soils or under severe N limitation, 
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the aap2 plants attained a biomass increase of up to 
65% and a seed yield increase of up to 91% (Figs. 4B 
and 5A). This suggests that altering xylem-to-phloem 
transfer and N allocation to leaves presents a highly 
promising approach for increasing shoot biomass pro-
duction in plant species used for biofuels or forage. 
In addition, this strategy might be employed for seed 
yield improvements of grain crops if the goal is to  
simultaneously increase seed C storage pools, specifi-
cally starch or oil levels, while keeping the seed storage 
protein levels relatively low. This would be relevant,  
for example, is the seed meal remaining after oil 
extraction is economically useless or undesirable (Russo  
and Reggiani, 2012, 2013). However, for soybean (Glycine 
max) and other crop species, high seed protein levels 
are of nutritional and economical value, as the seed 
meal is used in poultry and livestock feed (Knudsen, 
1997; Patil et al., 2017;). In those cases, it would be es-
sential to combine the approach described here with 
strategies that result in increased NUtE, remobiliza-
tion of stubble N, and its redistribution to seed sinks, 
especially during senescence (Masclaux-Daubresse 
and Chardon, 2011; Avila-Ospina et al., 2015; Girondé  
et al., 2015; Yang and Udvardi, 2018). Overall, this 
work demonstrates that alterations in the leaf N bal-
ance result in increased biomass production and seed 
yield even under severe N stress.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia wild-type plants and 
AAP2 T-DNA insertion lines (Zhang et al., 2010) were grown in N-deficient 
medium (Sun Gro growing mix LB2) consisting of 70% to 80% peat, perlite, 
and gypsum and 20% to 30% domestic limestone. Plants were grown in envi-
ronmentally controlled growth chambers with photosynthetically active radi-
ation between 200 and 300 µmol photons m−2 s−1 and at day and night tempera-
tures of 20°C and 16°C, respectively. Plants were grown either for 5 weeks (i.e. 
vegetative stage) in 12-h days to promote leaf growth and a relatively large leaf 
area, allowing photosynthesis measurements with the 2-cm2 LI-COR exchange 
chamber system (see below), or in 16-h days for 6 weeks (i.e. midreproductive 
stage) or 8 weeks (i.e. harvest time point). Fertilization was performed weekly 
using a modified Hoagland solution containing 1 mm MgSO4, 1 mm CaCl2, 
0.25 mm KH2PO4, 0.25 mm K2SO4, 50 μm CoCl2, 50 μm H3BO4, 25 μm MnCl2,  
2 μm Fe-EDTA, 0.5 μm ZnSO4, 0.5 μm CuSO4, and 0.5 μm Na2MoO4 (Hoagland 
and Arnon, 1950). In addition, N was supplied once per week using a 1 mm 
(low), 5 mm (moderate), and 10 mm (high) NH4NO3 solution at total amounts 
of 20, 100, and 200 mg NH4NO3, respectively, for the plants kept in 12-h days 
and 4.4, 22, and 44 mg NH4NO3 for plants grown at a 16-h daylength. For both 
12- and 16-h day growth conditions, high N fertilization resulted in maximum 
shoot growth, moderate N nutrition caused a significant decrease in shoot bio-
mass, and plants grown under low N supply showed N deficiency symptoms, 
including leaf anthocyanin accumulation and severely reduced shoot growth 
(Figs. 3, A and B, and 4, A and B).

Plants grown in 12-h days were used to determine the leaf phenotype and 
biomass and to collect leaf discs for protein, chlorophyll, and elemental N and 
C analyses. Leaf discs were collected from the first four fully expanded, ma-
ture source leaves (Zhang et al., 2010) 6 h after the onset of light (i.e. middle of 
the photoperiod), flash frozen in liquid N, and stored at −80°C until analysis. 
Plants kept for 6 weeks in 16-h days were used for the analysis of shoot, fruit, 
and seed development. The bottom 10 siliques were collected from the main 

Figure 7.  Effects of optimized amino acid allocation to and within 
Arabidopsis aap2 leaves at the leaf (A) and whole-plant (B) level. In 
general, improvements in aap2 versus wild-type plants were achieved 
independently of how much N was supplied. A, Effects on the pho-
tosynthetically active leaf area, components of the photosynthetic 
machinery, C fixation, and leaf export of C (Suc) are shown. Overall, 
increased amino acid allocation to leaves positively affects both the 
light and dark reactions of photosynthesis as well as the leaf area avail-
able for C fixation, leading to a significant increase in C capture and 
export in the leaf phloem. B, Effects on root-to-shoot N supply, N and 
C source-to-sink partitioning, N and C tissue status, plant productivity, 
and NUE are demonstrated. Increased amino acid allocation to leaves 
positively affects NUpE and root-to-shoot N transport, probably by a 
feedback regulatory mechanism. In leaves, the N is used effectively for 
photosynthesis (see A), resulting in increased PNUE and enhanced to-
tal C gain. Increased C transport to sinks and/or changes in the C-to-N 
ratio lead to increases in seed number and yield as well as overall 
NUE. Within seeds, N amounts are reduced while C levels are un-
changed, which, in Arabidopsis, relate to a decrease in protein and an 
increase in oil levels, respectively (Zhang et al., 2010). NUtE or total 
harvestable seed N is unchanged, while total seed C yield per plant 
is improved. Overall, this work supports the notion that increasing N 
allocation to leaves provides an effective strategy for improving photo-
synthetic and plant NUE and harvestable seed C yield in a range of N 
conditions. Arrows with circles represent transporters for amino acids 
(black) or Suc (white). Arrows located to the left of features analyzed 
indicate significant changes in aap2 mutants compared with wild-type 
plants (up, increase; down, decrease; up and down, no change).
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inflorescence, cleared with 100% ethanol, and seeds per silique were counted 
using a compound light microscope (Leitz). Finally, stubble tissue (i.e. leaves, 
stems, and silique walls) and seeds were harvested from plants grown in 16-h 
days for 8 weeks until desiccation.

Photosynthesis Measurements and Calculation of 
Photosynthetic NUE

Gas-exchange measurements were performed using the LI-6400XT photo-
synthesis system (LI-COR) with a 2-cm2 fluorescence leaf chamber. The leaf 
temperature was maintained at 25°C during measurements. Photosynthesis 
was determined under ambient growth conditions using a light intensity of 
300 µmol quanta m−2 s−1 and 400 µL L−1 CO2. In addition, based on photosyn-
thetic light-response curves (50–2,000 μmol quanta m−2 s−1) established for each 
N treatment, measurements for photosynthetic CO2-response curves were per-
formed at a light intensity of 1,000 μmol quanta m−2 s−1 in order to avoid light 
limitation of photosynthesis. Photosynthetic rates (A) and internal leaf CO2 
concentrations (Ci) were determined at a range of reference CO2 concentra-
tions (100, 200, 300, 400, 600, 800, 1,000, and 1,500 µL L−1 CO2). PNUE was cal-
culated by relating the photosynthesis rates measured under ambient growth 
conditions to the N content of a specific leaf area:

	 –2 –1
2

–2

µmol CO m s
photosynthetic N use efficiency (PNUE)=

mol Nm
� (1)

Calculations of Apparent Rubisco Content and Electron 
Transport Rates

In order to calculate the apparent Rubisco content, Rubisco-limited photo-
synthesis (Ac) responses to CO2 chloroplast concentrations (Cc) were modeled. 
To calculate Cc, first, the ratio of measured A values to the CO2 transfer resistance 
between the intercellular airspace and chloroplasts (gm) was determined. The  
gm value used for the calculations (0.22 mol m−2 s−1 bar−1) has been reported pre-
viously for Arabidopsis at 25°C (von Caemmerer and Evans, 2015). The result-
ing value was subtracted from the measured Ci values (von Caemmerer, 2000):

	 c i mC = C – A/g � (2)

Next, Ac versus Cc curves were modeled using standard biochemical equa-
tions (Eq. 3; von Caemmerer, 2000). Subsequently, the maximum Rubisco 
carboxylation (Vcmax) was estimated so that the measured A and Ci values of 
the Rubisco-limited, initial slope of the A-Ci curve would best fit the modeled 
Ac-Cc curve (Eq. 3). Modeling was performed using measured values of the 
internal leaf oxygen concentration (O) and the Michaelis-Menten constants for 
carboxylase (Kc; 26.5 Pa) and oxygenase (Ko; 20.1 kPa), as well as the CO2 com-
pensation point of Rubisco without respiration (Γ*; 3.64 Pa), as reported for 
Arabidopsis at 25°C by Walker et al. (2013):

	
cmaxc

c

c c o

(C – *)V
A =

C +K (1+O/K )

Γ
� (3)

Finally, the apparent Rubisco content of leaves was calculated by divid-
ing Vcmax by the rate of Rubisco carboxylation (kcat; Eq. 4). The kcat value of 3.3 
used for calculations has been reported previously for Arabidopsis at 25°C by 
Walker et al. (2013):

	
cmax

cat

V
apparent Rubisco content =

k
� (4)

In order to calculate the electron transport rate (J) under light-saturated 
conditions, electron transport-limited photosynthesis (Aj) versus Cc curves 
were modeled using standard biochemical equations (Eq. 5; von Caemmerer, 
2000; Buckley and Diaz-Espejo, 2015). Values of J then were estimated so that 
the measured A and Ci values of the electron transport-limited plateau of the 
A-Ci curve would best fit the modeled Aj-Cc curve (Eq. 5). The value for Γ* was 
the same as that used for the Ac calculations (Eq. 3):

	 c

j

c

(C – *)J
A =

(4C + 8 *)

Γ

Γ
�

(5)

Analysis of Leaf Rubisco and Chlorophyll Content

Soluble proteins were extracted from leaf discs (2 cm2), and Rubisco con-
tent was determined by the enzymatically coupled conversion of NADH to 

NAD+ as described by Walker et al. (2013). The consumption of the supplied 
NADH was measured in vitro at a 340-nm wavelength and by monitoring the 
decreasing light absorption using an Evolution 300 UV-Vis spectrophotometer 
(Thermo Fisher Scientific). Total chlorophyll (a and b) was extracted from leaf 
discs (2 cm2) with 100% ethanol, measured by extracting the absorbance of 
light at 645 and 663 nm with a BioMate 3 Series spectrophotometer (Thermo 
Spectronic), and the amount was calculated using standard equations (Arnon, 
1949; Ritchie, 2006).

Imaging and Leaf Area Analysis

Photographs of plants were taken with a Canon EOS Rebel T2i. Rosette 
leaves were collected and imaged with an Epson Perfection 3200 Photo flatbed 
scanner. Leaf surface area was determined using ImageJ 1.47v.

Analysis of Elemental N and C as well as NUpE, NutE, 
and NUE

Total elemental N and C content of lyophilized rosette leaves, dry stubble 
tissue, and seeds was quantified using gas chromatography followed by mass 
spectrometry as described previously (Sanders et al., 2009). NUpE, NutE, and 
NUE were calculated according to Moll et al. (1982). NUpE is the ratio of total 
N in the aboveground shoot mass to total N supplied. NUtE is the ratio of 
seed yield to total N in aboveground shoot tissue. NUE is described as the 
combination of these two parameters, or the ratio of seed yield to the total 
N supplied (Eq. 6; Moll et al., 1982). The amount of total elemental N sup-
plied to plants grown in 16-h days and used for NUE analyses was 16, 78, or  
156 mg N per plant and life cycle in low-, moderate-, and high-N conditions, 
respectively:

total shoot N seed yield seed yield
=

N supplied total shoot N N supplied

NUptake Efficiency (NUpE) N Utilization Efficiency (NUtE) N Use Efficiency (NUE)

     
     ×     
     

(6)

Statistical Analysis

Results presented are from one growth set of plants but are representative 
of at least two independently grown sets of plants. Data generally are shown 
as means ± sd of at least three biological repetitions. Statistical analyses were 
performed using SigmaPlot 11.0 Systat software. Data were tested for normal-
ity. Data sets that failed the normality test were transformed so that statistical 
significance could be analyzed. Specifically, data sets for PNUE, NUE, NUpE, 
rosette biomass, stubble N, and total shoot N were transformed using log10 
(Bartlett and Kendall, 1946), and total shoot C content data were transformed 
using square root (Bartlett, 1936; Freeman and Tukey, 1950). Statistical sig-
nificance was determined by performing a one-way ANOVA followed by a 
pairwise Holm-Sidak mean separation test. Data were considered significantly 
different at P ≤ 0.05.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data 
libraries under accession numbers AT5G09220 (AAP2), AY956395 (AAP1), 
AT1G06830 (CEPD1), and AT2G47880 (CEPD2).
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