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Abstract 16 

 17 

Background: Amino acid transporters (AATs), which transport amino acids across 18 

cellular membranes, play important roles in alleviating plant damage under stresses as 19 

well as in plant growth and development. Although this family has been 20 

systematically studied in many plant species, little is known about the AAT genes in 21 

bread wheat (Triticum aestivum L.) due to its complex genome sequence.  22 

 23 

Results: In this study, a total of 296 AAT genes were identified from the latest wheat 24 

genome sequence (IWGSC v1.1) and classified into twelve distinct subfamilies based 25 

upon their sequence composition and phylogenetic relationship. Wheat AAT family 26 

members showed significant heterogeneity in chromosome distribution, with 27 

relatively high density in specific chromosomal regions. Comparison the number 28 

variation of gene copies and transmembrane regions of AAT genes in different 29 

sub-genome showed that the functional adaptation of the wheat AAT family during 30 

wheat polyploidization was driven mainly by sequence mutations rather than copy 31 

number variation. In addition, it was confirmed that changes in gene structure and 32 

protein conserved domains played important roles in the functional differentiation of 33 

the AAT family. Finally, the expression profiles of these TaAAT genes under heat, 34 

drought and salt stress and in the development stage of wheat showed that the 35 

expression of TaAATs exhibited abundant and distinct expression patterns under 36 

different abiotic stresses or in different tissues, and several important candidate AAT 37 

genes that may affect abiotic stress response and grain quality were also identified. 38 

 39 

Conclusions: In this study, a total of 297 AAT proteins were systematically identified 40 

and characterized. Our study highlighted the important roles of gene duplication 41 

events in the expansion and functional differentiation of the wheat AAT family. The 42 

expression profiles of TaAATs revealed their importance for the grain development of 43 

wheat and their response to biotic and abiotic stresses. Our study also provided a 44 

theoretical basis for the further functional identification and utilization of the AAT 45 

gene family in wheat or other crops. 46 

 47 

Keywords: wheat (Triticum aestivum L.); amino acid transporter; genome-wide; 48 

selective pressure; expression pattern; abiotic stress 49 



Background 50 

Amino acids are not only indispensable for the formation of proteins but also the main 51 

carrier for nitrogen exchange in plants [1, 2]. The obtainment of organic nitrogen 52 

depends to a large extent on the transport of amino acids, especially in processes of 53 

seed germination and seedling growth, mainly by amino acid transporters (AATs) [3, 54 

4]. Moreover, studies have confirmed that AATs play important roles in determining 55 

the nutritional quality and protein content of seeds [5-7]. AATs are essential 56 

membrane proteins responsible for the transport of amino acids across cellular 57 

membranes in higher plants and their functions in multiple physiological processes of 58 

plant growth and development, including long-distance transport of amino acids, 59 

absorption of amino acids from soil and responses to pathogens and abiotic stresses 60 

[8-13]. The AAT gene family has been systematically identified and characterized in 61 

several plant species; for instance, there are 63 in Arabidopsis, 85 in rice, 189 in 62 

soybean, and 72 in potato, indicating that the AAT gene family is widely present in 63 

higher plants [14-17]. This gene family in plants includes the amino 64 

acid-polyamine-choline (APC) family and the amino acid/auxin permease (AAAP) 65 

family, both of which belong to the APC transporter superfamily. The APC family is 66 

mainly composed of three subfamilies - amino acid/choline transporters (ACTs), 67 

cationic amino acid transporters (CATs) and polyamine H+-symporters (PHSs), with 68 

tyrosine-specific transporters (TTPs) also identified in some plants [18, 19, 20]. The 69 

AAAP family contains at least six subfamilies, including lysine and histidine 70 

transporters (LHTs), γ- aminobutyric acid transporters (GATs), proline transporters 71 

(ProTs), amino acid permeases (AAPs), auxin transporters (AUXs), and aromatic and 72 

neutral amino acid transporters (ANTs) [18, 20, 21]. 73 

Although the AAT family has been identified by genome-wide scanning in 74 

multiple plant species, the most detailed characterization of its functions is mainly 75 

concentrated in Arabidopsis. Many AAT genes alleviate plant damage under water 76 

stress by promoting the transport of stress-related compounds and compatible solutes 77 

[22]. For example, AtProTs are responsible for the transport of various substrates, 78 

such as proline, glycine betaine and γ-aminobutyric acid (GABA), among which 79 

AtProT1 can rapidly transport proline under water stress to reduce plant damage [23]. 80 

Although ProTs have similar subcellular localization and substrate specificity, in 81 

tomato, LeProT1 transports glycine and GABA with different affinities, while in 82 

Arabidopsis, AtProTs are specifically expressed in tissues with elevated proline 83 

content [23, 24]. Moreover, AtProT2 also plays a crucial role in the transport of 84 

compatible solutes to the root tip region, as evidenced by studies in barley [23, 25]. In 85 

addition, the AAT genes also affect plant growth and development through the 86 

regulation of auxin [26]. For example, AtAUX1 promotes the tropism of the roots and 87 

the formation of lateral roots by mediating the influx of auxin into the roots [26, 27]. 88 

In addition to alleviate plant damage under water stress by promoting the 89 

transport of stress-related compounds and compatible solutes, many AAT genes 90 

directly affect embryonic development and seed protein content. The Arabidopsis 91 

AAP subfamily contains eight members: AtAAP1-AtAAP8. Notably, detailed 92 

characterization of AtAAPs by heterologous expression systems has demonstrated that 93 

six AtAAPs preferentially transport neutral and charged amino acids with different 94 

specificities and affinities [28, 29]. AtAAP1 is specifically expressed in cotyledons 95 

and endosperm, regulating the transport of amino acids to root cells or developing 96 

embryos, and is therefore essential for seed yield and storage protein synthesis [10, 97 

30]. AtAAP2 affects the transport of amino acids from xylem to phloem [31]. Analysis 98 

of the aap6 mutant confirmed that AtAAP6 affects the interaction with aphids by 99 



modulating the amino acid content in the sieve elements of Arabidopsis [20]. AtAAP8 100 

is considered to play an important role in the uptake of amino acids in embryos and 101 

endosperms during early embryonic development [32]. In addition, the functions of 102 

AAP genes have been studied in other species and have been confirmed to be related 103 

to grain development and protein content [5-7]. For example, the content of storage 104 

proteins in seeds of Vicia narbonensis and Pisum sativum overexpressing VfAAP1 105 

showed a significant increase [6]. Nitrogen supply during barley grain development is 106 

mainly dependent on the specific expression of HvAAP3 [33]. Moreover, the 107 

quantitative trait locus (QTL) qPC1, which controls rice grain protein content, was 108 

confirmed to be associated with the expression of OsAAP6 [7]. 109 

Bread wheat (Triticum aestivum L.) is one of the most important crops in the 110 

world, occupying 17% of cultivated land and accounting for approximately 35% of 111 

the world’s staple food, and it is also an important protein source for humans [34, 35]. 112 

Genetically, wheat is an allohexaploid species with a complex origin and evolutionary 113 

history. The large and complex genome, over 17 Gbp in three homologous 114 

sub-genomes (A, B and D), poses a huge challenge for genome research in wheat. 115 

Recently, the release of the high-quality genome sequence of hexaploid wheat 116 

Chinese Spring (CS) based on the chromosomal strategy laid the foundation for the 117 

identification of wheat gene families at the genome level [36]. Although Wan et al. 118 

studied the temporal and spatial expression characteristics of the wheat AAT family 119 

and deduced their functions in nitrogen transport, the identification of the AAT family 120 

was incomplete and unsystematic, as it was based on the draft genome sequence and 121 

lacked an analysis of gene structure and evolutionary characteristics [37]. In this study, 122 

a genome-wide scan was conducted to identify the wheat AAT gene family. Then, the 123 

chromosome localization, gene structure, conserved protein motifs, duplication 124 

pattern, phylogenetic tree, and selective pressure of the putative wheat AAT genes 125 

were systematically analyzed. Finally, based on published transcriptome data and 126 

real-time PCR, the expression characteristics of these genes under different 127 

tissues/organs and different abiotic stresses were analyzed. Our work once again 128 

emphasizes the positive role of gene duplication and selection pressure in the 129 

expansion and functional diversification of the AAT gene family. Combining these 130 

genes’ temporal and spatial expression characteristics and their responses to abiotic 131 

stresses, this study will provide a basis for further functional analysis of the wheat 132 

AAT genes, as well as a better understanding of the molecular mechanisms underlying 133 

the wheat AAT genes’ regulation of wheat growth and stress responses. 134 

 135 

Results 136 

 137 

Identification of AAT gene family in wheat 138 

Initially, a total of 307 putative wheat AAT transcripts were identified in the wheat 139 

genome by local BLASTP and HMMER searches. Twenty of the transcripts 140 

corresponded to 10 genes, and we selected the longest transcripts as candidates. One 141 

transcript containing incomplete conserved domains was omitted. Finally, 296 putative 142 

AAT genes with high confidence were identified in the wheat genome. Compared to 143 

other plant species reported, wheat had the largest AAT gene family, which might be the 144 

result of its allohexaploid genome and complex evolutionary process. Similar methods 145 

were used to identify the AAT family in maize and Brachypodium, with 107 AAT genes 146 

in maize and 80 in Brachypodium (Table 1). Based on subfamily classification and 147 

chromosomal localization, these 296 AATs in wheat were renamed, and detailed 148 

information, including gene structure and protein properties, is listed in supplementary 149 



Table S1. The length of the putative wheat AAT proteins ranged from 318 to 1002, with 150 

isoelectric points (pI) ranging from 5.00 to 8.96 and molecular weights (Mw) ranging 151 

from 33.5 to 52.5 kD. The homologous AAT genes from different wheat sub-genomes 152 

showed no significant difference in protein characteristics. 153 

To better understand the transmembrane structure of the AAT family, TMHMM 154 

Server 2.0 was used to predict the putative transmembrane (TM) regions. The number 155 

of TM regions in TaAAT proteins ranged from 6 to 15, and AAT genes belonging to the 156 

same subfamily showed a similar distribution (Fig. 1, Additional file 2: Table S1). 157 

Among them, CAT subfamily members contained the most TM regions, ranging from 158 

13 to 15, while the AAP and LHT subfamily members contained the fewest TM regions, 159 

ranging from 7 to 11 and 7 to 10, respectively (Fig. 1). In addition, it was found that 19 160 

groups of homologous genes derived from the A, B and D sub-genomes were mutated 161 

in TM number, accounting for approximately 20% (19 of 93) of the total complete 162 

homologous gene groups identified in this study, which confirmed that during the 163 

process of wheat genome doubling, the homologous genes from different sub-genomes 164 

had great TM number variation, to achieve functional synergy and suitability.  165 

 166 

Chromosomal distribution and duplication analysis of AAT genes in wheat 167 

To study the relationship between AAT gene family expansion and gene duplication in 168 

wheat, 294 of 296 TaAATs were mapped onto 21 chromosomes of wheat, and the 169 

remaining two genes were mapped onto the unattributed scaffold (Fig. 2). Except for 170 

the chromosomal inversion of chromosomes 4A and 4B, the number and distribution 171 

of TaAATs from different sub-genomes showed great similarity, confirming that the 172 

AAT family has been relatively conserved after hexaploid wheat formed. Moreover, 173 

wheat AAT family members showed significant heterogeneity in chromosome 174 

distribution, with relatively high density in specific chromosomal regions, such as the 175 

end of chromosome groups two and three, whereas the top of chromosome group six 176 

contained very few TaAATs. In terms of their overall distribution on chromosome 177 

groups, chromosome group two contained the most (61) AAT genes, while 178 

chromosome group one had only 20, and the remaining chromosome groups had 31 to 179 

56 (Fig. 2). 180 

Gene duplication is generally considered to be the major factor leading to gene 181 

family expansion and functional diversification. After two naturally interspecific 182 

hybridization events of three diploid species and doubling, current hexaploid wheat 183 

was produced. In principle, each wheat gene usually has three homologous loci 184 

caused by polyploidization [38]. Through sequence similarity analysis and 185 

chromosome location analysis, 93 homologous pairs containing three copies from the 186 

A, B, and D sub-genomes were found in the wheat genome, accounting for 187 

approximately 94% of all putative TaAATs. Although TaLAT3, TaATLb2 and 188 

TaAAP15 did not match our expectations of their chromosomal locations, the three 189 

sets were still considered homologs based on their high sequence similarity. 190 

Moreover, six AAT gene pairs contained only two copies among the A, B, or D 191 

homologous chromosomes, accounting for approximately 4% of all putative TaAATs, 192 

while five AAT genes contained only one copy. Only 8% of the AAT genes were lost, 193 

and the genes with the TM region mutation reached 20%, confirming that the 194 

functional adaptation of the wheat AAT family during wheat polyploidization was 195 

driven mainly by sequence mutations rather than copy number variation. 196 

Among the wheat 296 TaAAT genes, 25.33% (75 of 296) came from tandem 197 

duplication events (Fig. 2). The 75 tandemly duplicated genes were divided into 32 198 

groups, of which 24 groups contained 2 genes each, 5 groups contained 3 genes each 199 



and 3 groups contained 4 genes each. Except for the two sets of tandemly duplicated 200 

genes only in the A and B sub-genomes, all of the tandemly duplicated genes had 201 

homologous copies in all three sub-genomes, indicating that most tandem duplication 202 

events occurred before wheat polyploidization. To assess the effect of tandem 203 

duplication events on the expansion of AAT subfamilies, we compared the 204 

proportions of tandemly duplicated genes in wheat, rice, Arabidopsis and potato 205 

subfamilies (Table 2). In all species, the proportion of tandemly duplicated genes in 206 

the AAP subfamily was very high, ranging from 25% to 52.63%, which confirmed the 207 

extensive contribution of tandem duplication events to the expansion of the AAP 208 

subfamily. In addition, for other subfamilies, dicotyledons and monocotyledons 209 

showed significant differences. For example, a high proportion of genes were 210 

tandemly duplicated in the ATLb subfamily in monocots, while the ProT subfamily, 211 

the ATLa subfamily, and the CAT subfamily in dicots had high tandemly duplicated 212 

gene ratios. 213 

 214 

Selective pressure analysis of AAT genes in wheat 215 

Gene duplication and natural selection largely shape the diversity of gene functions. 216 

In view of the tremendous impact of tandem duplication events on the expansion of 217 

the AAT family in wheat, we used the Ka/Ks value to evaluate the selection pressure 218 

of tandemly duplicated gene pairs (Fig. 3). Fifty tandemly duplicated gene pairs 219 

distributed in the same homologous group were selected for Ka/Ks analysis. The 220 

average value of all gene pairs was 0.27, which indicated that all genes were under 221 

purifying selection to maintain important biological roles. It is noteworthy that the 222 

median value and dispersion of Ka/Ks in wheat AAP subfamilies were significantly 223 

higher than those in other subfamilies, which indicated that a considerable number of 224 

TaAAPs have evolved new features under weak selection pressure with gene 225 

replication and sequence diversity (Fig. 3). All the above results indicate that 226 

chromosome doubling and tandem duplication were the key to the expansion of the 227 

wheat AAT family. In addition, tandem duplication events played an important role 228 

in the functional differentiation of the wheat AAP subfamily. 229 

 230 

Structural characteristics of 296 AAT genes in wheat 231 

Numerous studies have confirmed that one of the representative traces of family 232 

evolution is gene structural characteristics [39-41]. Based on the annotated genome 233 

structure information, we investigated all 296 wheat AAT genes (Fig. 4). Homologous 234 

genes derived from different sub-genomes exhibited similar intron/exon distributions 235 

in gene structure, suggesting that the AAT homologous genes in various sub-genomes 236 

of wheat are extremely functionally conserved. It is worth noting that the paralogous 237 

genes of the same subfamily showed some differences in gene structure, indicating 238 

that there was also a very significant functional differentiation among members of the 239 

same subfamily. For example, six of the 13 tandemly duplicated gene pairs in the 240 

AAP subfamily showed significant structural variation, which was consistent with 241 

previous Ka/Ks results, again confirming that the production of new functions 242 

between tandemly duplicated genes was the key to the functional diversification of the 243 

wheat AAP subfamily. Twenty-nine AAT genes did not contain introns, while the rest 244 

contained 1-16 introns, which was consistent with the studies in other species. In 245 

conclusion, these results suggest that to a certain extent, the structural characteristics 246 

of genes may determine the conservation or diversity of functions during family 247 

evolution. 248 



To better explore the evolutionary relationships among AAT members of different 249 

subfamilies, conserved motifs were also predicted by MEME (Additional file: Figure 250 

S1). Similar to the gene structure, the distribution of conserved motifs in different 251 

gene families or subfamilies also showed some conservatism and variation. For 252 

example, Motif 1 was found in both the AAAP and APC families (although it was 253 

incomplete in APC family members), which confirmed that Motif 1 was relatively 254 

conserved in the expansion of the AAT family and was retained in both families. In 255 

contrast, Motifs 2 and 9 were only found in members of the AAAP family, and Motif 256 

10 was mainly found in members of the APC family, suggesting that functional 257 

differentiation of the AAT gene family was accompanied by loss and variation of 258 

conserved motifs. In addition, some motifs were found to be distributed only in a few 259 

subfamilies. For example, Motif 3 was specific to the AAT subfamily, Motif 12 was 260 

specific to the ACT and CAT subfamilies, and Motif 8 was specific to the AAT and 261 

ANT subfamilies. Members of different families or subfamilies showed large 262 

differences, while members of the same subfamily shared similar conserved motifs. 263 

These results confirm that changes in the conserved sequences of AAT proteins 264 

played important roles in the functional differentiation of the AAT family. 265 

 266 

Phylogenetic analysis and multiple-sequence alignment 267 

To better reveal the subfamily classification of the AAT family in wheat, a 268 

phylogenetic tree including 707 protein sequences of AAT family members from rice, 269 

maize, Brachypodium, Arabidopsis thaliana, soybean and wheat AATs was 270 

constructed using the ML method (Fig. 5). The ML tree showed that all AAT proteins 271 

could be clearly divided into 12 independent branches with high confidence. The 272 

AAAP family contained 204 AAT proteins in wheat, while the APC family contained 273 

92 AAT proteins. The AAAP family consisted of eight distinct subfamilies: amino 274 

acid permeases (AAPs, 66), lysine/histidine transporters (LHTs, 24), GABA 275 

transporters (GATs, 14), proline transporters (ProTs, 9), auxin transporters (AUXs, 276 

15), amino acid transporter-like a (ATLa, 18), aromatic and neutral amino acid 277 

transporters (ANTs, 18) and amino acid transporter-like b (ATLb, 40). The APC 278 

family consisted of four distinct subfamilies: the cationic amino acid transporters 279 

(CATs, 31), the amino acid/choline transporters (ACTs, 21), the polyamine 280 

H+-symporters (PHSs, 31) and tyrosine-specific transporters (TTPs, 9). A given 281 

subfamily’s genes from monocotyledonous and dicotyledonous plants were 282 

distributed in the same branch, confirming that the main features of the AAT family 283 

were formed before the differentiation of monocotyledonous and dicotyledonous 284 

plants. 285 

The alignment of the TaANT members is shown in Fig. 6 as an example. All 286 

ANT family member protein sequences derived from the wheat A sub-genome were 287 

used for multiple sequence alignments. The overall identity of the protein sequences 288 

of these genes was 61.97%. There were six conserved motifs in TaANTs, including 289 

motifs 1, 7, 9, 2, 13 and 5 (Fig. 6). There was a very high correlation between the 290 

conserved motifs and the transmembrane regions, in which motifs 1, 7, 2, 5, 13 291 

corresponded to TM1, TM2, TM7, TM9 and TM8, respectively, and motif 9 292 

corresponded to TM3. All of the conserved sequences were located around the 293 

transmembrane domains, suggesting that the stabilization of the transmembrane 294 

domains played an integral role in the normal functioning of ANT family proteins. 295 

The unequal distribution of TM numbers in different subfamilies also confirmed that 296 

TM affected the functional specificity of different subfamilies.  297 

 298 



Analysis of cis-regulatory elements and three-dimensional modeling 299 

The cis-regulatory elements predicted in promoter regions of all AAT genes were 300 

mainly classified into three categories: tissue specificity, stress response, and hormone 301 

response. A large number of stress response cis-regulatory regulatory elements were 302 

found in all gene promoter regions, indicating that the AAT genes responded strongly 303 

to stress, and multiple GA, ABA and other hormone response elements were found, 304 

indicating that these genes might be involved in multiple hormone signal pathways. In 305 

addition, multiple transcription factor binding sites, such as MYB, were observed in 306 

the promoter regions, confirming that these genes might be regulated by a variety of 307 

transcription factors.  308 

All predicted AAT proteins contained multiple α-helices and coil structures (Fig. 309 

7). The multiple α-helix structures ensured the efficient and stable transmembrane 310 

transport of AAT proteins. Most AAT proteins had similar three-dimensional 311 

structures, and the closer the phylogenetic relationship was between genes, the closer 312 

the three-dimensional structures of the proteins were, such as LHT and ProT (Fig. 7). 313 

This indicates that the maintenance of the three-dimensional structure plays an 314 

important role in the function of AAT family proteins. 315 

 316 

Spatiotemporal expression patterns of AATs in wheat 317 

To determine the expression pattern of the TaAAT genes, we downloaded the 318 

transcriptome data from different tissues at different growth stages from the public 319 

expression database. The gene pairs containing three copies accounted for 94% of the 320 

total AAT genes, so for convenience of display, the average TPM value of the 321 

homologous gene pair expression was used for expression level analysis. The 322 

log2(TPM+1) value was used for the heat map display (Fig. 8). The results showed 323 

that the wheat AAT genes had many different expression patterns. Some genes of the 324 

AAP, ATLa, CAT, and AUX subfamilies were highly expressed in multiple tissues, 325 

such as TaAAP1, TaAAP14, TaATLa4, TaATLa5, TaAUX3, TaCAT6 and TaCAT11,  326 

while members of the remaining families exhibited high expression of specific tissues 327 

or specific organs. For example, TaANT3 was specifically expressed in peduncle, 328 

while TaTTP1 was specifically expressed in leaf. In addition, the same gene showed 329 

differential expression at different developmental stages. For example, TaBAT4 was 330 

specifically expressed only in leaves during the grain-filling stage and not at the 331 

seedling or flag leaf stage.  332 

 333 

Gene duplication and expression patterns of duplicated AAT genes 334 

Gene duplication events can serve as a key mechanism for increasing gene family 335 

diversity, particularly through nonfunctionalization, subfunctionalization, and new 336 

functionalization of duplicated genes. Subfunctions and new functional duplication lead 337 

to functional diversity within the family and can be expressed in different tissues or at 338 

different developmental stages than their progenitor cells [43]. Gene replication and 339 

diversification events are well documented in Arabidopsis [44]. We observed that most 340 

of the repeated AAT genes in wheat were differentially expressed in the 341 

tissue/organ/developmental stage (Fig. 9). Based on the gene expression pattern, we 342 

observed three functional variations in homologous gene pairs in wheat. For example, 343 

we observed nonfunctionalization in the TaAAP8/TaAAP9 gene pair. Specifically, 344 

TaAAP9s were expressed in root, peduncle and shoot apical meristem, while TaAAP8s 345 

were almost unexpressed in all tissues. TaAAP21s were expressed in all tissues, while 346 

TaAAP22s were not. Subfunctional phenomena were also observed, such as the 347 

expression levels of TaLHT7s being significantly weaker than those of TaLHT8s, and 348 



similar phenomena were also observed in the TaAAP16/TaAAP17 pair. In addition, 349 

gene duplication has produced new functions. Collectively, our results show that gene 350 

duplication events play integral roles in the generation of new functions and the 351 

retention of key functions during species evolution. In addition, the expression profiles 352 

of repeated wheat AAT proteins showed that most of them had undergone 353 

subfunctionalization. These observations are consistent with those in other plant 354 

species, in which closely related genes have different expression patterns.  355 

 356 

Response of TaAATs to abiotic stresses 357 

To explore the response of the amino acid transporter family genes to abiotic stresses, 358 

three major abiotic stresses, drought, heat, and salt, were simulated, and 12 TaAATs 359 

highly expressed in leaves or roots were selected for qRT-PCR (quantitative real time 360 

polymerase chain reaction) analysis (Fig. 10). Both TaAATs highly expressed in leaves 361 

and TaAATs highly expressed in roots showed different response patterns to different 362 

abiotic stresses. The expression of TaAAP2 in leaves exhibited rapid down-regulation 363 

under drought stress but decreased first and then increased with increasing heat stress 364 

time. The expression levels of TaAAP3 and TaATL3 increased slightly at 1 h of drought 365 

and heat stresses and increased significantly at 6 h. Unlike these genes, TaLHT8 was 366 

significantly up-regulated at the early stage of drought stress (1 h) but inhibited at 6 h. 367 

In addition, TaATLa2 showed a sustained response to drought stress.  368 

All six selected genes showed different degrees of response to salt stress, and their 369 

expression patterns could be roughly divided into two categories, up-regulation and 370 

down-regulation. TaAAP7, TaAAP17, TaAAP18 and TaLHT3 were up-regulated under 371 

salt stress. TaAAP7 and TaLHT3 maintained high expression at 48 h after salt stress, 372 

while TaAAP17 and TaAAP18 were down-regulated, which confirmed that the response 373 

of TaAATs to salt stress was similar to that of drought and heat stress, showing different 374 

response intensities and durations to improve the adaptability of wheat to salt stress. 375 

Moreover, with increasing salt stress time, the expression levels of TaANT5 and TaBAT2 376 

decreased continuously, suggesting that salt stress might seriously affect the functions 377 

of these two genes.  378 

 379 

Discussion  380 

 381 

AAT gene family in wheat 382 

Plant amino acid transporters play important roles in processes of seed germination, 383 

seedling growth, grain quality formation and response to pathogens and abiotic 384 

stresses by adjusting the transport and distribution of different amino acids [3-5, 12]. 385 

Recently, AAT gene family has been systematically identified and characterized in 386 

multiple species [15-17, 29]. However, due to the complex genome of wheat, it has 387 

not been thoroughly and systematically characterized in wheat. In this study, we 388 

identified and characterized AAT gene family in wheat through genome-wide analyses, 389 

and studied its evolutionary model, tissue expression patterns and response to abiotic 390 

stress.  391 

The number of reported AAT genes varied across various high plants, and ranged 392 

from 63 to 189, with 63 in Arabidopsis [29], 72 in potato [17], 189 in soybean [16] 393 



and 85 in rice [15]. In the present study, 297, 107 and 80 AAT genes were identified in 394 

wheat, maize and Brachypodium (Table 1). The difference of AAT family members 395 

between monocots and eudicots was mainly due to the unequal expansion of different 396 

subfamilies. For example, the number of AAP subfamily members in monocots was 397 

significantly greater than that of eudicots, which indicated that the expansion rate of 398 

AAP subfamily was different after monocots and eudicots differentiation. The varied 399 

numbers of AAT genes in different species may be due to the gene duplication events, 400 

including tandem, segmental or whole-genome duplication (WGD) events. In fact, 401 

279 of 297 identified AAT genes formed 93 homologous pairs containing three copies 402 

from A, B and D sub-genome, accounting for 94% of all putative AAT genes, 403 

confirming that WGD event was the main driver of AAT family expansion in wheat. 404 

Secondly, 25.33% (75 of 296) were related to tandem duplication events, and 30 of 32 405 

tandemly duplicated gene groups had homologous copies in all three sub-genomes, 406 

which suggested that most occurred before the formation of hexaploid wheat (Fig. 2). 407 

In general, the expansion of AAT gene family in wheat mainly relies on WGD and 408 

tandem duplication events.   409 

 410 

Functional diversity of wheat AAT family members 411 

To improve the adaptability to the environment, the evolution of plants is usually 412 

accompanied by the generation of a large number of new genes and subsequent 413 

functional differentiation. Gene functional differentiation mainly includes three levels 414 

of variation: sequence variation, structural variation, and expression level variation. 415 

Natural selection is a key determinant of gene functional diversification. The ratio 416 

between the number of nonsynonymous substitutions per nonsynonymous site (Ka) 417 

and the number of synonymous substitution per synonymous site (Ks) reflects the 418 

selection pressure of duplicated genes. We used Ka/Ks values to evaluate the effect of 419 

natural selection on functional differentiation (Fig. 3). Overall, the Ka/Ks values for 420 

all tandemly duplicated gene pairs evaluated were less than 1, confirming that these 421 

genes have undergone purification selection to maintain important biological 422 

functions. On the other hand, the median value and dispersion of the Ka/Ks values of 423 

wheat AAP subfamily members were much higher than those of other subfamily 424 

members, which indicated that the AAP subfamily was more likely to generate new 425 

features during the expansion process. This is consistent with the huge difference in 426 

the number of AAP subfamily members of monocots and eudicots (Table 1). In 427 

addition, about 20% (19 of 93) of the AAT gene homologous pairs from A, B and D 428 

sub-genomes produced variation in TM number, which was not due to the variation of 429 

conserved motifs to a large extent (Table 1, Additional file 2: Table S1). All of these 430 

confirmed that the AAT family in wheat improved the diversity, coordination and 431 

adaptability of AAT family members through the different sequence variation of 432 

different subfamilies and different sub-genomic homologous genes in the expansion 433 

process.  434 

   Previous studies have confirmed that one of the representative traces of gene 435 

family evolution is the variation of gene structure [39-41]. Gene structure from the 436 

same AAT subfamily showed some differences while maintaining conservation 437 



(Figure 4). These differences were especially obvious in the members of AAP 438 

subfamily. The number of introns of AAP genes ranged from 0-6, and there were 6 439 

pairs of significant structural variation in 13 tandemly duplicated gene pairs, which 440 

was consistent with our results about the difference distribution of AAP subfamily 441 

members in monocots and eudicots, the large median value and the dispersion degree 442 

of Ka/Ks. All of this confirmed that the expansion and functional differentiation of 443 

AAP subfamily have a positive effect on the evolution of AAT family and the 444 

improvement of wheat adaptability. In addition, the analysis of conservative motif of 445 

AAT family members showed that some motifs existed conservatively in all 446 

subfamilies, such as motif 1, while some motifs were unique to different subfamilies, 447 

such as motif 2, motif 9 and motif 10 (Additional file: Figure S1). The former may 448 

determine the important basic functions of AATs in wheat, while the latter may affect 449 

some specific new functions. In short, changes in gene structure and deletion and 450 

mutation of conserved motifs were also one of the important reasons for the 451 

functional diversification of wheat AAT family members. 452 

Variation in the expression level of newly duplicated genes is an important way 453 

for functional differentiation after gene family expansion, including 454 

nonfunctionalization, subfunctionalization, and new functionalization. The generation 455 

of subfunctionalization and new functionalization makes the newly duplicated genes 456 

different from the ancestral genes in terms of expression level, spatial-temporal 457 

specificity of expression to perform different functions [42, 43]. We observed all three 458 

types among the wheat AAT duplicated gene pairs, such as TaAAP8/TaAAP9 gene pair 459 

showed significant nonfunctionalization of TaAAP8s, TaLHT7/TaLHT8 gene pair 460 

showed subfunctionalization of TaLHT7s, and TaATLb12s and TaATLb13s showed 461 

different spatiotemporal expression characteristics (Fig. 9). In addition, the expression 462 

levels of homologous genes from different sub-genomes were not the same. For 463 

example, TaBAT4-3A and TaBAT4-3B showed higher expression levels than 464 

TaBAT4-3D in all tissues, while TaAAP16-6A and TaAAP16-6D had higher expression 465 

levels than TaAAP16-6B. This indicated that during the formation of hexaploid wheat, 466 

the expression level of AAT homologous genes from different sub-genomes changed, 467 

thereby enhancing the overall coordination of gene pairs. Actually, the functional 468 

differentiation of wheat AAT family is the result of the combined effects of sequence, 469 

structure and expression levels of AAT family members, and the multi-level mutations 470 

of AAT homologous genes from different sub-genomes have a very positive effect to 471 

the functional adaptation of AAT genes in wheat. 472 

 473 

Spatiotemporal expression patterns of TaAAT genes and response to abiotic 474 

stresses  475 

The analysis of TaAAT genes on spatiotemporal expression patterns may provide 476 

useful information for establishing their putative functions. TaAAT genes showed 477 

different expression patterns at different developmental stages in different tissues, and 478 

some genes are highly expressed throughout the whole growth process, such as 479 

TaAAP1, TaAAP14, TaATLa4, TaAUX3, TaCAT6, indicating that these genes were 480 

critical for the overall growth and development of plants. Some genes showed high 481 

expression in specific tissues or organs, such as TaANT3 and TaTTP1. Some genes 482 



are expressed at specific developmental stages, such as TaBAT4. The specific 483 

expression of these genes in specific tissues or organs at different stages indicated that 484 

these genes may perform specific functions in specific tissues at specific 485 

developmental stages.  486 

AAP members in Arabidopsis play critical roles in nutrient transport during seed 487 

development or long-distance transport of amino acids [28, 29]. AtAAP1 participates 488 

in the uptake of amino acids into root cells [10]. We also found that TaAAP19, which 489 

was located in the same branch of AtAAP1 in the phylogenetic tree, was highly 490 

expressed in roots, suggesting that TaAAP19 and AtAAP1 might have similar 491 

functions. Moreover, TaAAP19, TaAAP7 and TaAAP17 also showed similar 492 

expression characteristics, suggesting that wheat improved its adaptability by 493 

increasing the fault tolerance of TaAAPs. AtAAP3 plays an important role in the 494 

uptake of amino acids in the xylem of Arabidopsis [42]. TaAAP1 was highly 495 

expressed in SC and SSAM, and considering its close relationship with AtAAP3, we 496 

speculated that TaAAP1 had similar functions in wheat. Grain protein content (GPC) 497 

is an important determinant of nutritional quality in cereals, and studies based on 498 

Arabidopsis and rice have confirmed that both AtAAP8 and OsAAP6 are related to 499 

GPC [28, 4]. We also found high expression of TaAAP8 in wheat grain, confirming 500 

that the functions of these genes were relatively conserved between monocots and 501 

dicots. In our study, in addition to the homologous genes identified in other species, 502 

we also observed the specific expression of several genes, such as TaANT5, TaAUX5, 503 

TaLHT2, and TaBAT2, in root tissues. Obviously, these genes contribute to the uptake 504 

and transport of amino acids in roots. Moreover, the high expression of TaAAP4, 505 

TaAAP20, TaAUX2, TaProT1, TaLAT5 and TaTTP3 in grains was indispensable for 506 

the accumulation of protein. 507 

Drought, heat and salinity are the three main abiotic stresses facing crops, which 508 

may greatly reduce crop growth and productivity. The accumulation of osmotic active 509 

compounds in plants is an important way to balance osmotic potential under drought or 510 

salt stress, and the changes in amino acid composition in plants are mainly regulated by 511 

amino acid transporters [45]. It has been proven that in many species, excessive 512 

accumulation of proline could enhance the tolerance of plants to osmotic stress [28, 46, 513 

47]. In this study, based on qRT-PCR analysis of AAT genes that were highly expressed 514 

in wheat under different abiotic stresses, we identified multiple AAT genes that 515 

responded specifically/non-specifically to different abiotic stresses, and these genes 516 

were found in Different abiotic stresses show different response patterns. Some genes, 517 

such as TaAAP3, TaATLa2, and TaATLb13, showed sustained responses under drought 518 

and high temperature stress. These genes may play important roles in maintaining 519 

normal amino acid transport in wheat under long-term drought and high temperature 520 

stress. TaAAP2 and TaLHT8 were up-regulated in the late stage of high temperature 521 

stress and the early stage of drought stress, respectively. The specific responses of these 522 

two genes to different stresses in different stages increased the drought and heat stress 523 

resistance. Similar to the response under high temperature and drought stress, under salt 524 

stress, different TaAAT genes also showed different response intensity and duration. 525 

TaAAP7 and TaLHT3 remained very high after 48 hours of salt stress, while TaAAP17 526 

and TaAAP18 were down-regulated, confirming that the response of the first two genes 527 

to salt stress can be maintained for a longer period of time, while the latter two genes 528 

may play a role mainly in the early stage. In general, TaAATs showed different response 529 

modes to abiotic stresses, including enthusiasm for response, generality of response, 530 

and differences in response duration, which may greatly improve the adaptability of 531 

wheat to abiotic stresses. 532 



Conclusions 533 

We identified 296 AAT gene family members in the wheat genome. Similar to other 534 

identified species, all wheat AAT genes were classified into two families - the AAAP 535 

and APC families. The AAAP family was subdivided into 8 subfamilies, while the APC 536 

family was divided into 4 subfamilies. We demonstrate that the expansion of the wheat 537 

AAT gene family is primarily due to WGD and tandem duplication events, while 538 

tandem repeat events have greatly determined the functional differentiation of AAT 539 

family members. We systematically outlined the chromosomal distribution, gene 540 

structure, phylogeny and conserved motifs of AAT family members in wheat and 541 

annotated all its AAT genes. We further evaluated the expression patterns of wheat AAT 542 

gene family members in different tissues and their responses to three conventional 543 

abiotic stresses, heat, drought and salt stress. We also identified several important 544 

candidate genes that might affect grain quality and root amino acid transport. Our work 545 

will provide a comprehensive framework for the study of the wheat AAT family and 546 

will also contribute to the functional analysis and utilization of wheat AAT genes. 547 

 548 

Methods  549 

 550 

Identification of the AAT gene family in wheat 551 

Several methods were used to discover putative AAT family members in the wheat 552 

genome. First, wheat whole-genome protein sequences (IWGSC RefSeq v1.1) were 553 

downloaded from the Wheat URGI database (https://wheat-urgi.versailles.inra.fr) to 554 

construct a local protein database. Then, the known protein sequences of 337 AAT 555 

genes from Arabidopsis, rice and soybean were used as seed sequences to search the 556 

wheat protein database through the local BLASTP program with an e-value of 1e-5 and 557 

identity of 50% as the threshold. Furthermore, the hidden Markov model (HMM) 558 

profiles of the AAT domain (PF00324 and PF01490) were downloaded from the PFAM 559 

database (http://pfam.xfam.org/), and all putative AAT proteins predicted by BLASTP 560 

were further screened by conserved domains using the HMMER search tool [48]. An 561 

NCBI conserved domain database (CDD) search was also used to check the conserved 562 

protein domains of these candidate genes (https://www.ncbi.nlm.nih.gov/cdd). After 563 

removing the redundant sequences, the remaining sequences were submitted to 564 

InterProScan (http://www.ebi.ac.uk/interpro/scan.html) to reconfirm the existence and 565 

integrity of the AAT conserved domains. Finally, all putative AAT gene family 566 

members in wheat were identified after removing the sequences that did not contain the 567 

entire conserved domains. Information about these putative wheat AAT genes (TaAATs), 568 

including full-length cDNA accessions, coding sequence length, and gene structure, 569 

was obtained from the genome annotation gff3 file. An online tool, Gene Structure 570 

Display Server GSDS (http://gsds.cbi.pku.edu.cn/), was used to determine the 571 

structures of these genes, and the Computer pI/MW tool in the ExPASy database 572 

(https://web.expasy.org/compute_pi/) was used to calculate the biochemical parameters, 573 

including the theoretical pI (isoelectric point) and Mw (molecular weight) [49]. 574 

Moreover, the TMHMM Server 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) was 575 

applied with default settings to predict the putative transmembrane (TM) regions in 576 

each TaAAT protein. 577 

 578 

Chromosomal localization, duplication and selective pressure of AAT genes in 579 

wheat 580 

TaAAT genes were mapped onto the chromosomes by identifying their chromosomal 581 

positions obtained from the wheat genome annotation gff3 file. The Multiple 582 



Collinearity Scan toolkit (MCScanX) program was used to investigate gene duplication, 583 

and manual screening was performed according to the mature method described by 584 

Wang et al. [50, 51]. A TBtools tool was used to visualize the chromosome 585 

localizations and duplicated regions of all TaAAT genes [52]. 586 

Natural selection shapes the diverse functions of duplicated genes. To assess the 587 

impact of sequence duplication on function, KaKs_Calculator 2.0 was used to calculate 588 

the nonsynonymous (Ka) and synonymous (Ks) rates (Ka/Ks) of each aligned codon in 589 

the pairs of duplicated AAT genes [53]. 590 

 591 

Phylogenetic analysis and multiple sequence alignment 592 

To clarify the evolutionary relationship between AAT gene family members in wheat 593 

and other angiosperms and to classify their subfamilies, AAT gene family members of 594 

three monocotyledonous species, maize, rice, Brachypodium, and two dicotyledonous 595 

species, soybean and Arabidopsis, were compared using a phylogenetic tree together 596 

with TaAAT genes. Multiple-sequence alignment of the protein sequences was 597 

performed using MUSCLE 3.8 [54]. The phylogenetic tree was constructed using the 598 

maximum likelihood (ML) method by PhyML 3.1 599 

(http://www.atgc-montpellier.fr/phyml/versions.php) with the JTT model selected 600 

from IQ-TREE [55]. iTOL v3 (http://itol.embl.de/#) was used to display the 601 

phylogenetic tree.  602 

The Multiple EM for Motif Elicitation (MEME) program was used to determine 603 

the conserved protein motifs of these genes, and the parameters were as follows: the 604 

optimal motif width was between 6 and 200 residues, allowing the presence of any 605 

number of repeating motif sites, and the maximum number of motifs was 20 [56]. The 606 

amino acid sequence conservation of TaANT subfamily members was analyzed using 607 

DNAMAN software, and the conserved motifs and TM regions were manually 608 

annotated. 609 

 610 

Identification of cis-regulatory elements and prediction of three-dimensional 611 

modeling 612 

The sequence 2000 bp upstream of the start codon was considered the promoter region 613 

for each gene, and the promoter sequences were extracted from each genome using the 614 

SAMtools program [57]. The putative transcriptional response elements of these gene 615 

promoters were predicted using the PlantCARE serve 616 

(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/), a database of plant 617 

cis-acting regulatory elements [58].  618 

To determine the differences in the structure of different AAT subfamily proteins 619 

and their effects on functions, the three-dimensional structure of a representative AAT 620 

protein from each subfamily was determined using the Phyre2 server 621 

(http://www.sbg.bio.ic.ac.uk/phyre2) [59]. 622 

 623 

Spatiotemporal expression patterns of AATs in wheat 624 

To explore the spatiotemporal expression patterns of TaAATs, published wheat 625 

transcriptome data were downloaded from expVIP (http://www.wheat-expression.com) 626 

[60]. These data include read count values from 14 tissues at three important stages of 627 

wheat growth and development, including the seedling stage, flag leaf stage and milk 628 

grain stage. The tissues used at the seeding stage included radicle (SRA), coleoptile 629 

(SC), stem axis (SSA), first leaf blade (SFL), roots (SR) and shoot apical meristem 630 

(SSAM); the tissues at the flag leaf stage included flag leaf blade (FFL), shoot axis 631 

(FSA), roots (FR); and the tissues at the milk grain stage included flag leaf blade (MFL), 632 



peduncle (MP), awns (MA), glumes (MGL), and grain (MG). The normalized 633 

expression levels of TaAATs were expressed by calculating TPM (transcripts per 634 

million) values standardized using the R package edgeR [61]. The log2(TPM+1) values 635 

are displayed in a heat map to show the tissue expression characteristics of TaAATs. 636 

 637 

Plant materials, abiotic stress treatments and quantitative real-time PCR 638 

For stress treatments, the wheat seeds (cultivar ‘Chinese Spring) were collected from 639 

the experimental field of our own laboratory in College of Agronomy of Northwest 640 

A&F University. Chinese Spring is a local wheat culivar and have been kept in our 641 

laboratory for more than thirty years. All seeds planted in a greenhouse of Northwest 642 

A&F University with a temperature of 22°C, while a 16 h photoperiod (12000 lux) and 643 

an 8 h dark period were used for seed growing. Seedlings at the three-leaf stage of 644 

wheat were used for the abiotic stress treatments. Seedlings were exposed to 20% 645 

polyethylene glycol (PEG-6000) and 35°C temperature for 1 h and 6 h to simulate 646 

drought and heat stress, respectively [17]. In addition, long-term soaking of seedlings in 647 

NaCl solution (200 mM; 6 h, 12 h, 24 h, 48 h) was used to simulate salt stress [62]. 648 

Then, the plant leaves and roots were collected for RNA extraction with an RNAiso 649 

Plus Kit (Takara, China). A PrimeScriptTM II 1st Strand cDNA Synthesis Kit (Takara, 650 

China) and a SuperReal PreMix Color (SYBR Green) Kit were used for the synthesis of 651 

the first strand complementary cDNAs and the quantitative real time-PCR, respectively. 652 

TaActin was used as an internal control, and all the special primers for qRT-PCR were 653 

designed using Primer Premier 6.0 software 654 

(http://www.premierbiosoft.com/primerdesign/). All primers are listed in Additional 655 

file 3: Table S2. These primers cannot distinguish three homologous copies, so the 656 

expression level of the selected gene would be amplified. Each sample contained three 657 

biological replicates, and the 2
-ΔΔCt

 method was used to evaluate the expression level. 658 
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Figure legends  858 

 859 

Fig. 1 The distribution of the putative transmembrane (TM) region numbers in 860 

the wheat AAT family. The X-axis lists the 12 AAT subfamilies in wheat, and the 861 

Y-axis represents the range of TM region numbers in each subfamily. In the boxplot, 862 

the middle line indicates the median, and the box indicates the range from the 25 to 863 

the 75th percentile of the total TM number. The top and bottom points represent the 864 

maximum and minimum values, respectively. 865 

 866 

Fig. 2. Chromosomal localization and gene duplication events of TaAAT genes. 867 

Chromosome numbers are shown on the left side of each strip. Homologous pairs are 868 

linked by red lines. Blue shadows indicate tandem duplication. 869 

 870 

Fig. 3. Effects of tandem duplication events on the functional differentiation of 871 

wheat AAT gene subfamilies. The Y-axis indicates the rates of the nonsynonymous 872 

(Ka) and synonymous (Ks) substitutions (Ka/Ks). The X-axis shows the subfamilies 873 

containing tandemly duplicated AAT genes.  874 

 875 

Fig. 4. Gene structure of TaAAT genes in each subfamily. Green boxes represent 876 

exons, and the block line represents introns. The UTRs are indicated by yellow boxes. 877 

The sizes of introns and exons can be estimated using the scale at the bottom. 878 

 879 

Fig. 5. Phylogenetic tree of AAT proteins in wheat, maize, Brachypodium, 880 

Arabidopsis and soybean. Multiple sequence alignment was performed by MUSCLE, 881 

and the phylogenetic tree was constructed using PhyML with the maximum likelihood 882 

(ML) method.   883 

 884 

Fig. 6. Multiple-sequence alignment of the transmembrane (TM) region  of the 885 

ANT subfamily in wheat. The blue line represents the TM regions of TaANT 886 

proteins, and the red box represents the conserved motifs predicted by MEME. 887 

Identical (100%), conserved (75–99%), and blocks of similar (50–74%) amino acid 888 

residues are shaded in red, blue, and yellow, respectively. 889 

 890 

Fig. 7. Three-dimensional modeling of AAT proteins in wheat. AAT proteins were 891 

selected from 12 subfamilies for three-dimensional structure prediction and display, 892 

with a confidence level > 90%. The displayed AAT proteins are TaAAP2-2A, 893 

TaGAT1-1A, TaLHT1-1A, TaProT1-2A, TaAUX1-1A, TaATLa1-3A, TaANT1-2A, 894 

TaATLb9-4A, TaCAT2-2A, TaLAT1-2A, TaBAT1-2A and TaTTP1-2A.  895 

 896 

Fig. 8. The expression levels of wheat AAT genes in 14 tissues. The transcriptome 897 

data of 14 tissues at three stages was used to reconstruct expression patterns of wheat 898 

AAT genes. The tissues at the seeding stage included radicle (SRA), coleoptile (SC), 899 

stem axis (SSA), first leaf blade (SFL), roots (SR) and shoot apical meristem (SSAM); 900 

the tissues at the flag leaf stage included flag leaf blade (FFL), shoot axis (FSA), roots 901 



(FR); and the tissues at the milk grain stage included flag leaf blade (MFL), peduncle 902 

(MP), awns (MA), glumes (MGL), and grain (MG). Samples are listed at the bottom 903 

of each lane, and the color scale is shown at the right. 904 

 905 

Fig. 9. Three trends of expression patterns of duplicated AAT gene pairs in wheat. 906 

The X-axis indicates 14 tissues at three stages, and the Y-axis represents the TPM 907 

value. The full names for X-axis tissue abbreviations are shown in Fig. 8.  908 

 909 

Fig. 10. The expression levels of 12 selected TaAAT genes in leaves and roots 910 

under three abiotic stresses. (a) The relative expression levels of TaAATs under 911 

drought (D) and heat stresses (H) for 1 h and 6 h in leaves at the three-leaf stage. (b) 912 

The relative expression levels of TaAATs under salt stress (S) (NaCl, 200 mM) for 6 913 

h, 12 h, 24 h and 48 h in roots at the three-leaf stage. Bars represent the mean values 914 

of three replicates ± standard deviation (SD). All of the expression levels of the 915 

TaAAT genes were normalized to the expression level of TaActin. 916 
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Figures

Figure 1

The distribution of the putative transmembrane (TM) region numbers in the wheat AAT family. The X-axis
lists the 12 AAT subfamilies in wheat, and the Y-axis represents the range of TM region numbers in each
subfamily. In the boxplot, the middle line indicates the median, and the box indicates the range from the
25 to the 75th percentile of the total TM number. The top and bottom points represent the maximum and
minimum values, respectively.



Figure 2

Chromosomal localization and gene duplication events of TaAAT genes. Chromosome numbers are
shown on the left side of each strip. Homologous pairs are linked by red lines. Blue shadows indicate
tandem duplication.



Figure 3

Effects of tandem duplication events on the functional differentiation of wheat AAT gene subfamilies.
The Y-axis indicates the rates of the nonsynonymous (Ka) and synonymous (Ks) substitutions (Ka/Ks).
The X-axis shows the subfamilies containing tandemly duplicated AAT genes.



Figure 4

Gene structure of TaAAT genes in each subfamily. Green boxes represent exons, and the block line
represents introns. The UTRs are indicated by yellow boxes. The sizes of introns and exons can be
estimated using the scale at the bottom.



Figure 5

Phylogenetic tree of AAT proteins in wheat, maize, Brachypodium, Arabidopsis and soybean. Multiple
sequence alignment was performed by MUSCLE, and the phylogenetic tree was constructed using PhyML
with the maximum likelihood (ML) method.

Figure 6

Multiple-sequence alignment of the transmembrane (TM) region of the ANT subfamily in wheat. The blue
line represents the TM regions of TaANT proteins, and the red box represents the conserved motifs
predicted by MEME. Identical (100%), conserved (75–99%), and blocks of similar (50–74%) amino acid
residues are shaded in red, blue, and yellow, respectively.



Figure 7

Three-dimensional modeling of AAT proteins in wheat. AAT proteins were selected from 12 subfamilies
for three-dimensional structure prediction and display, with a con�dence level > 90%. The displayed AAT
proteins are TaAAP2-2A, TaGAT1-1A, TaLHT1-1A, TaProT1-2A, TaAUX1-1A, TaATLa1-3A, TaANT1-2A,
TaATLb9-4A, TaCAT2-2A, TaLAT1-2A, TaBAT1-2A and TaTTP1-2A.



Figure 8

The expression levels of wheat AAT genes in 14 tissues. The transcriptome data of 14 tissues at three
stages was used to reconstruct expression patterns of wheat AAT genes. The tissues at the seeding stage
included radicle (SRA), coleoptile (SC), stem axis (SSA), �rst leaf blade (SFL), roots (SR) and shoot apical
meristem (SSAM); the tissues at the �ag leaf stage included �ag leaf blade (FFL), shoot axis (FSA), roots
(FR); and the tissues at the milk grain stage included �ag leaf blade (MFL), peduncle (MP), awns (MA),
glumes (MGL), and grain (MG). Samples are listed at the bottom of each lane, and the color scale is
shown at the right.



Figure 9

Three trends of expression patterns of duplicated AAT gene pairs in wheat. The X-axis indicates 14
tissues at three stages, and the Y-axis represents the TPM value. The full names for X-axis tissue
abbreviations are shown in Fig. 8.



Figure 10

The expression levels of 12 selected TaAAT genes in leaves and roots under three abiotic stresses. (a)
The relative expression levels of TaAATs under drought (D) and heat stresses (H) for 1 h and 6 h in leaves
at the three-leaf stage. (b) The relative expression levels of TaAATs under salt stress (S) (NaCl, 200 mM)
for 6 h, 12 h, 24 h and 48 h in roots at the three-leaf stage. Bars represent the mean values of three
replicates ± standard deviation (SD). All of the expression levels of the TaAAT genes were normalized to
the expression level of TaActin.
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