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Abstract: The amino acid permease (AAP) is an important transmembrane protein that is involved
in the absorption and transport of amino acids in plants. We investigated the expression patterns
of AtAAP genes in Arabidopsis thaliana, based on quantitative real-time PCR. The results revealed
differential expression patterns of eight AtAAP genes in different tissues, with five genes (AtAAP1,
AtAAP2, AtAAP6, AtAAP7, and AtAAPS) expressed at relatively high levels in both flowers and
siliques, suggesting their shared functions in the accumulation of amino acids. In transgenic plants,
with endosperm-specific overexpression of AtAAP1, both AtAAPT and AtAAP6 were up-regulated in
both the roots and siliques, while AtAAP2, AtAAP3, AtAAP4, and AtAAP5 showed similar expression
levels in the stems and siliques, whereas AtAAP7 and AtAAP8 were expressed at their highest
levels in the stems and roots. The results of the amino acid affinity experiments revealed varied
absorption capacities for different amino acids, by AtAAP1, and increased acid amino contents in the
reproductive organs. These results were verified in transgenic maize plants, with the overexpression
of AtAAPI1, revealing higher amino acid contents in the reproductive organs than those of the
vegetative organs. Our study clearly demonstrated that the endosperm-specific promoter increased
the amino acid contents in the reproductive organs and improved the effective utilization of organic
nitrogen in plants.

Keywords: Arabidopsis thaliana; AAP gene family; gene expression; endosperm-specific promoter;
transgenic maize

1. Introduction

Nitrogen plays an important nutritional role for many organisms, generally for the
synthesis of hormones, nucleotides, and amino acids [1]. Plants are rich in usable forms of
nitrogen, which are commonly found as organic nitrogen in amino acids, nucleic acids, and
proteins. Studies have shown that inorganic nitrogen is obtained only through microbial
mineralization that converts organic nitrogen in the soil [2]. Amino acids play important
roles in plants. It is normally assumed that amino acids are probably the first group of
metabolites produced by the organisms, and are consistently involved in many metabolic
pathways in plants [3-5]. The transportation of amino acids into plant cells requires specific
amino acid transporters. In Arabidopsis thaliana, there are approximately over 100 genes
encoding amino acid transporters, which belong to the APC and UMATIT superfamilies [5].
The APC superfamily contains five families, i.e., the APC, the amino acid permease (AAP),
the alanine and glycine protein cationic symporter (AGCS), the potassium ion and chloride
ion transporters (CCC), and the hydroxy/aromatic amino acid permease (HAAAP) families.
As the two widely studied families of the APC superfamily, the APC family includes the
cationic amino acid transporters (CATs), the amino acid/choline transporters (ACTs),
and the polyH transporters (PHSs), while the AAAP family contains the amino acid
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permeases (AAPs), the lysine and histidine transporters (LHTs), the proline transporters
(ProTs), the auxin transport protein (AUXs), and the aromatic and neutral amino acid
transporters (ANTs). The results of genomic comparative analyses revealed that the
amino acid transporters are widely distributed in plants, with increasing evidence clearly
demonstrating that the amino acid transporters function in diverse ways [6]. However, the
physiological functions of these amino acid transporters remain unclear.

Members of the AAP family have been identified in many organisms, including fungi,
animals, and plants [7-9]. Due to the important functions that these amino acid transporters
play in plant growth and development, the studies of the substrate specificity, localization
of expression, and biological functions of the AAP family members have attracted increas-
ing attention. The AAP family is involved in a variety of physiological activities in plants,
such as the absorption of amino acids from the soil, loading of amino acids to the phloem,
transportion of amino acids between the xylem and phloem, and accumulation of seed
storage proteins [10]. Studies have suggested that the AAPs extensively transport amino
acids with low affinity, based on the heterologous expression of AAPs in Saccharomyces
cerevisiae mutants and Xenopus oocytes that are deficient in endogenous transportation sys-
tems [11,12]. Specifically, AAP1 is demonstrated to preferentially transport neutral amino
acids in yeast cells and in Xenopus oocytes [13]. Although the transporting properties and
substrate specificity of AAPs have been characterized, based on the heterologous expres-
sion analysis, the physiological functions of these amino acid transporters remain unclear
in plants [14]. It has been reported that changes in the corresponding transcript levels occur
in response to biotic stresses, such as nematode wounding, pathogenic attack, or interaction
with mycorrhizal fungi, mostly affecting the nitrogenous compounds, while the plants
make full use of their own transporters, to retain and redistribute these compounds [15,16].
For example, studies have shown that three genes (i.e., BtAAP1, BnAAP2, and BnAAP6)
are up-regulated in the flowers of Brassica napus, under high-nitrogen conditions, whereas
VfAAP1 is down-regulated in the presence of high concentrations of glutamine and sucrose,
or 1 mmol/L cysteine [17,18]. In A. thaliana, two genes (i.e., AtAAP3 and AtAAP6) are
involved in the nematode infestation of root-knot, while the corresponding activities are
significantly reduced in the aap3 and aap6 mutants [19,20]. The overexpression of Vf/AAP1
in seeds increases the amount of storage proteins, while reduced or increased expression
of LHT1 suggests its involvement in absorbing amino acids into the root and mesophyll
cells [21-23]. These results are consistent with those reported previously, suggesting that
the increased uptake and reallocation of neutral amino acid, via OsAAPI, improves the
growth and enhances the grain yield in rice [24].

The AAP family was first described in A. thaliana, containing eight members (i.e.,
AtAAP1 to AtAAPS8), encoding proteins located on the cytoplasmic membrane, with
AtAAP7 on the chloroplast [25,26]. The AAP gene family is involved in functions such as
H*-coupled amino acid absorption. Specifically, the ratio of AAP coordinated transport of
protons and amino acids into cells is 1:1, while the results of hydrophilicity analysis predict
that the AAP protein contains a total of 10-12 transmembrane domains [27,28].

In this study, we investigated the expression patterns of eight AAP genes (i.e., AtAAP1
to AtAAPS) in the roots, stems, leaves, flowers, and siliques, of both wild-type (WT) and
transgenic plants of A. thaliana, using quantitative real-time PCR (qRT-PCR) analysis. Our
goals were to (1) reveal the relationship between the tissue-specific expression of the
eight AtAAP genes in A. thaliana, and the amino acid indices of WT and transgenic plants,
including the contents of free amino acid, total nitrogen, and 20 types of amino acids; and to
(2) significantly increase the amino acid contents in plant organs, by overexpressing AtAAP1
in both the transgenic plants of A. thaliana and maize. Our study provides strong evidence
to support the improvement of the effective utilization of organic nitrogen by crops.
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2. Materials and Methods
2.1. AtAAP1 Transgenic Arabidopsis thaliana and Maize

The endosperm-specific plant expression vector PTF101.1-GT1-AtAAP1 was con-
structed by ligating the target gene AtAAP]I, the plant expression vector PTF101.1, and the
endosperm-specific promoter GT1, as previously reported [29]. The PTF101.1-GT1-AtAAP1
was transferred into Agrobacterium by the triparental hybridization method, to obtain the
recombinant plasmid of Agrobacterium, which was verified by double enzyme digestion.
Specifically, the GT1 promoter sequence was digested with BamHI and HindIII, while the
AtAAP] gene sequence was digested with Sma I and Sac I (Figure 1). The plant expression
vector PTF101.1-GT1-AtAAP1 was transformed into Arabidopsis thaliana (Columbia Col-0)
and maize (Zea mays L. var. B73) by the Agrobacterium-mediated transformation. After
two generations of screening, the T2 generation of transgenic A. thaliana and maize with
overexpression of AtAAP1 were obtained for further experiments.

M 1 2

1877 bp
1476 bp

1185 bp

2000 bp

1000 bp
750 bp
500 bp

250 bp
100 bp

291 bp

Figure 1. Construction of the endosperm-specific plant expression vector PTF101.1-GT1-AtAAP1
based on triparental hybridization method. Lane M represents the DL2000 DNA marker. Lane 1
represents the AtAAP1 gene sequence (1476 bp) derived from the double digestion of PTF101.1-GT1-
AtAAP1 by Sma I and Sac I. Lane 2 represents the GT1 promoter sequence (1877 bp) derived from the
double digestion of PTF101.1-GT1-AtAAP1 by BamHI and HindIII. The fragments of 1185 bp and
291 bp were derived from the double digestion of AtAAP1 gene sequence by BamHI and HindIII.

Plants of A. thaliana were grown in the artificial climate chamber in the College of Life
Sciences at Jilin Agricultural University (Changchun, China). Seeds were submerged in
pure water at 4 °C for two days and then planted in pots containing a mixture of vermiculite
(70%) and soil (30%). In two weeks, each seedling was transferred into a single pot. Plants
were grown in an environmentally controlled growth chamber with a photoperiod cycle
of 16 h light (20 °C) and 8 h dark (16 °C). In six weeks, plant materials were collected,
including vegetative organs (i.e., roots, stems, and leaves) and reproductive organs (i.e.,
flowers and siliques). Non-transgenic plants of A. thaliana were used as the control.



Agronomy 2021, 11, 1668

40f17

The negative and positive seeds of transgenic maize plants were identified as follows.
Specifically, several transgenic corn seeds were ground into powder in liquid nitrogen, to
extract total RNA using the TaKaRa MiniBEST plant RNA extraction kit (Takara Biotechnol-
ogy Co., Ltd., Dalian, China). The RNA was reverse-transcribed to synthesize cDNA using
the PrimeScript RT reagent kit with gDNA Eraser (Takara Biotechnology Co., Ltd., Dalian,
China), which was used to perform PCR amplification based on the primers used for
cloning the AtAAP1, i.e., forward primer 5'-CCCCCGGGATGAAGAGTTTCAACACAG
AAGGAC-3' and reverse primer 5-CGAGCTCTCACTCATGCATAGTCCGGAAG-3'. Posi-
tive and negative seeds were identified based on the presence and absence of the AtAAP1
gene, respectively (Figure 2). The transgenic corn plants were grown in the Transgenic Pilot
Test and Industrialization Base of the Jilin Academy of Agricultural Sciences (Gongzhuling,
Changchun, China). During the mature stage, the samples of roots, leaves, and seeds were
collected by liquid nitrogen freezing. The negative plants were used as controls.

M123456CK
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Figure 2. Identification of negative and positive seeds of transgenic maize plants with overexpression
of AtAAP1. Lane M represents the DL2000 DNA marker. Lanes 1-6 represent positive seeds of
transgenic maize plants with the overexpression of AtAAP1 gene (1476 bp). CK represents the
negative seed of transgenic maize plant (showing no presence of AtAAPI).

2.2. Measurement of Physiological Indices
2.2.1. Contents of Amino Acid and Total Nitrogen

Contents of free amino acids were determined using the ninhydrin methods [30].
The total nitrogen contents were determined by the Kjeldahl methods [31] using a Kjeltec
TM8200 semi-automatic Kjeldahl determination unit with the matching boiling tubes and
elimination furnace, obtained from FOSS Technology & Trading Co., Ltd. (Beijing, China).
Solutions prepared included NaOH solution (0.4 g/mL), H3BOj3 indicator solution (10 g/L),
H,SOy titrant (0.01 mol/L), 30% HyO, (analytical grade), and mixed indicator solutions of
methyl red and bromocresol green.

The contents of 20 amino acids in transgenic plants of A. thaliana and maize plants
at their mature stages were determined by high-performance liquid chromatography-
quadrupole ion trap tandem mass spectrometry (HPLC-MS/MS API3200 Q-TRAP, Applied
Biosystems China Co., Beijing, China). Fresh plant materials of five tissues (i.e., roots, stems,
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leaves, flowers, and siliques) were sheared and dried at —80 °C, and then ground into
powder. An aliquot of ~100 mg of powder of each tissue was placed in a 2 mL centrifuge
tube and shipped to the Pury Huasheng Biotechnology Company (Beijing, China) for
further processing. Each experiment was repeated thrice.

2.2.2. Preparation of Murashige and Skoog (MS) Medium Containing Amino Acids

Plant growth is generally inhibited by high concentrations of amino acids [32,33].
Therefore, we investigated the affinity of AtAAP1 for the 20 types of amino acids, with
various concentrations determined based on previous studies [32,33] (Table 1). To make
the Murashige and Skoog (MS) medium, both 2.22 g MS powder and 10 g sucrose were
dissolved in 800 mL distilled water with the constant volume adjusted to 1 L. A total of
20 mL of the MS medium solution was added into each of 21 triangular 100 mL vials,
each containing one of the 20 types of amino acids (Table 1), including 1 vial of control
without amino acid, stirred well and the pH adjusted to 5.8 with 1 mol/L KOH or 1% HCL
Finally, 0.15 g agarose was added to each of these 21 vials. After sterilization at 115 °C for
30 min, the medium solution was poured into the Petri dishes on the ultra-clean bench.
Each experiment was repeated thrice.

Table 1. Amino acid concentrations in the Murashige and Skoog (MS) medium used in the amino
acid affinity experiments of transgenic Arabidopsis thaliana.

Amino Acid Concentration (mmol/L)
Phe, Trp, Tyr, Lys 1
Gly 15
Met, Ile, Leu, Ser, Thr 2
His 25
Val 4
Cys, Asn, Arg 5
Ala 10
Gln, Asp 20
Pro, Glu 30

2.2.3. Amino acid Affinity in Transgenic Arabidopsis thaliana

Seeds of A. thaliana were disinfected in 2% sodium hypochlorite solution for 10 min,
and then washed with sterile water 5 times. The seeds were planted on MS medium, each
containing one of the 20 types of amino acids, by micropipettes (200 uL). The medium was
divided into two equal halves, with each side planted with 9 seeds of WT A. thaliana and
9 T2 seeds of transgenic A. thaliana, respectively. The growth of A. thaliana was observed in
the Petri dishes for a total of 15 days.

2.3. Quantitative Expression Analysis

Plants of A. thaliana were harvested after ~45 days of growth for RNA extraction. Total
RNA was isolated from different tissues of WT and transgenic plants with overexpression
of AtAAP1, using the plant RNA extraction kit (Takara, Japan) as previously described [34].
Genomic DNA contamination was avoided by treating the extracted RNA samples with
the DNase provided in the RNA extraction kit. The cDNAs were synthesized using 1 pg of
RNA. Based on the DNA sequences of the eight AtAAP genes and the actin gene obtained
from the National Center for Biotechnology Information (NCBI) database, the primers
were designed by using the Primer Premier 5.0 software for the quantitative expression
analysis based on qRT-PCR (Table 2). The actin gene of A. thaliana was used as the internal
reference gene in the quantitative expression analysis. To avoid the potential effects of
genomic DNA contamination, these primers were designed to span intron-splicing sites.
The qRT-PCR analysis was performed using a Stragene Mx3000P (Agilent Technologies,
Beijing, China) with the following procedures: denaturation for 3 min at 95 °C, followed by
45 cycles of denaturation of 10 s at 95 °C and annealing/extension for 1 min at 60 °C. Each



Agronomy 2021, 11, 1668

60of 17

20 uL PCR reaction contained 10 puL of SYBR Green (Genecopoeia, Beijing, China), 7.6 puL
of ddH,O, 1 uL of each cDNA product, 0.4 pL of ROX reference dye II, and 0.5 puL of each
of the two primers. Relative gene expression levels were determined in WT and transgenic
plants according to the 22T and 2~ 24CT methods [35], respectively. The ACT and AACT
were calculated using the formulas ACT = CTtarget — CTcontrol and AACT = ACT reated sample
— ACTyntreated sample, Tespectively. All experiments were repeated three times based on
three independently grown sets of plants from a sample pool of more than 15 plants. The
quantitative expression analysis was performed based on corn plants at milk, dough, and
mature stages in three lines of AtAAPI-positive plants (i.e., KF8-5, KF8-17, and KF8-40), as
described above for Arabidopsis.

Table 2. DNA sequences of primers used for the quantitative expression analysis based on the
quantitative real-time PCR (qRT-PCR) of eight AtAAP genes and the internal reference gene actin in
Arabidopsis thaliana.

Gene GenBank Accession Forward (F) and Reverse (R) Primers 5'-3’

F: GTGGGAAAGTGGGTAAGACG

Anart NM_10d616 R: GATGAGAACCGTGGCATAAG
s e RSO
actin NM 180280 F: TGCCAATCTACGAGGGTTTC

R: GCTCTGCTGTTGTGGTGAAC

2.4. Data Analysis

All data were presented as the mean of three biological replicates + standard de-
viation (SD). One-way ANOVA using DPS 11.0 edition for windows was conducted to
identify the significant difference between the treatments with the p values set to 0.01 or
0.05, respectively [36].

3. Results
3.1. Expression Patterns of AtAAP Genes

To explore the functions of AtAAP genes, the expression patterns of eight AtAAP genes,
in different tissues of mature plants of WT A. thaliana, were investigated, based on qRT-
PCR analysis (Figure 3). All eight genes showed differential patterns in different tissues.
Specifically, four genes (i.e., AtAAP2, AtAAP3, AtAAP6, and AtAAP7) were relatively highly
expressed in leaves, flowers, and siliques, two genes (AtAAP1 and AtAAPS) were relatively
highly expressed in flowers and siliques, gene AtAAP4 was highly expressed in stems, and
gene AtAAP5 showed relatively high expression in both leaves and flowers.
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Figure 3. Relative expression patterns of eight AtAAP genes in different tissues of wild-type (WT)
Arabidopsis thaliana based on qRT-PCR analysis with actin gene as the internal reference gene. Symbols
“*” and “**” indicate the significant differences in comparison to stems at p values of 0.05 and

0.01, respectively.

To compare the expression patterns and functions of AtAAP genes in amino acid
transport, in both WT and transgenic plants with overexpression of AtAAP1, we further
investigated the expression patterns of AtAAP genes in transgenic plants of A. thaliana,
with overexpression of AtAAP1 (Figure 4). The results showed that eight AtAAP genes
were differentially up- and down-regulated in various tissues of transgenic plants with
overexpression of AtAAP1, with three expression patterns identified. First, both AtAAP1
and AtAAP6 showed relatively higher expressions in both the roots and siliques than that
in the stems, with AtAAP1 being up-regulated by 25 times and 20 times in the siliques
and roots of transgenic A. thaliana, respectively. Second, four genes (i.e., AtAAP2, AtAAP3,
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AtAAP4, and AtAAPS5) showed relatively high expression in the stems and siliques. Third,
AtAAP7 and AtAAPS were highly expressed in the stems and roots.
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Figure 4. Relative expression patterns of eight AtAAP genes in different tissues of transgenic
Arabidopsis thaliana with overexpression of AtAAP1 based on qRT-PCR analysis using actin gene as
the internal reference gene. Symbols “*” and “**” indicate significant differences in comparison to
stems at p values of 0.05 and 0.01, respectively.

3.2. Contents of Total Nitrogen and Free Amino Acids in Reproductive and Vegetative Organs in
WT and Transgenic Plants of Arabidopsis thaliana with Overexpression of AtAAP1

Compared to the WT plants, the transgenic plants of A. thaliana, with overexpression
of AtAAP1, showed a significantly decreased (by ~65%) total nitrogen content in the
vegetative organs, by ~65%, but increased by ~29% in the reproductive organs (Figure 5A).
In comparison to the WT plants, the transgenic plants showed significantly increased free
amino acid contents in the reproductive organs, by ~34%, and in vegetative organ, by ~12%
(Figure 5B).
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Figure 5. Contents of total nitrogen (A) and free amino acids (B) in vegetative (roots, and stems,
and leaves) and reproductive (flowers and siliques) organs of wild-type (WT) and transgenic plants
of Arabidopsis thaliana with overexpression of AtAAP1. Symbols “*” and “**” indicate significant
differences at p values of 0.05 and 0.01, respectively.

3.3. Contents of Free Amino Acids in WT and Transgenic Plants of Arabidopsis thaliana with
Owerexpression of AtAAP1

To explore the functions of the AtAAP genes, and the potential relationships between
each AtAAP gene and the transportation of the 20 types of amino acids, the composition
and concentration of single amino acids in different organs of WT and transgenic A. thaliana,
with overexpression of AtAAP1, were determined based on HPLC analysis (Figure 6). The
distributions of single amino acids largely varied in different tissues. The contents of Gly,
Val, Ile, Pro, Phe, Thr, Gly, Cys, Asn, and GIn were relatively high, while the contents
of His, Ala, Ser, and Tyr were relatively low, probably due to the involvement of these
amino acids in sugar metabolism. The contents of Ile and Val were the highest in the
roots and siliques (Figure 6A,E), the contents of Thr and Cys were the highest in the stems
and flowers (Figure 6B,D), and the contents of Thr and Gly were the highest in the leaves
(Figure 6C). Glu was not detected in any organs of the plants, while Tyr was not detected
in the roots (Figure 6A) and His was not detected in the leaves and roots (Figure 6A,C). In
WT plants, four amino acids (i.e., Val, Thr, Gly, and Cys) were detected at high levels in
both the stems and leaves (Figure 6B,C), while Ile and Val were detected at high levels in
the roots and siliques, respectively (Figure 6A,E). In transgenic plants, the total amino acid
content was the highest in the flowers (Figure 6D) and the lowest in the roots (Figure 6A).
The contents of 20 amino acids in transgenic plants were lower than those of the WT in the
vegetative organs (i.e., roots, stems, and leaves), while the contents of 10 amino acids (i.e.,
Met, Val, Pro, Phe, Trp, Thr, Gly, Asp, Lys, and Arg) were higher in the flowers of the WT
than those in the transgenic plants, and the contents of many amino acids were higher in
the transgenic plants than those of the WT in the siliques (Figure 6E).

3.4. Affinity of 20 Amino Acids in Transgenic Arabidopsis thaliana with Overexpression
of AtAAP1

Under the selected concentrations of the 20 amino acids (Table 1), the growth of the
WT plants of A. thaliana was either normal or slightly inhibited, whereas the growth of
the transgenic plants was inhibited, with the transgenic plants showing affinity for the
amino acid added into the MS medium (Figure 7). The results showed that both the WT
and transgenic plants grew normally in the control group. On the MS medium containing
neutral amino acids, most of the transgenic plants either did not germinate or germinated,
but grew to wilt, while the WT plants were slightly inhibited. Specifically, AtAAP1 showed
a strong affinity for most neutral amino acids, including aromatic amino acids (Phe and
Tyr), amides (Asn and GIn), Ala, Ile, Leu, Val, Ser, Thr, and Cys, but a low or no affinity for
Arg, Lys, Met, Gly, and Pro.
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Figure 6. Contents of 20 amino acids in roots (A), stems (B), leaves (C), flowers (D), and siliques
(E) of wild-type (WT) and transgenic plants of Arabidopsis thaliana with overexpression of AtAAPI.
Symbols “*” and “**” indicate significant differences at p values of 0.05 and 0.01, respectively.
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Figure 7. Affinity of 20 amino acids in wild-type (WT) and transgenic plants of Arabidopsis thaliana with overexpression of
AtAAP1. CK is the control MS medium without any amino acid in the medium.

3.5. Gene Expresion of AtAAP1 in Transgenic Maize with the Endosperm-Specific Promoter

The results of the relative expression of AtAAP1 in the seeds of transgenic corn plants,
at milk, dough, and mature stages, showed that the expression of AtAAP1 in postive maize
was significantly increased in comparison to that of the negative maize plants, with the
lowest expression level being observed at the milk stage and highest expression levels
revealed at both the dough and mature stages (Figure 8).

12

w*k
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*% ek k%

Relative expression level
fi

oL_[TH

CK KF8-5 KF8-17 KF8-40

Figure 8. Relative expression of AtAAP1 gene in three lines (i.e., KF8-5, KF8-17, and KF8-40) of
transgenic maize plants with overexpression of AtAAP1 at milk (white bars), dough (gray bars), and
mature (black bars) stages based on qRT-PCR analysis using actin gene as the internal reference gene.
Symbol “**” indicates significant differences in comparison to negative maize plants (CK) at p value
of 0.01.
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3.6. Contents of 20 Amino Acids in Different Tissues of Transgenic AtAAP1 Maize with the
Endosperm-Specific Promoter

To investigate the effects of the AfAAP1 gene on the absorption of amino acids in
crops, we investigated the contents and compositions of 20 amino acids in different tissues
of positive and negative maize plants, with the endosperm-specific promoter, based on
HPLC (Table 3). The results showed that the contents of total and neutral amino acids
in the roots and seeds of positive plants, were higher than those of the negative plants,
while the contents of basic and acidic amino acids were higher in the roots and lower in
the leaves of positive plants than those of the negative plants. During the mature stage
of transgenic AtAAPI maize plants, the amino acid contents of the reproductive organs
were generally higher than those of the vegetative organs. These results in maize were
consistent with those derived above in the transgenic plants of A. thaliana. Compared with
the negative plants, the contents of eight amino acids (i.e., Arg, Lys, Glu, Ile, Leu, Met, Thr,
and Val) and six amino acids (i.e., His, Phe, Ile, Trp, Tyr, and Val) were higher in the roots
and seeds of the positive plants, respectively, while the contents of 12 amino acids (i.e., Lys,
Asp, Glu, Phe, Gln, Asn, Ala, Ile, Leu, Pro, Ser, and Val) were lower in the leaves of the
positive plants than those in the negative plants. These results were comparable with those
of A. thaliana (Figure 6A,C,E).

Table 3. Contents of 20 amino acids in different tissues of transgenic AtAAP1 maize plants with the endosperm-specific

promoter. Data are presented in negative/positive plants. Symbols “*” and “**” indicate significant differences at p values

of 0.05 and 0.01, respectively.

Amino Acid Roots (ug/mg) Leaves (ug/mg) Seeds (ug/mg)
Arg 0.16 +0.01/0.21 + 0.01 * 0.01 4+ 0.00/0.01 + 0.00 0.73 +£0.01/0.71 + 0.04
Lys 0.21 +£0.01/0.47 + 0.02 ** 0.40 £ 0.02/0.22 + 0.01 * 1.46 + 0.05/1.51 £ 0.02
His 0.02 £ 0.00/0.03 £ 0.00 0.02 £ 0.00/0.02 £ 0.00 0.12 4+ 0.00/0.15 £ 0.01 *
Asp 0.19 +£0.01/0.22 + 0.01 0.16 4+ 0.00/0.10 + 0.00 * 1.02 £ 0.03/1.02 £+ 0.03
Glu 0.12 £ 0.00/0.18 4+ 0.09 * 0.46 £0.01/0.19 + 0.01 * 1.02 + 0.03/1.08 £ 0.04
Phe 0.04 £ 0.01/0.06 + 0.00 0.09 £ 0.01/0.05 £ 0.00 * 0.18 £0.01/0.25 £ 0.01 *
Cys 0.01 4+ 0.00/0.01 & 0.00 0.01 4+ 0.00/0.01 + 0.00 0.02 4+ 0.00/0.02 + 0.00
Gln 0.16 £ 0.00/0.18 &+ 0.01 0.49 £ 0.02/0.19 4+ 0.01 ** 0.82 £0.03/0.74 4+ 0.01
Asn 0.11 £ 0.01/0.08 + 0.01 0.06 £ 0.01/0.03 £ 0.00 * 0.49 £ 0.01/0.45 £ 0.01
Gly 0.10 &+ 0.00/0.08 + 0.01 0.07 4+ 0.00/0.05 + 0.00 0.35 +0.02/0.37 + 0.02
Ala 0.15 £ 0.00/0.18 + 0.01 1.14 + 0.06/0.51 £ 0.02 ** 3.26 £0.08/3.49 + 0.14
Ile 0.02 £ 0.00/0.06 + 0.00 * 0.06 & 0.00/0.03 £ 0.00 * 0.16 4 0.00/0.29 £ 0.01 *
Leu 0.09 +0.01/0.14 +0.03 * 0.19 +0.09/0.10 + 0.00 * 0.26 +0.01/0.29 £ 0.01
Met 0.01 £ 0.00/0.02 + 0.00 * 0.02 £ 0.00/0.01 + 0.00 0.13 4+ 0.00/0.11 £ 0.01
Pro 0.05 £ 0.00/0.06 + 0.01 0.13 £0.01/0.08 £ 0.03 * 1.28 +£0.03/1.38 £ 0.04
Ser 0.15 4+ 0.01/0.15 + 0.01 0.26 4+ 0.01/0.08 & 0.01 ** 0.73 +0.01/0.70 £ 0.01
Thr 0.06 £ 0.01/0.08 4+ 0.01 * 0.12 £ 0.00/0.08 £ 0.01 0.39 £ 0.02/0.44 £+ 0.01
Trp 0.03 £ 0.00/0.02 + 0.00 0.03 4 0.00/0.05 £ 0.00 0.04 & 0.00/0.06 £ 0.00 *
Tyr 0.02 4 0.00/0.03 + 0.00 0.04 4+ 0.00/0.02 + 0.00 0.09 4 0.01/0.20 & 0.09 **
Val 0.06 £ 0.01/0.09 + 0.00 * 0.15+0.01/0.08 £ 0.01 * 0.34 4+ 0.02/0.45 £+ 0.01 *

Basic amino acid
Acidic amino acid
Neutral amino acid
Total amino acid

0.39 £ 0.02/0.71 £ 0.02 **
0.31 +0.02/0.40 + 0.02 *
1.06 £+ 0.03/1.24 +0.03 *
1.76 £ 0.05/2.35 £ 0.12 **

0.43 +0.02/0.25 &+ 0.01 **
0.62 4 0.03/0.29 &+ 0.01 **
2.86 +0.09/1.37 £ 0.03 **
3.91 +0.08/1.91 £ 0.06 **

2.31+£0.09/2.37 £ 0.07
2.04 4+ 0.05/2.10 = 0.09
8.54 +0.26/9.24 +0.18 *
12.89 £0.39/13.71 £ 0.21 %

4. Discussion

In the past decades, the members of the plant AAP family have been extensively
investigated. For example, studies have shown that the amino acid transporter AAP1 could
regulate the absorption and redistribution of neutral amino acids, ultimately enhancing the
growth and yield of rice [24], and improving plant nitrogen use efficiency, by altering the
process of the amino acid transport [37]. Furthermore, the expression and localization of
amino acid transporter genes have been explored in Pisum sativum [38], the identification
and expression of the AAP gene family have been investigated, at the genomic level, in
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tea plants [9], and the transport functions of AAP in rice have been reported as well [39].
Moreover, the eight genes of the AAP family in Arabidopsis, in particular AtAAP1, have
been widely studied. For example, studies have shown that the AtAAP1 gene plays an
important role not only in the absorption of amino acids by roots [40], but also in the
transport of amino acids into the embryo, to accumulate storage protein and to increase
seed yield [41]. Therefore, we further investigated the molecular functions of AtAAP1 in
the transport of amino acids, in both Arabidopsis and maize plants. Specifically, Arabidopsis
has been the model plant used in various plant molecular studies, due to its short life
cycle and convenient maintenance, while AtAAP1I has been widely investigated due to its
practical significance, showing advantageous properties in the absorption of amino acids
in crops.

The expression profile of a gene is generally used to help explore the functions of
the gene. In our study, we investigated the gene expression of eight AtAAP genes in WT
Arabidopsis and transgenic plants with overexpression of AtAAPI. Due to the important
functions that AtAAPs play in the transport of amino acids in plants [42], we further
studied the change in the amino acid contents in the transgenic plants of Arabidopsis with
overexpression of AtAAP1. Our results revealed that both AtAAP1 and AtAAPS were
highly expressed in the flowers and siliques, while AtAAP2, AtAAP3, and AtAAP5 were
highly expressed in the leaves. The change in the expression of the eight AtAAP genes, with
the overexpression of AtAAP1, was likely caused by the addition of the endosperm-specific
promoter GT1. Our results were consistent with those reported previously, showing that
AAP genes play an important role in the acquisition of amino acids [40]. Our results
revealed that the eight AtAAP genes of A. thaliana showed differential expression patterns
in different tissues, suggesting the multifunctional specialization of these genes. Specifically,
three genes (i.e., AtAAP1, AtAAP7, and AtAAPS) were significantly expressed in the flowers
and siliques, whereas the expression of AtAAP5 and AtAAP6 was detected at high levels in
the leaves. Studies have shown that PtAAP12, expressed in both the xylem and phloem in
poplar, plays an important role in the amino acid absorption from the xylem [43]. Similarly,
our study revealed that AtAAP6 was expressed at high levels in the roots and siliques.
These results indicate that AtAAP5 and AtAAP6 are responsible for amino acid absorption.
Furthermore, studies have shown that AtAAP1 plays a critical role in the transport of
amino acids to the developing embryo in A. thaliana [41]. Therefore, we speculate that
both AtAAP7 and AtAAP8 genes may be also involved in the regulation of amino acid
accumulation and protein storage. Studies have shown that AtAAP2 may participate in
the long-distance transport of amino acids in Arabidopsis [44,45]. Moreover, AtAAP3 and
AtAAPG6 are expressed in the vascular tissues of roots, with AtAAP3 being involved in the
transport of amino acids from the apoplast to the phloem, and AtAAP6 being involved in
the transport of amino acids from the xylem to the phloem [20]. The similar expression
profiles of the genes AtAAP2, AtAAP3, and AtAAP4 suggest that these genes might also be
responsible for the long-distance transport of amino acids.

Our results of the qRT-PCR analysis showed that the overexpression of AfAAP1 in the
endosperm, led to altered expression levels of the eight AtAAP genes in various tissues
of the transgenic plants of A. thaliana (Figure 4). Based on the tissue-specific expression
patterns, these eight AtAAP genes in A. thaliana, with overexpression of AtAAP1, were
categorized into three groups. First, both AtAAP1 and AtAAP6 showed relatively higher
expressions in both the roots and siliques than in the stems, with AtAAP1 up-regulated
by 25 times and 20 times in the siliques and roots of transgenic A. thaliana, respectively.
Second, four genes (i.e., AtAAP2, AtAAP3, AtAAP4, and AtAAPS) showed relatively high
expression in the stems and siliques. Third, AtAAP7 and AtAAPS were highly expressed
in the stems and roots. These differential expression patterns were further investigated,
based on the amino acid affinity analysis.

In general, the amino acid transporters that are expressed in the roots can uptake
amino acids in the roots, but not accumulate amino acids. This is supported by the results
reported previously, showing that the accumulation of amino acids was not achieved by the
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overexpression of VFAAP1 [21], whereas the introduced nitrogen can be easily incorporated
into the proteins, without causing accumulation of amino acids [37]. Furthermore, Tegeder
et al. [25] isolated PsAAP1 and PsAAP2 genes from pea cotyledons, and found that PsAAP1
was mainly expressed in the vegetative organs and embryos, while the overexpression
of PsAAP1 in pea improved the nitrogen absorption and utilization efficiency, ultimately
increasing the seed yield in transgenic pea plants [46]. However, the expression of PSAAP2
was not detected in any tissues. Furthermore, Garneau et al. [47] reported that PsAAP6
was expressed in the nodules of pea plants and was responsible for the transport of amino
acids, assimilated by nodules to other organs, while PsAAP6 was also expressed in the
roots of pea plants, affecting the nitrogen supply in both the roots and shoots. In our study;,
the endosperm-specific promoter GT1 was applied to enhance the expression of AtAAP1 in
the roots, demonstrating the capability of the amino acid transporter AtAAP1 to transiently
increase the absorption of amino acids in the roots. Furthermore, our results showed
that the AtAAP1 gene was overexpressed in the siliques of both the WT and transgenic
A. thaliana plants, ultimately causing the increased contents of amino acids and protein
storage in seeds during the mature period. These results were in accordance with those
reported previously, showing that the utilization of organic nitrogen was improved in
plants with overexpression of the AtAAP1 gene, in corn plants [37].

Our results revealed that the AtAAPT gene showed varied affinity for the 20 amino
acids. These results were consistent with those reported previously, on the functions of AAP
genes [48,49]. Specifically, the AtAAP1 gene was mainly responsible for the absorption and
transport of neutral amino acids, showing a strong affinity for Ala, Cys, Asn, Gln, Ser, and
Thr, but not participating in the uptake of acidic amino acids. In comparison with the WT,
the contents of many amino acids in the vegetative organs (i.e., roots, stems, and leaves) of
the transgenic A. thaliana plants decreased with varied amounts, while the contents of most
amino acids (e.g., Ala, Cys, Asn, GIn, Ser, and Thr) in the siliques increased. Similar results
have been reported on the selection of amino acid substrates by AtAAP1 [40], probably
caused by the strong affinity of AtAAP1 for these amino acids. These results suggested that
the overexpression of the AtAAP1 gene, driven by the endosperm-specific promoter, led to
the accumulation of these amino acids in the siliques. Similarly, studies on the substrate
specificity in Brassica rapa revealed that AtAAP1 showed different absorption capabilities
of different amino acids [50], while AtAAP6 showed high affinity for most amino acids, in
particular the neutral and acidic amino acids [51].

Studies have shown that AfAAP1 is expressed in both flowers and developing seeds,
associated with the transport of amino acids in A. thaliana, further improving the plant
development and the amount of storage proteins [52,53]. Similar results were also revealed
in our study. Furthermore, previous studies showed that AtAAP1 played important roles
in amino acid absorption from the apoplast into embryonic cells [54]. Both the substrate
and tissue specificities of the transport by AtAAPs affect the quality and quantity of amino
acid absorption [52]. Our results were consistent with those reported previously, showing
that the overexpression of AtAAPI, regulated by the endosperm-specific promoter, altered
the absorption of amino acids, ultimately changing the contents of free amino acids in
various tissues and organs in plants of Arabidopsis, at their mature stage [52].

Studies have shown that the expression of AfAAP1 was detected in the outer epidermal
cells and parenchyma cells in the endosperm of A. thaliana [54], while the expression of
the AAP1 gene was localized in the cotyledon epidermis and parenchyma cells in both
beans and peas [38]. In our study, we investigated the functions of AtAAP1 on amino acid
absorption, by biochemical analyses of transgenic plants with overexpression of AtAAPI.
The contents of total free amino acid and total nitrogen significantly increased in the
reproductive organs (i.e., siliques) of transgenic plants. The overexpression of AAP1 in the
endosperm evidently increased the contents of amino acids and protein storage transported
into the reproductive organs, resulting in the relatively decreased contents of amino acids
and protein storage in the vegetative organs. These results were consistent with those based
on the transgenic maize plants with the overexpression of AtAAPI, i.e., the contents of
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amino acids in the reproductive organs of transgenic AtAAPI maize plants were generally
greater than those in the vegetative organs at their mature stage. Furthermore, in the
ataap8 mutant plants of Arabidopsis, the number of seeds was reduced by ~50% and the
amino acid composition in the seeds was also altered [55]. These results suggested that
the endosperm-specific promoter can specifically increase the contents of amino acids in
seeds and improve the effective utilization of nitrogen in crops [56]. These results were also
consistent with those reported previously, with the overexpression of AAPI, to increase the
amount of storage protein in seeds [37,43,57].

5. Conclusions

In our study, the tissue-specific expression patterns of the AtAAP gene family in A.
thaliana were investigated using qRT-PCR, to explore the functions of the AtAAP genes in
the transport of amino acids. The results revealed differential expression patterns of eight
AtAAP genes in different tissues, showing varied absorption capacities for different amino
acids, by AtAAP1, and increased acid amino contents in the reproductive organs. These
results were verified in transgenic maize plants with overexpression of AtAAPI, revealing
higher amino acid contents in the reproductive organs than those of the vegetative organs.
Our study clearly demonstrated that the endosperm-specific promoter increased the amino
acid contents in the reproductive organs and improved the effective utilization of organic
nitrogen in plants, providing important evidence to support the functions of AtAAP genes
in A. thaliana, and to further explore their roles in plant growth and development. Our
study has set up the solid theoretical foundation for future investigations on improving the
effective utilization of organic nitrogen by AAPs in crops.
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