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Abstract
Background: Brassica napus is an important oil crop in China and has a great demand for nitrogen. Amino acid transporters (AAT) play a key role in amino
acid absorption and transport in plants. However, the AAT family genes have not been reported in Brassica napus so far.

Results: In this study, genome-wide analysis identi�ed 203 AAT members in Brassica napus genome. Based on phylogenetic and synteny analysis, BnaAATs
were classi�ed into twelve groups. The members in the same subgroups showed that similar physiochemical characteristics, intron/exon and motif patterns.
By evaluating cis-acting regulatory elements (CREs) in the promoters, we identi�ed some cis-acting regulatory elements (CREs) related to hormone, stresses
and plant development. Darwin’s evolutionary analysis indicated that BnaAATs might have experienced strong purifying selection pressure. The BnaAAT gene
family in Brassica napus may have undergone gene expansion, the chromosomal location of BnaAATs indicated that whole genome replication or segmental
replication may play a major driving role. Differential expression pattern of BnaAATs under nitrate limitation, phosphate shortage, potassium shortage, boron
stress, boron toxicity, cadmium toxicity, ammonium excess, and salt stress conditions indicated that they were responsive to different nutrient stresses.

Conclusions: In summary, these �ndings provide a comprehensive survey of the BnaAAT genes family and lay a foundation for the further functional analysis
of family members. Transcriptome analysis identi�ed genes that responded to stresses, which laid a foundation for the genetic improvement in rapeseed
nutrient stress resistance. 

Introduction
Nitrogen is an essential element for plant growth and development. Large quantities of nitrogen are required to ensure crop yields [1]. Amino acids are not only
a nitrogen source that can be directly absorbed by plants, but also the major transport form of organic nitrogen in plants [2]. Amino acid transporters play an
essential role in the transport of amino acids. Amino acid transporters can be divided into two main families, the amino acid transporter (ATF) family and the
amino acid-polyamine-choline transporter (APC) family [3]. The ATF family consists of six subfamilies: Amino acid permease (AAP), lysine and histidine-
transporter (LHT), proline transporter (ProT), γ-aminobutyric acid transporter (GAT), auxin transporter (AUX) and aromatic and neutral amino acid transporter
(ANT). The APC family consists of three subfamilies: cationic amino acid transporters (CAT), amino acid/choline transporters (ACTs) and polyamine H+

cotransporters (PHS) [3]. Genes in AAP family have been studied in Arabidopsis. The AAP family contains eight protein members (AtAAP1–8), transporters
encoded by AAP family have a variety of functions in plant development and physiology [4]. For instance, AtAAP1 was highly expressed in cauline and
senescent leaves and played an important role in the e�cient use of nitrogen sources present in the rhizosphere [5, 6]. Genes in CAT family have also been
well studied in Arabidopsis. The CAT family contains nine protein members (AtCAT1–9) and plays a key role in amino acid transport and nitrogen metabolism
in plants [7]. For example, AtCAT2 was primarily localized at the tonoplast and played an important role in maintaining total amino acid levels by exporting
amino acids from vacuoles [8]. AtCAT3 and AtCAT4 play roles in intracellular compartmentalization of amino acids, intercellular transport through
plasmodesmata, and loading/unloading of vascular tissue, respectively [9].

The allotetraploid Brassica napus (AnAnCnCn, 2n = 4x = 38) originates from spontaneous hybridization of the diploid Brassica rapa (ArAr, 2n = 2x = 20) and
Brassica oleracea (CoCo, 2n = 2x = 18) [10]. Rapeseed is the most important oil crop in China, and its sown area and output are the �rst in the world, its yield
and quality were greatly affected by N element. Due to the low nitrogen use e�ciency of rapeseed, a large amount of nitrogen fertilizer should be invested to
ensure the yield of rapeseed [11]. Therefore, improving the N remobilization e�ciency in oilseed rapes is important for NUE enhancement through molecular
modulation of amino acid transporters.

However, few systematic analyses of AATs in B. napus have been identi�ed. Therefore, it is of great signi�cance to excavate B. napus AAT members of
analyzing the nutritional physiological and biological characteristics of rapeseed. In this study, we were aimed to identify the genome-wide AAT genes in B.
napus, characterize the genomic characteristics and transcriptional responses of the AATs to N stresses, including nitrate limitation and ammonium toxicity,
and investigate the transcriptional responses of AATs to other nutrient stresses, including phosphate limitation, boron limitation, boron toxicity, potassium
de�ciency, cadmium toxicity, and salt stress. The method of bioinformatics and molecular biology was used to identify to compare and analyze the
expression of B. napus AATs. Through the statistics of the transmembrane region of BnaAAT proteins, the prediction of the active site, the phylogenetic
analysis, the cis-acting regulatory elements (CREs) analysis, the protein interaction and the expression pattern exploration, it can provide partial reference for
the related studies of amino acid transporter and nitrogen nutrient metabolism in rapeseed.

Results
Identi�cation of BnaAAT genes

According to the protein sequences of AAT family in Arabidopsis, 203 BnaAAT members were identi�ed in the B. napus genome. Besides, we used amino acid
sequences of AAT family members in A. thaliana as query conditions, screened and identi�ed the homologs of B. oleracea and B. rapa in BRAD database
through PFAM (PF01490 and PF00324) domain. As shown in (Table 1), AATs had 63 members in the model A. thaliana and each AAT member only had a
single copy. A total of 105, 107, and 203 AAT homologs were identi�ed in B. rapa, B. oleracea, and B. napus, respectively. The results showed that the homolog
number of AATs in B. napus was similar to the sum of AATs in both B. rapa and B. oleracea (Table 1). Indicating that most AATs was kept during the
spontaneous hybridization between B. rapa and B. oleracea for the formation of allotetraploid B. napus. However, we found that ATLb5s, LHT3s ProT3s, and
CAT7s were lost in B. napus (Additional �le 1: Table S1). The changes in the BnaAAT number might indicate their critical differential roles in the resistance of
B. napus to N stresses.

Chromosomal Distribution and Duplication Analysis of BnaAATs
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Gene expansion occurs during the evolution of species [6]. To identify the expansion patterns of AAT genes in Brassicaceae species, we investigated their
segment duplication in duplicated blocks within each subfamily. We totally identi�ed 257 pairs of AATs within 12 subfamilies, including 30 pairs of BnaAAPs,
8 pairs of BnaANTs, 35 pairs of BnaATLas, 42 pairs of BnaATLbs, 22 pairs of BnaAUXs, 5 pairs of BnaGATs, 41 pairs of BnaLHTs, 40 pairs of BnaProTs, 2
pairs of BnaTTPs, 4 pairs of BnaACTs, 18 pairs of BnaCATs, and 10 pairs of BnaLATs (Fig. 1). The BnaAAT genes were unevenly distributed in different
chromosomes (Additional �le 1: Figure S1). The chromosomes C04, Cnn_random and A09 had more BnaAATs, including 14 BnaAATs, respectively. While
chromosome A05 possessed 13 BnaAATs (Additional �le 1: Figure S1). Moreover, 12 genes are located on chromosome C03; 11 genes are located on
chromosome C08; 10 genes each are located on chromosome A04, A03 and C02; 9 genes each are located on chromosome Ann_random, A02 and C06; 8
genes are located on chromosome A07; 6 genes each are located on chromosome C09, A03_random, C05, C07 and A08; 5 genes each are located on
chromosome A10 and A06; 4 genes are located on chromosome A09_random; 3 genes are located on chromosome A06_random; 2 genes each are located on
chromosome C05_random, C01 and A01; 1 gene each are located on chromosome A04_random, C07_random, A05_random, C01_random, C06_random,
Unn_random and C03_random (Additional �le 1: Figure S1). Gene family expansion occurs mainly through four pathways: tandem replication, fragment
replication, whole genome replication (polyploidy) and replication transposition [12]. Gene duplication plays a key role in plant evolution. Comparative
genomics revealed that the Arabidopsis genome can be divided into 24 ancestral cruciferous blocks labeled as A-X [13]. The results showed that AAT family
members in Arabidopsis and their corresponding homologues in B. napus were located in the same chromosomal segment (Additional �le 1: Table S1).
According to the genomic distribution of BnaAATs, we found that whole-genome duplication and segmental duplication are the main ways of BnaAATs
expansion, except BnaA9.AAP8a, BnaA9.AAP8b, BnaC8.AAP8a, BnaC8.AAP8b, BnaC8.AAP8c, BnaC4.ProT1a, BnaC4.ProT1b, BnaC2.NHX1a and
BnaC2.NHX1b, BnaA6.AAP8a, BnaA6.AAP8b, BnaA3.ATLb8a, BnaA3.ATLb8b, BnaA9.ATLa2a, BnaA9.ATLa2b, BnaA9.ATLa2c, BnaA3.AUX1a and
BnaA3.AUX1b, which were derived from tandem duplication (Additional �le 1: Figure S1).

Phylogeny analysis of BnaAATs 

To analyze the evolutionary relationship of BnaAAT proteins, 12 unrooted phylogenetic tree was constructed using MEGA 10.2.2 (Fig. 3). Sequences from the
same homolog were all clustered together (Fig. 3). Besides, we conducted a detailed analysis of the CAT subfamily. Based on a previous study, Arabidopsis
CAT proteins were divided into three clades. To analyze the evolutionary relationship of B. napus CAT proteins, a neighbor-joining phylogenetic tree was
constructed by comparing B. napus CAT amino acid sequences with CATs from three other plant species, including dicotyledonous plants (Arabidopsis) and
two monocotyledonous plants (wheat and rice). The results showed that Group I contained 29 CAT members, including AtCAT1/5/8 and BnaCAT1/5/8 (Fig.
2). Group II contained 14 CAT members, including AtCAT6/7 and BnaCAT6 (Fig. 2). Group III contained 24 CAT members, including AtCAT2/3/4 and
BnaCAT2/3/4 (Fig. 2). Group contained 6 CAT members, including AtCAT9 and BnaCAT9 (Fig. 2). Both dicotyledonous and monocotyledonous members
existing in every clade indicated that gene expansion of the CAT family members occurred before the ancestral divergence of monocotyledons and
dicotyledons.

Molecular characterization of BnaAATs

To understand the molecular characteristics of the BnaAATs, we calculated the physicochemical parameters of each BnaAAT using ExPASy. The results
indicated that most proteins in the same AAT subfamily had parallel parameters (Additional �le 1: Table S1). In summary, the coding sequence (CDS) lengths
of BnaAATs varied from 981 bp (BnaA4.ATLa4) to 1551bp (BnaA6.BAT1a), corresponding to the variation of the deduced amino acid number from 326 bp
(BnaA4.ATLa4) to 679 bp (BnaA6.BAT1a) (Additional �le 1: Table S1). The computed molecular weights of BnaAATs ranged from 35.89 KD (BnaA4.ATLa4) to
75.1 KD (BnaA6.BAT1a) (Additional �le 1: Table S1). The theoretical isoelectric points (pIs) of BnaAATs varied from 4.79 (BnaC3.ATLb3) to 9.61
(BnaA2.ATLb10a), with some of them > 7.0 and some of them < 7.0 (Additional �le 1: Table S1). The GRAVY index re�ects the hydrophilic and hydrophobic
nature of the protein physicochemical properties. The results indicated that the GRAVY values of the BnaAAT members ranged from 0.247 (BnaC4.ATLb4b) to
0.891 (BnaA3.ANT4) (Additional �le 1: Table S1). As a result, all the AAT proteins in B. napus were thought to be hydrophobic. Most instability indices of
BnaAATs were < 40.0 (Additional �le 1: Table S1), and it indicated that most BnaAATs showed strong protein stability. And the online WoLF PSORT was used
to predict the subcellular localization of 203 BnaAATs (Additional �le 1: Table S1). The results indicated that most of them were localized in the plasma
membrane, suggesting that they might account for the trans-membrane transport of amino acid. We utilized the TMHMM Server v2.0
(http://www.cbs.dtu.dk/services/TMHMM/) to predict the transmembrane structures of AATs in A. thaliana and B. napus. We found that the number of TM
regions in most BnaAATs ranges from eight to twelve (Additional �le 1: Table S1), and BnaAATs of the same family have similar number of TM regions. For
example, 10 TMs in AUX, 13 TMs in ACT and 11 TMs in ATLa. These �ndings indicated that AATs of the same subfamily were quite conservative in structure.

Identi�cation of evolutionary selection pressure on BnaAATs.

To characterize selection pressure on the BnaAATs during the evolutionary process, we used the orthologous AAT pairs between B. napus and A. thaliana to
calculate the values of synonymous (Ks) and nonsynonymous (Ka) nucleotide substitution rates, and Ka/Ks (Additional �le 1: Table S1). The Ka values of
BnaAATs ranged from 0.01404 (BnaC6.AUX4) to 0.42935 (BnaC7.CAT6) with an average of 0.0676, and the and the Ks values of BnaAATs ranged from
0.2216 (BnaC8.AAP8a) to 2.1475 (BnaC7.CAT6), with an average of 0.5114 (Additional �le 1: Table S1). Further, we found that all the Ka/Ks values of
BnaAATs were < 1.0 (Additional �le 1: Table S1). Therefore, we predicted that BnaAATs might have undergone a very strong negative selection pressure to
preserve their function. The Ks values of duplicated homologs among gene families are usually thought to be molecular clocks, and they are presumed to be
unaltered over time. The segregation between the model Arabidopsis and its derived Brassica species occurred 12–20 million years ago (Mya) [12]. Our results
indicated that most BnaAATs might diverge from AtAATs approximately 11.0–20.0 Mya (Additional �le 1: Table S1), which indicated that the Brassica plant
speciation might be accompanied by the AAT divergence.

Conserved motifs, gene structure analysis of BnaAATs
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The 203 putative BnaAAT protein sequences contained a typical Aa trans domain through the Pfam analysis. 15 conserved motifs in B. napus were extracted
by the MEME program based on protein sequences. The results showed that several motifs were widespread among BnaAATs, such as motif 1, 2, 5, 7, and
thus might be used as the indicators of the AAAP family members (Fig. 3). The �gure has shown that the BnaAATs in the same subgroups have similar
distributions of motifs, while there were some differences in the different subgroups. The comparison indicated that some BnaAAT genes in the same
subgroups are likely to have similar functions.

Furthermore, an exon-intron diagram was constructed based on the corresponding coding and genome sequences (Fig. 3). The results showed that the same
group shared similar exon/intron structures, such as BnaA7.AAP3 and BnaC6.AAP3b, BnaA6.BAT1b and BnaC7.BAT1, BnaA7.AUX4 and BnaC6.AUX4,
BnaA3.LHT7 and BnaC7.LHT7. On the contrary, some BnaAATs in the same cluster also showed differences in intron/exon organization. Signi�cant variations
were found in the 5′-UTR or/and 3′-UTR of some genes as compared with their paralogy, such as BnaA6.BAT1a, BnaA9.ATLb4, BnaA3.AUX3, BnaCn.LAT3, et al
(Fig. 3). The introns of thirteen BnaAAT genes are absent from the open reading frames, and the number of introns in other coding sequences ranged from one
to thirteen (Fig. 3). These results indicated that members of a group had a similar intron/exon pattern, corresponding to the clusters of BnaAATs. Studies on
the conserved motif composition, gene structure and phylogenetic relationship have demonstrated that BnaAATs have very conserved amino acid residues,
and members of the group may have similar functions.

Cis -acting regulatory elements (CREs) analysis of the promoter regions of the BnaAAT genes

Cis-acting regulatory elements (CREs) play a key role in the regulation of gene expression. To explore gene function and regulation patterns, 2000bp sequence
of BnaAAT genes was submitted to PlantCare database. The cis-acting regulatory elements (CREs) of the BnaAAT genes ainly classi�ed into three categories:
plant growth and development, stress responsive elements and phytohormone responsive elements. In the �rst category the elements mainly include meristem
expression (CAT-box), light responsiveness (Box 4) zein metabolism regulation (O2-site), endosperm expression (GCN4-motif), seed-speci�c regulation (RY-
element), cell cycle regulation (MSA-like), circadian control (circadian), differentiation of the palisade mesophyll cells (HD-Zip 1) and �avonoid biosynthetic
gene regulation (MBSI) (Additional �le 1: Figure S3). In the second category (stress-responsive), the elements included wound-responsive (WUN motif),
anaerobic induction (ARE), low-temperature-responsive (LTR) and MYB-binding sites involved in drought inducibility (MBS), anoxic speci�c inducibility (GC-
motif) and stress responsiveness (TC-rich repeats) (Additional �le 1: Figure S3). In the third category (phytohormone responsive), the elements included
gibberellin responsiveness (P-box), methyl jasmonate-responsive (CGTCA-motif), MeJA-responsiveness (TGACG-motif), gibberellin-responsive element (GARE-
motif), auxin-responsive (TGA-element), salicylic acid responsiveness (TCA-element), and abscisic acid-responsive (ABRE) (Additional �le 1: Figure S3).
Among these cis-acting regulatory elements (CREs), ABRE, ARE and CGTCA-motif were conspicuous, which were involved in abscisic acid responsiveness,
anaerobic induction and MeJA-responsiveness (Additional �le 1: Figure S3). These results indicated that BnaAAT genes may be able to be induced or
repressed by abiotic stress and subsequently participate in plant stress resistance. Interestingly, each of BnaAAT gene possessed different kinds and number
of cis-acting regulatory elements (CREs), we can speculate that under different growing and development status, environmental conditions, BnaAAT genes
might function independently or synergistically to guarantee plant growth and development normally.

Protein–protein interaction analysis of BnaAATs

To further identify the protein(s) potentially interacting with the AAT family members, we constructed a protein interaction networks of AATs using the STRING
database. As shown in �gure, the proteins closely related to CAT proteins in Arabidopsis thaliana are mainly polyamine absorption transporter PUT (polyamine
uptake transporter) and some amino acid permeability enzymes AAP (amino acid permease) (Additional �le 1: Figure S7). Amino acid permeases (AAPs) are
involved in transporting a broad spectrum of amino acids and regulating physiological processes in plants [14]. In the ANT and BAT subfamily, except ANT1,
the other ANTs and BATs also interacted with AAP (Fig. 4, Additional �le 1: Figure S4), which serves a job-sharing improves AA transport from sources to sinks
and further enhances plant N use e�ciency (NUE) [15]. In the AUX subfamily, all the AUXs interacted with PIN (Fig. 4), which belongs to auxin e�ux carrier
family protein. In the ProT subfamily, all the ProTs consistently interacted with BON (Additional �le 1: Figure S4), which is a member of a newly identi�ed class
of calcium-dependent, phospholipid binding proteins. In the LHT subfamily, PHS subfamily and AAP subfamily, LHT1, LHT2, LHT6, all the LATs and all the
AAPs were consistently interacted with CAT (Additional �le 1: Figure S5, S8, S9), cation AA transporters (CATs) belonging to the APC family [16]. Besides, some
other proteins such as TOR (Serine/threonine-protein kinase), NRT 1.7 (Low-a�nity proton-dependent nitrate transporter), SNF4 (Homolog of yeast sucrose
nonfermenting 4), SIAR1 (Silique Are Red 1), and the UMAMIT (Usually Multiple Acids Move In and out Transporters) family members, VDAC3 (Mitochondrial
outer membrane protein porin 3) and PP2CG1 (Protein phosphatase 2C family protein) were also found to interact with the AAT proteins (Additional �le 1:
Figure S4-S9).

Expression Analysis of BnaAAT Genes in Various Tissues

To identify the expression patterns of BnaAAT genes, the tissue-specifc expression pattern of BnaAATs was analyzed in various tissues including blossomy
pistil, bud, ovule, leaf, wilting pistil, pericarp, root, sepal, silique, stamen, and stem (Fig. 5). Results indicated that BnaAAT genes were constitutively expressed
among several tissues, but some genes presented preferential expression in particular tissues. For instance,
BnaAAP2s/BnaAAP3s/BnaA9.AAP8a/BnaA9.AAP8b/BnaA4.CAT5/BnaC8.CAT8/BnaA9.ProT2/BnaC6.ATLa5a/BnaA7.ATLa5b/BnaC9.LHT1/BnaC2.ATLb10/B
were preferentially expressed in roots; BnaA4.ProT1/BnaA2.TTP2 in blossomy pistil;
BnaA8.CAT1/BnaC3.CAT1/BnaLHT8s/BnaLHT2s/BnaC4.ATLb3/BnaA5.ATLb3/BnaA4.ATLb4/BnaC3.LAT5/BnaA3.LAT5 in bud;
BnaA6.AAP8a/BnaC5.AAP8a/BnaA3.CAT6/BnaAn.CAT9/BnaUn.GAT2/BnaC3.LHT7/BnaC3.AUX1/BnaA3.AUX1b/BnaC3.ATLb3/BnaC3.ATLb8/BnaCn.LAT3/B
in ovule; BnaC3.AAP4/BnaA9.ATLb4/BnaA5.LAT4/BnaC2.TTP2 in leaf;
BnaA5.CAT4/BnaA5.ANT1/BnaC5.ANT1/BnaANT4s/BnaCn.ATLa1/BnaC4.ATLa4/BnaA7.ATLa5a/BnaA3.LHT7/BnaC7.LHT7/BnaC1.LHT7/BnaA6.ATLb1/Bna
in new pidtill; BnaA7.ATLa4/BnaC6.AUX4 in pericarp; BnaAAP2s/
BnaAAP3s/BnaA9.AAP8s/BnaC8.AAP8b/BnaA4.CAT5/BnaC8.CAT8/BnaA4.GAT2/BnaA9.ProT2/BnaA7.ATLa5b/BnaC9.LHT1/BnaCn.AUX4/BnaC2.ATLb10s/B
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in root; BnaC8.ProT2, BnaA4.AUX1 and BnaA5.AUX1 showed highly expressed in sepal while BnaA6.AAP8a,BnaC5.AAP8a and BnaC6.LHT1 was highly
concentrated in silique (Fig. 5). In the AUX subfamily, BnaAUX3s exhibited highly expressed in stamen, BnaAUX2s preferentially expressed in stem. The most
genes of CAT subfamily, ProT subfamily, ANT subfamily ATLa subfamily showed highly expressed in wilting pistil, especially BnaA3.CAT1, BnaA9.CAT2b,
BnaCn.CAT2, BnaC5.CAT4 and BnaC8.ATLa2 (Fig. 5). What’s more, six genes showed no expression in any tissues (BnaA2.LHT5, BnaA5.LHT10,
BnaA9.ATLa2b, BnaA3.ATLb6, BnaC3.ATLb6, BnaA3.ATLb8a) (Fig. 5).

Transcriptional analysis of BnaAATs under diverse nutrient stresses.

Transcriptional identi�cation of the core AAT members was very important to the further understanding of the BnaAATs function. The high yield of rapeseed
depends on the extensive application of nitrogen fertilizer, however N use e�ciency is low [17]. When N supplies is insu�cient, plants usually to develop a set
of adaptive responses to limited N growth conditions [18]. However, the molecular mechanisms underlying the use of nitrogen by plants has not been fully
understood [6]. The transcript levels of BnaAAT genes after low-N treatment were investigated to better understanding of the role in assimilating N. Under N
stress, the expression of 122 BnaAATs was signi�cantly altered in the shoots and roots (Fig. 6). In the shoots, the expression of 92.6% (113 BnaAATs) was up-
regulated, but 17% (21 BnaAATs) were down-regulated (Fig. 6). Besides, the expression levels of 9 BnaAATs did not change. In the roots, 118 BnaAATs
responded to N stress, the expression of 64.4% (76 BnaAATs) was signi�cantly induced, while 33.8% (40 BnaAATs) were suppressed (Fig. 6). In this work, we
found that most of the BnaAAT family genes were up-regulated in the shoots or roots under the condition of N limitation (Fig. 6).

Phosphorus (P) is one of the essential nutrient elements for crop growth, and occupies an irreplaceable position in agricultural production [19]. Under
phosphate limitation condition, a total of 72 DEGs were identi�ed in the shoots and roots (Fig. 7). In the shoots, no different expression of eight BnaAATs
(BnaC4.LHT6, BnaC6.LHT1, BnaA4.ATLb4, BnaC6.ATLa5a, BnaA6.AAP4, BnaC3.AAP4, BnaA10.AAP2, BnaC7.CAT6) was observed between su�cient
phosphate and insu�cient phosphate conditions (Fig. 7). The expression of 43 BnaAATs clearly up-regulated in the shoots under the condition of low
phosphorus, but the expression of 21 BnaAATs was obviously suppressed (Fig. 7). In the roots, under phosphate limitation condition, the expression of 20
BnaAATs was distinctly down-regulated, while 40 BnaAATs showed higher expression levels (Fig. 7). And the expression of 12 BnaAATs was no signi�cant
changes between su�cient phosphate and insu�cient phosphate conditions (Fig. 7).

Potassium (K) is an important macronutrient in plants [20]. Potassium enhances crop resistance to a variety of biological and abiotic stresses [21, 22]. Under
the condition of low potassium treatment, a total of 88 BnaAAT DEGs were identi�ed in the shoots or roots (Fig. 8). Under low K treated group, 52.3%
(46BnaAATs) were induced in the shoots, especially BnaC6.LHT1/BnaAn.LHT1/BnaC1.LHT7/BnaAn.LHT7/BnaA4.CAT5. On the contrary, the expression of
39.8% (35 BnaAATs) was signi�cantly decreased (Fig. 8). However, we did not �nd the differential expression of eight BnaAATs (BnaA6.AAP4, BnaC8.AAP8b,
BnaA9.AAP8a, BnaCn.LHT9, BnaC8.ProT2, BnaA4.ATLb4, BnaC4.TTP1, BnaC7.CAT6) between su�cient potassium and insu�cient potassium conditions in
the shoots (Fig. 8). In the roots, K de�ciency resulted in a signi�cantly increase in the expression of 36 BnaAATs, while obviously decrease the expression of 45
BnaAATs. Besides, the expression of seven BnaAATs( BnaA1.AAP1, BnaC4.LHT1, BnaA3.ProT1, BnaA2.TTP2, BnaCn.CAT2, BnaA9.CAT8, BnaA4.CAT5) did not
change signi�cantly (Fig. 8).

Boron is one of the essential trace elements in plants [23], boron de�ciency causes plants to �ower unfrugally. Boron toxicity has great in�uence on root length
of plants [23]. However, whether BnaAATs function in B-mediated plant growth is unclear. Under the condition of de�cient-B and excess-B, differentially
expressed BnaAATs were identi�ed to evaluate the effects of B on BnaAAT gene expression. Under the condition of de�cient-B, we identi�ed a total of 69
BnaAAT DEGs in the shoots and roots (Fig. 9). In the shoots, the expression of 65 BnaAATs was altered. 43 BnaAATs were induced by de�cient-B, but 21
BnaAATs were suppressed by boron de�ciency (Fig. 9). In the roots, 50 BnaAATs responded to B-de�ciency. 21 BnaAATs were up-regulated, while 28 BnaAATs
were down-regulated by B-de�ciency. The expression of four BnaAATs (BnaA3.ATLb8b, BnaA6.BAT1b, BnaC8.AAP8c, BnaC4.AAP1) was unaffected in the
shoots, while 19 BnaAATs (BnaA8.LHT4, BnaCn.LHT9, BnaA9.AUX3, BnaCn.AUX2, BnaC3.ProT1, BnaAn.ATLa3, BnaA2.ATLb1, BnaC2.ATLb1, BnaC3.ATLb3,
BnaA9.ATLb4, BnaC2.BAT1, BnaA1.LAT4, BnaCn.CAT2, BnaA5.CAT4, BnaA9.AAP7, BnaA9.AAP8a, BnaA3.AAP1, BnaA7.AAP3) were unchanged in the roots
(Fig. 9). B toxicity also in�uenced BnaAATs expression. We identi�ed a total of 55 BnaAAT DEGs in the shoots and roots. In the shoots, 21 BnaAATs were
induced, but 28 BnaAATs were repressed under the condition of B stress. In the roots, only 11 BnaAATs were induced, but 33 BnaAATs were repressed by B
toxicity (Fig. 10). In the shoots, the expression of six BnaAATs (BnaA5.LHT6, BnaC8.GAT1, BnaA7.ATLa5a, BnaA6.BAT1b, BnaA9.AAP8b, BnaC8.AAP8a) didn’t
change, while 11 BnaAATs (BnaAn.LHT7, BnaA3.ProT1, BnaC3.ProT1, BnaA6.ATLb1, BnaA9.ATLb4, BnaCn.ATLb9, BnaC2.BAT1, BnaA5.CAT4, BnaC6.AAP3b,
BnaA2.AAP4, BnaA7.LHT2) didn’t change under the condition of B toxicity compared with control condition (Fig. 10).

Ammonium is a major inorganic nitrogen source for plants. At low external supplies, ammonium promotes plant growth, while at high external supplies it
causes toxicity [24]. Under different forms of nitrogen conditions, we identi�ed a total of 89 BnaAAT DEGs in the shoots and roots (Fig. 11). In the shoots, 48
BnaAATs, especially BnaCn.LHT9, BnaC9.AAP7, BnaAn.CAT5 were up-regulated under the condition of ammonium stress, while the expression of 30 BnaAATs
was decreased (Fig. 11). And the expression of remained genes (BnaA5.ProT1a, BnaC4.ProT1b, BnaCn.AUX2, BnaA4.GAT2, BnaC8.GAT1, BnaC9.ATLa3,
BnaA9.ATLa3, BnaC3.ATLb3) didn’t change obviously. In the roots, a total of 77 BnaAATs responded to ammonium stress (Fig). Among the differentially
expressed 77 BnaAATs, 52 BnaAATs were increased by A toxicity, but 40 BnaAATs were decreased under the condition of ammonium stress compared with
control condition (Fig. 11).

Salt stress will induce the accumulation of misfolded or unfolded proteins in plants to inhibit the normal growth and development of plants [25]. The salt
altered the expression of 97 BnaAATs in the roots or shoots (Fig. 12). After salt treatment, 53.6% (52 BnaAATs) and 46.4% (45 BnaAATs) of BnaAATs were up-
regulated and down-regulated in the shoots, respectively, while 47.4% (46 BnaAATs) and 48.4% (47 BnaAATs) of BnaAATs expression levels were positively
and negatively regulated in the roots, respectively (Fig. 12). Besides, the expression levels of four BnaAATs (BnaA7.LHT2, BnaA9.LHT2, BnaC6.LHT8,
BnaC7.LHT2) were not changed (Fig. 12). In a word, these results strongly indicated that most BnaAATs play key roles in plants respond to salt stress.
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Cadmium (Cd) is known as one of the most hazardous elements in the environment and a persistent soil constraint toxic to all �ora and fauna [26]. To better
understand the role of rapeseed AATs in response to cadmium toxicity, we analyzed their transcriptional expression under cadmium toxicity. Under cadmium
toxicity, the expression levels of 85 BnaAATs were changed in the shoots or roots. The expression of 38 BnaAATs signi�cantly increased in the shoots after
cadmium stress treatment, but the expression of 21, especially BnaA6.AAP4, BnaC3.AAP4 and BnaA7.ATLa5a was suppressed (Fig. 13). However, the
expression of 26 BnaAATs didn’t change obviously in the shoots (Fig. 13). More BnaAATs were in�uenced by cadmium stress, in the roots. In the roots, the
expression of 46 BnaAATs was inhibited by cadmium stress, while 29 BnaAATs, especially BnaA9.ATLa2b, BnaA9.ATLa2c and BnaC8.ATLa2, presented higher
expression levels under cadmium stress (Fig. 13). Besides, we did not identify the differential expression of BnaAATs (BnaC4.ProT1c, BnaCn.ATLa,
BnaA7.ATLa5a, BnaA9.ATLb4, BnaA6.BAT1a, BnaC8.AAP8b, BnaC8.AAP8c, BnaC9.AAP7, BnaAn.AAP5, BnaC3.AAP2) under the condition of cadmium stress,
in the roots (Fig. 13).

Discussion
AAT family members have been reported to play an important role in plant growth and development, nutrient metabolism and stress resistance [3]. AAT
members have also been widely studied in other species. For example, AATs had 63 members in the model A. thaliana, and each AAT member only had a
single copy. A total of 85 AATs in rice [27], 189 AATs in soybean, 283 AATs in wheat [28], 72 AATs in potato [29]. However, the information about B. napus AATs
are limited so far. In this study, 203 AAT genes were identi�ed in B. napus. We used bioinformatics methods to analyze the physical and chemical properties,
structure and function of proteins encoded by BnaAAT family. Subsequently, we performed analyses of their conserved domain, gene structure, gene
phylogeny, promoter, and synteny analyses. Besides we constructed their protein-protein interaction network. Furthermore, differential expression of BnaAATs
under different nutrient conditions was analyzed. These results might provide an integrated insight into the function of AAT family genes.

Synthetic analysis of molecular characteristics of BnaAATs

From the analysis on the proteins encoded by BnaAAT family, we found that the subcellular localization of proteins encoded by the BnaAAT family was mainly
in plasma membrane (Additional �le 1: Table S1), which might be correlate with their function. Most of proteins encoded by BnaAAT genes contain 8–12
transmembrane regions, which may be closely related to the regulation of amino acid absorption and transport by the BnaAAT genes (Additional �le 1: Table
S1, Figure S2) [30]. According to phylogenetic analysis, orthologous gene pairs associated with BnaCATs were showed to have existed before the ancestral
divergence of dicotyledonous and monocotyledonous plants (Fig. 2) [31]. Motifs of BnaAAT genes clustered in the same clade were very close, including the
number and type (Fig. 3). However, different subgroups contained different conserved motifs. Therefore, we speculated that different types of unique motifs
may be the main cause of BnaAAT genes functional differentiation [32].

Homolog number variations of AATs in allotetraploid rapeseed indicated their functional divergence.

In the present study, a total of 203 BnaAAT genes were identi�ed in the rapeseed genome (Table 1). The collinearity results showed that there were a large
number of collinearity relationships among BnaAAT genes and genome-wide replication events/fragment replication may be the main cause of BnAAT gene
family ampli�cation (Fig. 1). Comparative genomics studies have shown that brassica species, such as B. rapa and B. oleracea, experienced triploidy at the
genomic level about 20 million years ago [33, 34]. As a result, there are three copies of each Arabidopsis gene in B. rapa and B. oleracea. 63 AAT genes were
identi�ed in Arabidopsis genome (Table 1). Theoretically, 189 AAT genes should be identi�ed in B. rapa and B. oleracea after complete genome replication, but
only 107 genes were found in B. oleracea genome (Table 1). B. napus originates from spontaneous hybridization of the diploid B. rapa (ArAr, 2n = 2x = 20) and
B. oleracea (CoCo, 2n = 2x = 18) [[10, 35]. Therefore, there should be six homologous genes for each Arabidopsis gene in Brassica napus. Unlike conventional
theory, only 203 BnaAAT genes were identi�ed in this study, indicated that some AAT genes were lost after whole genome replication. Therefore, we speculated
that AATs underwent strong selection during the evolution of B. napus, and the retained AAT gene should have an important function in B. napus. Most of the
AtAATs in B. napus had more than one and less than six direct homologous genes, suggested that the AAT gene family has expanded but contracted during
the diversi�cation of Brassica napus. In addition, the homologous genes of AtVAAT7, AtLHT3, AtProT3 and AtCAT7 were not found in the genome of Brassica
napus (Additional �le 1: Table S1). The lost AATs may be redundant genes that are gradually replaced by other genes with similar functions [36, 37]. This work
also revealed that all AAT genes in Brassica napus may have undergone rigorous puri�cation selection, which plays a key role in maintaining gene numbers.

Transcriptional analysis of BnaAATs under diverse nutrient stresses.

To better understand the potential biological functions of BnaAATs in the growth and development of B. napus. The expression patterns of BnaAATs were
analyzed in different tissues, including blossomy pistil, bud, ovule, leaf, wilting pistil, pericarp, root, sepal, silique, stamen, and stem (Fig. 5). Most of the B.
napus grain nitrogen originates from senescing leaves [11] and are transported through phloem transport. As a result, phloem loading and transport of amino
acids is particularly important to seed yield and quality. It has been reported that AtAAP8 was mainly expressed in the phloem of the source leaf and located
on the plasma membrane of the cell. It mainly involved in amino acid loading in phloem and nitrogen distribution in source-sink and then affect the growth of
source leaf and seed yield [38]. PtCAT11 was mainly expressed in phloem and played an important role in amino acid transport between "sourcing" and "sink"
tissues during leaf senescence [39]. Here, we found that BnaC3.AAP4, BnaA9.ATLb4, BnaA5.LAT4 and BnaC2.TTP2 were highly expressed in leaves (Fig. 5).
Therefore, we speculated that these genes might be responsible for transport of removable amino acids from source tissues to sink grains for protein
synthesis after anthesis. It has been reported that AtAAP1, AtAAP5 and AtLHT1 in Arabidopsis play an important role in acquisition of the neutral and cationic
amino acids from the soil, respectively [40]. We found that BnaAAP2s, BnaAAP3s, BnaA9.AAP8s, BnaC8.AAP8b, BnaA4.CAT5, BnaC8.CAT8, BnaA4.GAT2,
BnaA9.ProT2, BnaA7.ATLa5b, BnaC9.LHT1, BnaCn.AUX4, BnaC2.ATLb10s, BnaA6.BAT1b, BnaC7.BAT1 and BnaLAT1s were predominantly expressed in the
roots (Fig. 5), suggesting that they might play important roles in root uptake of individual amino acids for B. napus growth at different developmental stages.
In order to determine the role of BnaAAT genes in various stresses, the expression patterns of BnaAAT genes were studied. In this work, we found that most of
the BnaAAT family genes were upregulated in the shoots and roots under the condition of N limitation. It has been reported in apple that CATs were up-
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regulated with the times of nitrogen starvation treatment, and reached the maximum value at 12 h of treatment [7]. It has been reported that AtAAP1 played
important role in e�cient use of nitrogen sources present in the rhizosphere [5]. At low nitrogen levels, BnaC8.AAP8a, BnaA6.AAP8a, BnaA6.AAP8b,
BnaA4.ATLa4, BnaC7.ATLb1, BnaA6.ATLb1, BnaA3.CAT1, BnaA4.AUX1, BnaA8.LHT9, BnaAn.LHT1, BnaAn.LHT7, BnaA9.LHT9, BnaA4.ProT2, BnaC4.TTP1,
BnaA6.BAT1b, BNaA2.BAT1, BnaC7.BAT1, BnaA4.GAT2 and BnaA8.GAT1 were signi�cantly induced in the shoots (Fig. 6). BnaC2.AAP4, BnaA9.AAP7,
BnaA8.AAP5, BnaA2.AAP4, BnaAn.ATLa3, BnaC2.ATLb1, BnaA5.CAT4, BnaAn.CAT5, BnaA4.CAT5, BnaC8.AUX3, BnaA9.AUX3, BnaA4.ProT1, BnaC4.ProT1c,
BnaC5.LAT4, BnaA5.LAT4, BnaCn.LAT3, BnaA2.TTP2, BnaC2.TTP2 and BnaC3.ANT1 were obviously up-regulated in the shoots under low nitrogen treatment
(Fig. 6). We speculated that the enhanced expression of BnaAATs contribute to the absorption of amino acids from source to reservoir. Ammonium toxicity
causes inhibition of root and shoot growth, it has been reported that a plant’s tolerance to ammonium is related to its capacity for ammonium assimilation
[41]. Once ammonium entered plant cells, ammonium is rapidly assimilated into glutamine and glutamate via the glutamine synthetase-glutamate synthase
(GS-GOGAT) cycle [42]. In this work, we identi�ed that the expressions of some BnaAATs were changed in response to ammonium toxicity (Fig. 11), which
indicated their potential function in the alleviation of excessive ammonium-caused damages to rapeseed. In this work, we found that most BnaAAT DEGs were
induced in the shoots or roots under the condition of phosphate limitation. It indicated that the phosphorus de�ciency promotes the transport of amino acids,
thus enhancing rapeseed adaptation to low phosphorus stress. Under the condition of potassium de�ciency, we found that the expression of most BnaAAT
DEGs was up-regulated in the shoots and most BnaAAT DEGs was down-regulated in the roots (Fig. 8). We speculated that increased amino acid content
might help rapeseed respond to low phosphorus stress. In this study, we found that most BnaAATs were responded to B-de�ciency and B-toxic. Therefore, we
speculated that increased amino acid levels may help plants cope with boron defects and respond to boron toxicity. Under cadmium stress, it’s worth noting
that more BnaAATs were induced in the roots (Fig. 13), we speculated that the enhanced expression of BnaAATs might contribute to e�cient AA transport and
it further facilitated the biosynthesis of cadmium-chelators [43]. Consequently, it enhances the resistance of plants to cadmium toxicity. Soil salt stress is an
extreme environmental abiotic stress with an adverse impact on plant growth and crop production worldwide [44]. It has been reported that proline
transporters (ProTs) were induced under salt stress [45]. In B. napus, BnaA4.ProT2 and BnaC4.ProT1b were strongly induced by salt stress in roots, while
BnaC3.ProT1 and BnaA3.ProT1 were down-regulated in the shoots under the condition of salt stress (Fig. 12). BnaC4.AAP1, BnaCn.AAP1, BnaA9.AAP1,
BnaA4.CAT3, BnaA2.ATLb2, BnaA5.ATLb3, BnaA5.CAT4, BnaAn.CAT4, BnaC1.CAT4, BnaC2.ATLa3, BnaAn.ATLa3, BnaA5.ANT1, BnaA2.BAT1 and BnaC2.BAT1
were signi�cantly up-regulated in shoots by salt stress (Fig. 12). On the contrary, BnaC3.AAP4, BnaA10.AAP5, BnaC6.AAP5, BnaA4.ATLa4, BnaCn.ATLa4,
BnaA6.ANT3, BnaCn.ANT3, BnaC7.BAT1 and BnaA6.BAT1a were down-regulated in the roots by salt stress (Fig. 12). These results indicated that these AATs
play important roles in response to the salt stress by adjusting the transport of amino acids.

Methods
Identi�cation of members of the AAT gene family

Firstly, we used the AA sequences of AATs from A. thaliana as source sequences and conducted a BLASTp search for the AAP homologs in B. napus.
Secondly, the protein sequences were submitted to InterProScan ( http://www.ebi.ac.uk/Tools/InterProScan/ ) to con�rm the existence of AAT domain
(PF01490 and PF00324). Then, we removed protein sequences without AAT domain. Finally, all members of the AAT gene family were screened. The AAT gene
sequences of other species were obtained in the same way. In this work, we get the AAT gene sequences using the following databases: The Arabidopsis
Information Resource (TAIR10, https://www.arabidopsis.org/ ) for A. thaliana, Brassica Database (BRAD) v. 4.1 ( http://brassicadb.org/brad/ ) for B. napus, B.
oleracea and B. rapa, the MSU-RGAP (MSURice Genome Annotation Project) database (http://rice.plantbiology.msu.edu/analyses_search_domain.shtml) for
rice.

Gene nomenclature of BnaAATs

In this work, according to the nomenclature previously reported [46], we renamed AAT genes in Brassica species based on the following criterion: genus (one
capital letter) + plant species (two lowercase letters) + chromosome (followed by a period) + name of the AAT homologs in A. thaliana. For example,
BnaA8.CAT1 represents an Arabidopsis CAT1 homolog on the chromosome A8 of B. napus.

Multiple sequence alignment and Phylogeny Analysis of BnaAATs

To analyze the evolutionary relationship, 203 BnaAATs sequences were aligned by ClustalW program in MEGA 10.2.2 with default settings. 12 neighbor-joining
tree was then constructed based on the alignment result. 22 BnaCATs 9 AtCATs, 11 OsCATs and 31 TaCATs amino acid sequences were aligned by ClustalW
program in MEGA 10.2.2 with default settings,and the Interactive Tree Of Life (iTOLv5) online tool ( https://itol.embl.de/) was �nally used to polish the NJ-tree
[31].

Chromosome location and synteny analysis of BnaAATs

With chromosome length and gene position �les, BnaAATs genes were mapped onto chromosomes using “Gene Location Visualize (Advanced)” of TBtools
[47]. We used “One Step MCScanX” of TBtools to analyze AAT duplication events with genome sequences and gff3 �les. The syntenic analysis maps of
orthologous AAT genes were constructed using the Dual Systeny Plotter software ( https://github.com/CJ-Chen/TBtools ) [47].

Analysis of evolutionary selection pressure and functional differentiation of BnaAATs

To verify positive or negative (purifying) selection pressure on BnaAATs, we calculated the values of Ka, Ks, and Ka/Ks. Firstly, we did pairwise alignment of
the BnaAAT-AtAAT coding sequences (CDSs) in the Excel spreadsheet. Subsequently, we submitted the paired coding sequences (CDSs) sequences to the
TBtools for the calculation of the Ka, Ks, and Ka/Ks with the yn00 method [48]. It is presented that Ka/Ks > 1.0 means positive selection, while Ka/Ks < 1.0
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indicates purifying selection, and Ka/Ks = 1.0 denotes neutral selection, with reference to Darwin’s evolution theory. According to the following formula: T = 
Ks/2λ; λ = 1.5×10− 8, we calculated the divergence time of BnaAATs from their progenitors for Brassicaceae species [13].

Molecular characterization of BnaAATs

The molecular weight (MW, kD), isoelectric point (pI), grand average of hydropathy (GRAVY), and instability index (II) of BnaAATs were determinedd by
ProtParam tool in ExPASy Server (https://web.expasy.org/protparam/) [49]. To investigate the characteristics of transmembrane helices of AtAATs and
BnaAATs, we submitted the AA sequences of them to the TMHMMv.2.0 (http://www.cbs.dtu.dk/services/TMHMM/) program. We utilized STRING (Search Tool
for Recurring Instances of Neighboring Genes) v 11.0 (https://string-db.org) web-server to retrieve and display recurring association networks, involving direct
(physical) and indirect (function) association, of the AAT proteins in A. thaliana and B. napus. The online SignalP v. 4.1
(http://www.cbs.dtu.dk/services/SignalP/) [50] was used to predict the subcellular localization of BnaAATs.

Identi�cation, conserved domain, gene structure and cis-acting regulatory elements (CREs) of AAT genes.

The conserved motifs of the BnaAAT genes were identi�ed by the MEME Suite web server (http://meme-suite.org/). The number of motifs was set to 15, and
all other parameters were the default ones. The gene structure and conserved domain were visualized via TBtools [47]. The 2000 bp upstream DNA sequence
of the 5-UTR of the BnaAAT genes was selected as the promoter sequence. The promoter sequences were uploaded to the PlantCare database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to scan for cis-acting regulatory elements (CREs). The cis-acting regulatory elements (CREs)
from the PlantCare database were subsequently screened manually and visualized via TBtools [47].

Transcriptional analysis of BnaAATs under diverse nutrient stresses.

To further identify the transcriptional responses of BnaAATs under multiple nutrient stresses, the uniform B. napus seedlings (Zhongshuang 11) after seed
germination were transplanted into black plastic containers holding 10 L Hoagland nutrient solution, which contained 1.0 mM KH2PO4, 5.0 mM KNO3, 5.0 mM
Ca (NO3)2·4H2O, 2.0 mM MgSO4·7H2O, 0.050 mM EDTA-Fe, 9.0 µM MnCl2·4H2O, 0.80 µM ZnSO4·7H2O, 0.30 µM CuSO4·5H2O, 0.10 µM Na2MoO4·2H2O, and 46

µM H3BO3. The rapeseed seedlings were cultivated for 10 days (d) in a chamber under the following conditions: light intensity of 300–320 µmol m− 2 s− 1,
temperature of 25°C daytime/22°C night, light period of 16h photoperiod/ 8 h dark, and relative humidity of 70%. For the low nitrate treatment, the 7-d-old
uniform B. napus seedlings after germination were hydroponically cultivated under high (6.0 mM) nitrate for 10 d, and then were transferred into low (0.30
mM) nitrate solution for 3 d. For the inorganic phosphate (Pi) starvation treatment, the 7-d-old uniform B. napus seedlings after seed germination were �rst
hydroponically grown under 250 µM phosphate (KH2PO4) for 10 d, and then were transferred to 5 µM phosphate for 3 d. For the potassium de�ciency
treatment, the 7-d-old uniform rapeseed seedlings after seed germination were hydroponically cultivated under high (6.0 mM) potassium for 10 d and then
were transferred to low (0.05 mM) potassium for 3 d. For the low born (B) treatment, B. napus seedlings after seed germination were �rst hydroponically
grown under 10 µM H3BO3 for 10 d, and then were transferred to 0.25 µM H3BO3 for 3 d until sampling. For the born (B) toxicity treatment, B. napus seedlings
after seed germination were �rst hydroponically grown under 10 µM H3BO3 for 10 d, and then were transferred to 25 µM H3BO3 for 3 d until sampling. For the

ammonium (NH4
+) toxicity treatment, the 7-d-old uniform B. napus seedlings after seed germination were hydroponically cultivated under high nitrate (6.0

mM) for 10 d, and then were transferred to N-free condition for 3 d. Finally, the above seedlings were sampled after exposure to 9.0 mM ammonium for 3 d.
For the salt stress treatment, the7-d-old uniform B. napus seedlings after seed germination were hydroponically cultivated in a NaCl-free solution for 10 d,
subsequently were transferred to 200 mM NaCl for 1 d. For the cadmium (Cd) toxicity treatment, the 7-d-old uniform B. napus seedlings after seed germination
were hydroponically cultivated in a Cd-free solution for 10 d, and then were grown under10 µM CdCl2 for 1 d.
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Tables
Table 1 Identi�cation of the amino acid transporters (AATs) genes in Arabidopsis and three Brassica species
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Group Arabidopsis thaliana (125 Mb) Brassica rapa (465 Mb) Brassica oleracea (485 Mb) Brassica napus (1130 Mb)

AAP 8 19 17 34

LHT 10 14 14 28

GAT 2 3 3 6

PrOT 3 6 5 12

AUX 4 10 9 18

ANT 4 5 6 10

ATLa 5 11 12 24

ATLb 10 12 16 27

CAT 9 13 13 22

ACT 1 3 2 5

PHS 5 7 7 13

TTP 2 2 3 4

Total 63 105 107 203

Figures

Figure 1

Physical mapping and syntenic analysis of the amino acid transporter (AAT) family genes in Brassica napus. The different subfamilies AAPs (A), LHTs (B),
GATs (C), ProTs (D), AUXs (E), ANTs (F), ATLas (G), ATLbs (H), CATs (I), ACTs (J) LATs (K) and TTPs (L) chromosomal distribution and interchromosomal
relationship of BnaAAT genes. The red lines indicate the duplicated AAT gene pairs.
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Figure 2

Phylogeny analysis of the cationic amino acid transporters (CATs) in Arabidopsis thalian, Brassica napus, Oryza sativa and wheat. The CAT protein sequences
were multi-aligned using the using the ClustalW program, and then an unrooted phylogenetic tree was constructed using MEGA 10.2.2 with the neighbor-
joining method. Overall, 22 BnaCATs from B. napus, 9 AtCATs from A. thaliana, 31 TaCATs from wheat and 11 OsCATs from Oryza sativa were clustered into
four groups (Group I-IV) based on high bootstrap values signi�ed with different background colors.
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Figure 3

Phylogenetic relationships, architecture of conserved protein motifs, and gene structure of BnaAAT genes in each subfamily. Phylogenetic tree based on the
BnaAAT sequences. Different colored boxes display different motifs. The exon-intron structure of BnaAATs. Green boxes indicate UTR regions, yellow boxes
indicate exons, blackish-grey lines indicate introns. The bottom scale shows the protein length.



Page 15/22

Figure 4

Protein-protein interaction networks of the amino acid transporters (AATs) proteins in B. napus. The interaction networks of the ANT1 (A), ANT2 (B), ANT3 (C)
ANT4(D), AUX1 (E), LAX1 (F), LAX2 (G) and LAX3 (H) and other proteins were constructed by the STRING web-server.
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Figure 5

Speci�c expression patterns of (A), (B), (C), (D), (E), (F), (G), (H), (I), (J), (K), (L) amino acid transporters (AATs) in different Brassica napus organs scaled.
Including bud, new pistil, blossomy pistil, wilting pistil, ovule, root, silique, stamen, leaf, sepal, pericarp, stem.

Figure 6

Transcriptional characterization of amino acid transporters (AATs) in rapeseed under the condition of HN and LN. Differential expression of AAPs (A), ATLas
(B), ATLbs (C), CATs (D), AUXs (E), LHTs (F), ProTs (G), LATs (H), TTPs (I), ANTs (J), BATs (K) and GATs (L), under HN and LN conditions. For the low nitrate
treatment, the 7 d-old uniform rapeseed seedlings were hydroponically cultivated under high (6.0 mM) nitrate for 10 d, and then were developed under low
(0.30 mM) nitrate for 3 d until sampling. The shoots and roots were sampled, respectively. And each sample contains three independent biological replicates.
The signi�cance level of p<0.05 is used as the threshold to identify AATs expression under the condition of high nitrate and low nitrate.
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Figure 7

Transcriptional characterization of amino acid transporters (AATs) in rapeseed under the condition of HP and LP. Differential expression of the AAPs (A),
ATLbs (B), LHTs (C), CATs (D), ProTs (E), LATs (F), AUXs (G), ATLas (H), BATs (I), GATs (J) and ANTs (K) under the condition of high (+, 250 μM) phosphate and
low (−, 5 μM) phosphate. For the transcriptional analysis, the 7-d-old uniform B. napus seedlings after germination were hydroponically cultivated under 250
μM phosphate (KH2PO4) for 10 d, and then were developed under 5 μM phosphate for 3 d until sampling. The shoots and roots were sampled, respectively.
And each sample contains three independent biological replicates. The signi�cance level of P < 0.05 is used as the threshold to identify the differential
BnaAATs expression under the condition of high phosphate and low phosphate.

Figure 8
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Transcriptional characterization of amino acid transporters (AATs) in rapeseed under the condition of HK and LK. Differential expression of AAPs (A), LHTs
(B), ATLbs (C), CATs (D), LATs (E), ATLas (F), AUXs (G), ProTs (H), BATs (I), GATs (J), ANTs (K) and TTPs (L), under different potassium (K) levels. For the
potassium de�ciency treatment, the 7 d-old uniform rapeseed seedlings were hydroponically cultivated under high (6.0 mM) potassium for 10 d, and then were
transferred to low (0.30 mM) potassium for 3 d until sampling. The shoots and roots were sampled, respectively. And each sample contains three independent
biological replicates. The signi�cance level of p < 0.05 is used as the threshold to identify AATs expression under different potassium (K) levels.

Figure 9

Transcriptional characterization of amino acid transporters (AATs) in rapeseed under the condition of low and normal boron. Differential expression of the
AAPs (A), AUXs (B), ATLbs (C), CATs (D), LHTs (E), GATs (F), BATs (G), ATLas (H), ProTs (I), TTPs (J) and LATs (K) under normal (+, 10 μM) and low (−, 0.25
μM) boron supply levels. For the transcriptional analysis, the 7-d-old uniform B. napus seedlings were hydroponically grown under 10 μM H3BO3 for 10 d, and
then were cultivated 0.25 μM H3BO3 for 3 d until sampling. The shoots and roots were sampled, respectively. And each sample contains three independent
biological replicates. The signi�cance level of P < 0.05 is used as the threshold to identify the differential BnaAATs expression under the condition of high
boron and low boron.
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Figure 10

Transcriptional characterization of amino acid transporters (AATs) in rapeseed under the condition of high and normal boron. Differential expression of the
AAPs (A), AUXs (B), LHTs (C), ATLbs (D), ATLas (E), GATs (F), ProTs (G), BATs (H), CATs (I) under normal (+, 10 μM) and high (+, 25 μM) boron supply levels.
For the transcriptional analysis, the 7-d-old uniform B. napus seedlings were hydroponically grown under 10 μM H3BO3 for 10 d, and then were cultivated
under 25 μM H3BO3 for 3 d until sampling. The shoots and roots were sampled, respectively. And each sample contains three independent biological
replicates. The signi�cance level of P < 0.05 is used as the threshold to identify the differential BnaAATs expression under the condition of high boron and low
boron.
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Figure 11

Transcriptional characterization of amino acid transporters (AATs) in rapeseed under different forms of N conditions. Differential expression of the AAPs (A),
ATLas (B), CATs (C), ATLbs (D), LHTs (E), GATs (F), BATs (G), ProTs (H), AUXs (I), ANTs (J), LATs (K) and TTPs (L) under nitrate (NO3-) and ammonium (NH4+)
conditions. For the nitrate and ammonium treatment, the 7 d-old uniform rapeseed seedlings were hydroponically cultivated under 6.0 mM nitrate for 10 d, and
subsequently were cultivated under N-free nutrient solution for 3 d. Then, 6.0 mM ammonium for 3 d until sampling. The shoots and roots were sampled,
respectively. And each sample contains three independent biological replicates. The signi�cance level of p < 0.05 is used as the threshold to identify the
differential BnaAATs expression under nitrate (NO3-) and ammonium (NH4+) conditions. 



Page 21/22

Figure 12

Transcriptional characterization of amino acid transporters (AATs) in rapeseed under salt stress. Differential expression of the AAPs (A), LHTs (B), CATs (C),
AUXs (D), ATLbs (E), ATLas (F), LATs (G), ProTs (H), ANTs (I), BATs (J), GATs (K) and TTPs (L), under salt stress. For the salt stress treatment, the 7-d-old
uniform rapeseed seedlings were hydroponically cultivated in a NaCl-free nutrient solution for 10 d, and then were transferred to 200 mM NaCl for 12h until
sampling. The shoots and roots were sampled, respectively. And each sample contains three independent biological replicates. The signi�cance level of p <
0.05 is used as the threshold to identify AATs expression under salt stress. 



Page 22/22

Figure 13

Transcriptional characterization of amino acid transporters (AATs) in Brassica napus under cadmium (Cd) toxicity. Differential expression of the AAPs (A),
ATLbs (B), LHTs (C), ATLas (D), BATs (E), AUXs (F), ProTs (G), CATs (H), LATs (I), ANTs (J), and GATs (K) under Cd-free (−Cd) and Cd (10 μM CdCl2) toxicity. For
the transcriptional analysis, the 7-d-old uniform B. napus seedlings were hydroponically cultivated in a cadmium-free solution for 10 d, and then were grown
under 10 μM CdCl2 for 12 h. The shoots and roots were sampled, respectively. And each sample includes three independent biological replicates. The
signi�cance level of P < 0.05 is used as the threshold to identify the differential BnaAATs expression under the condition of cadmium-free and cadmium
treatments. 
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