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Abstract Members of the amino acid transporters (AATS)
gene family transported amino acid across cellular membranes
and participated in various aspects of normal plant growth and
developmental processes as well as environmental responses.
To date, no overall analysis or expression profiling of the AAT
gene family in Populus has been reported. An investigation of
the Populus genome revealed 100 putative AAT genes. These
genes were classified into 11 subfamilies based on phyloge-
netic analysis. In each subfamily, the constituent parts of gene
structure and motif were relatively conserved. A total of 100
genes were distributed on 19 chromosomes with 18-pair seg-
mental duplication and 19-gene tandem duplication events,
indicating that segmental and tandem duplications contribute
almost equally to the expansion of the Pt4AT gene family.
Analysis of the Ka/Ks ratios showed that the duplicated genes
of the AAT family basically underwent purifying selection.
The expression levels of the 17 amino acid/auxin permease
(AAAP) subfamily genes under abiotic stresses and in differ-
ent tissues were investigated by quantitative real-time PCR
(qRT-PCR) to explore their stress-related and tissue-specific
expression patterns. The qRT-PCR results to explore the
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precise role of individual PtAAT gene. This study presents a
thorough overview of the Populus AAT gene family and pro-
vides a new perspective on the evolution of this gene family.
The results indicate that AAT family genes may be involved in
many plant responses to stress conditions. Additionally, this
study provides a solid foundation for uncovering the biologi-
cal roles of AAT genes.
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Introduction

Amino acids have highly diverse and essential roles in plants;
they provide important components to plants, such as com-
pounds involved in plant metabolism and structure, and they
contribute to the synthesis of a large variety of compounds crit-
ical to plant development, including nucleotides, chlorophyll,
phytohormones and secondary metabolites (Tegeder 2012).
Amino acid transporters (AATs) are the integral membrane pro-
teins which play a key role in many essential biological process-
es. They can mediate long-distance amino acid transport and
response to pathogen and abiotic stresses in higher plants (Wipf
et al. 2002; Tegeder 2012; Tegeder et al. 1999), which are indis-
pensable in various processes of plant growth and development.
AAP1 was the first AAT identified in Arabidopsis thaliana,
which can transport acidic, neutral, and basic amino acids, de-
pending on the transporter (Frommer et al. 1993; Hsu et al.
1993). Based on heterologous complementation experiments
and sequence homology, up to date, more than 60 putative amino
acid transporters have been identified in Arabidopsis.
Transporters have been further characterized by functional anal-
ysis in heterologous systems and by expression and localization
studies. The AATs from plants are classified into two major
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families, the amino acid/auxin permease (AAAP) and amino
acid—polyamine choline (APC) families, both of which belong
to the APC superfamily (Saier 2009; Ortiz-Lopez et al. 2000).
There are eight subfamilies in the AAAP family, including
GABA transporters (GATS), proline transporters (ProTs), lysine
histidine transporters (LHTs), amino acid permeases (AAPs),
auxin transporters (AUXSs), aromatic and neutral amino acid
transporters (ANTs), and the amino acid transporter-like (ATLa
and ATLb) subfamilies. The APC family consists of three sub-
families: cationic amino acid transporters (CATs), amino
acid/choline transporters (ACTs), and polyamine H'-symporters
(PHSs) (Fischer et al. 1998; Hunt et al. 2010; Okumoto and Pilot
2011). There are two domains in AAT family proteins, i.c., the
Aa-trans and AA-permease domains.

Increasing evidence indicates that AATs are expressed in
many tissues and play multiple, crucial roles in various aspects
of plant growth and development. In Arabidopsis, the eight
members (AtAAP1-AtAAPS) were found in the AtAAP sub-
family, and six 4¢t44Ps were demonstrated to transport neutral
and charged amino acids with varying specificities and affin-
ities (Couturier et al. 2010; Fischer et al. 1995; Okumoto et al.
2002). AtAAPI was localized to the root tip and epidermis
cells including root hairs and important in uptake of neutral
and acidic amino acids (Lee et al. 2007; Svennerstam et al.
2011). AtAAP3 was mainly expressed in root vascular tissue
and might be involved in amino acid uptake from the phloem
or in retrieving amino acids from the soil (Okumoto et al.
2004). AtAAP5 has been shown to play a role in amino acid
uptake by the root (Fischer et al. 1995; Hirner et al. 1998;
Ortiz-Lopez et al. 2000). The expression of 4t44P6 has been
detected in roots, sink leaves, cauline leaves, and xylem pa-
renchyma, suggesting that 4t44P6 functioned in amino acid
uptake from the xylem (Okumoto et al. 2002). At4AP8 was
expressed in young siliques and developing seeds and might
play a crucial role in amino acid transport (Fischer et al. 1995;
Schmidt et al. 2007). In addition, the AAP subfamily members
from other species are also to be reported, such as St4A4P1
(Koch et al. 2003), PvAAPI (Tan et al. 2008), and OsA4P8
and OsAAP15 (Zhao et al. 2012). Recently, it was proposed
that Pt4AP11 may play a major role in xylogenesis by provid-
ing proline in Popular (Couturier et al. 2010).

AtLHTI was a specific transporter for lysine and histidine,
which mainly regulated root uptake of amino acids and sup-
plied the leaf mesophyll with xylem-derived amino acids in
Arabidopsis (Chen and Bush 1997; Hirner et al. 2006). Under
the lower soil concentration, At{LHTI and AtAAP5 played a
role in uptake of neutral and acidic amino acids and basic
amino acids, respectively (Svennerstam et al. 2008, 2011).
AtProT2 was expressed in the root epidermis and cortex and
involved in proline (compatible solute) acquisition by roots
and was upregulated by salt stress (Grallath et al. 2005;
Lehmann et al. 2011; Rentsch 1996). AtGATI was highly
expressed in flowers and in response to wounding and
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senescence (Shelp 2006). AtANTI, which was specifically
expressed in flowers and cauline leaves, functioned in the
transport of aromatic and neutral amino acids as well as argi-
nine and indole-3-acetic acid (Chen 2001). In the AtCAT sub-
family, AtCATS5 functioned as a high-affinity, basic amino acid
transporter in an amino acid transport in yeast (Frommer et al.
1995). AtCAT3, AtCAT6, and AtCATS preferentially
transported neutral or acidic amino acids (Su et al. 2004).
Meanwhile, AtBATI, similar to a yeast GABA transporter
(UGA4), was isolated as a bidirectional amino acid transporter
(Diindar and Bush 2009). AtAUX! functioned as an auxin
influx carrier, which regulated root gravitropism and promot-
ed lateral root formation by mediating the import of IAA
(Bennett et al. 1996; Marchant 2002; Marchant et al. 1999).

Although numerous studies have revealed the roles of
many AATs in plants, little information is available
concerning the molecular characterization of AATs in some
woody plants. Trees are very important among plants since
they have extreme longevity and are able to generate woody
biomass. Populus trichocarpa is a model woody species and
for which genome sequencing was completed in 2006
(Tuskan et al. 2006). The availability of a genome sequence
provided us with the perfect opportunity to conduct a compre-
hensive, genome-wide analysis of the AAT genes in
P, trichocarpa. In this study, we performed bioinformatic anal-
ysis of 100 PtAAT genes. Among these, expression profiling
of 17 AAP genes in different organs/tissues and under various
abiotic stress treatments was performed by qRT-PCR. The
results of this study provide a biological reference for further
elucidating the roles of AATSs in plants.

Materials and methods
Identification of AAT family genes in Populus

To identify AAT proteins in Populus, the P. trichocarpa ge-
nome database (release 3.0, http://www.phytozome.net/
populus.php) was searched using Basic Local Alignment
Search Tool algorithms (BLASTP), with the published
Arabidopsis AAT protein sequences and their AAT 63
domains used as initial query sequences. Redundant
sequences were then removed manually, and the Hidden
Markov Model of the Pfam (http:/pfam.sanger.ac.uk/search)
and SMART (http://smart.embl-heidelberg.de/) databases
were used to confirm each candidate sequence as a member
of the AAT family (Finn et al. 2006, 2008; Letunic et al.
2004). A total of 63 Arabidopsis, 85 rice, and 96 maize
AAT protein sequences were downloaded from Phytozome
v10 (http://www.phytozome.net/). Populus AAT gene
information, including the number of amino acids, ORF
lengths, and chromosome locations, was obtained from the
Phytozome database. Physicochemical parameters including
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the molecular weight (Mw) and isoelectric point (pI) of each
gene product were calculated using compute pI/Mw tool from
ExPASy (http://www.expasy.org/tools/), and parameter
(resolution) was set to average (Gasteiger et al. 2003). Gene
Structures Display Server (GSDS) (http://gsds.cbi.pku.edu.cn/)
was used to illustrate the exon/intron structures of individual
AAT genes by comparing their cDNAs and the corresponding
genomic DNA sequences (Guo et al. 2007). To predict the
putative TM regions in each PtAAT protein, the TMHMM
Server v2.0 (http://www.cbs.dtu.dk/servicess TMHMMY/) was
applied with default settings.

Phylogenetic and conserved motif analysis

The full-length amino acid sequences of all AAT proteins
from Arabidopsis, rice, maize, and poplar were aligned using
ClustalX 2.0 (Thompson et al. 1997). Bootstrap analysis was
performed using 1000 replicates. The MEME motif search
tool (http://meme.sdsc.edu/meme/intro.html) was used to
identify motifs shared among related proteins within the
PtAAT gene family with default settings (Bailey and Elkan
1995), except that the maximum number of motifs was de-
fined as 20 and the maximum width was set to 300. The
sequence conservation of Pt4UX subfamily members in ami-
no acid was analyzed by DNAMAN software and modified
manually (Ma et al. 2011), and the conserved motifs and TM
domains were annotated according to MEME analysis and
TMHMM prediction, respectively.

Chromosomal location and gene duplication

An image of the chromosomal locations of PtAAT genes was
generated using Maplnspect (http:/www.plantbreeding.wur.
nl/uk/software mapinspect.html) according to the
chromosomal position information provided in the
Phytozome database. To identify tandem and segmental
duplications, two genes in the same species located in the
same clade of the phylogenetic tree were defined as
coparalogs. The Vista Synteny browser (pipeline.lbl.gov/
cgibin/gateway2) was queried to detect the segmental
duplication coordinates of the target genes. Coparalogs were
deemed to result from segmental duplication if they were
located on duplicated chromosomal blocks (Wei et al. 2007).
Paralogs were deemed to be tandemly duplicated genes if two
genes were separated by five or fewer genes in a 100-kb re-
gion (Wang et al. 2010). The local alignment of two protein
sequences was calculated using the Smith—Waterman algo-
rithm (http://www.ebi.ac.uk/Tools/psa/).

Identification of paralogs and orthologs

Paralogs and orthologs were identified following the method
described by the report (Blanc 2004). For each species, all-

against-all nucleotide sequence similarity searches were per-
formed among the transcribed sequences using BLASTN soft-
ware (Altschul et al. 1997). Sequences that aligned over
300 bp and showed at least 40 % identity were defined as pairs
of paralogs. To identify putative orthologs between two spe-
cies (A and B), each sequence from species A was searched
against all sequences from species B using BLASTN.
Additionally, each sequence from species B was searched
against all sequences from species A. The two sequences were
defined as orthologs if each of them was the best hit of the
other and if more than 300 bp of the two sequences aligned.

Calculation of Ka/Ks values

Synonymous (Ks) and nonsynonymous substitution (Ka) rates
were calculated according to a previous study (Hu et al. 2010).
Pairs from the segmental duplication events were first aligned
by ClustalX 2.0. Subsequently, the aligned sequences and the
original cDNA sequences were analyzed with the PAL2NAL
program (http://www.bork.embl.de/pal2nal/) using the
CODEML program of PAML to estimate the Ks and Ka
substitution rates (Suyama et al. 2006; Yang 1997). The
divergence time (7) was calculated based on the Ks value
and the number of substitutions per synonymous site per
year as follows: 7=Ks/2A(A=9.1x 1079 (Lynch 2000). A
sliding window analysis of Ka/Ks ratios was performed with
the following parameters: window size, 150 bp; step size,
9 bp.

Plant material and growth conditions

Asexually reproduced 8-week-old Populus euramericana cv.
“Nanlin95” seedlings that were grown in a tissue culture lab-
oratory under long day conditions (14 h light from 08:00 to
22:00) at 25-27 °C were used to assay gene expression levels
in all experiments. Stem tips (internodes 1-3 from the top),
young leaf (from internodes 1-3), mature leaf (from inter-
nodes 4-6), developing xylem (from the basal internodes),
phloem (from the basal internodes), and root tissues were
separately collected. For drought stress treatment, the plants
were sprayed with 20 % PEG-6000 solution. For salt stress
treatment, the plants were incubated in 200 mM NaCl solution
at 25 °C. For cold stress treatment, the plants were incubated
in a freezer at 4 °C. Parallel control samples were prepared at
all five time points (1, 3, 6, 12, and 24 h). All samples were
immediately frozen in liquid nitrogen and stored at —80 °C for
RNA extraction after collection. Those without treatment
were used as the control (0 h).

RNA isolation and qRT-PCR

Total RNA from stem tips, young leaves, and mature leaves
were extracted using TRIzol reagent (Invitrogen, CA, USA)
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according to manufacturer’s instructions. Total RNA from dif-
ferentiating xylem, phloem, and roots was isolated by the
CTAB method with minor modifications (Chang et al.
1993). Total RNA was extracted from frozen samples using
an RNAprep Pure Plant Kit (Tiangen) according to the man-
ufacturer’s instructions. The first-strand cDNA was then syn-
thesized using a PrimeScript™ RT Reagent Kit (TaKaRa).
Gene-specific primers were designed using Primer Express
3.0, and their specificity was checked using information pro-
vided on the NCBI website. The poplar housekeeping ubiqui-
tin gene (UBQ, gene id Potri.001G418500) was used as a
reference for normalization due to its stable expression pat-
tern. Real-time PCR was performed on an ABI 7300 Real-
Time system (Applied Biosystems). Each reaction was per-
formed in a final volume of 20 ul containing 12.5 pl of
SYBR Green Master Mix reagent (Applied Biosystems),
1.5 pl of cDNA sample, and 1 pl of gene-specific primers.
Specific primers for each PtA4P gene were designed to gen-
erate 90—150-bp products (Table S6). The qPCR reaction con-
ditions were as follows: 50 °C for 2 min, 95 °C for 10 min,
40 cycles 0f 95 °C for 15 s, and annealing at 55-60 °C for 30s.
A melting curve was generated to analyze the specificity of the
reactions, and three biological replicates were performed per
treatment. Relative expression levels were calculated as
2 AACT[ACT: Cp Target Cr, cypa- AACT= ACT, treatment
—ACr ck(0 h)]. The relative expression level (27AACT’ cK
©™) in control plants (without treatment) was normalized to
1 as described previously (Schmittgen and Livak 2008).
Statistical analyses were performed using SDS software ver-
sion 1.3.1 (Applied Biosystems).

Results
Identification of AAT gene family in P. trichocarpa

In the present study, to gain insight into the AAT gene family
in the model species P. trichocarpa, we first performed
BLASTP analysis against the Populus genome database (re-
lease v3.0) using Arabidopsis AAT gene sequences as queries.
Consequently, 136 candidates were selected. Next, these
genes were analyzed against the Pfam database using Simple
Modular Architecture Research Tool (SMART) to identify the
presence of the conservative domains (Aa-trans and AA-
permease domains) of AAT proteins in Populus. After remov-
ing redundant sequences, a total of 100 AAT genes were iden-
tified in the Populus genome, which is greater than that iden-
tified in other representative species, including Arabidopsis
(63), rice (Oryza sativa; 85), and maize (Zea mays; 96)
(Rentsch et al. 2007; Zhao et al. 2012). Of the 100 AAT genes,
71 belong to the AAAP subfamily and 29 belong to the APC
subfamily. We designated these 71 and 29 AAT genes
AAAPO1 to AAAP71 and APCO1 to APC29, respectively,
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according to their physical locations (from top to bottom) on
chromosomes 1-19 (Table 1). The identified AAT genes in
Populus encode proteins ranging from 108 to 643 amino acids
(aa) in length, with an average size of 453 aa. Other charac-
teristics of these AATSs, including isoelectric point (pI), molec-
ular weight (Mw), chromosome location, and exons, are
shown in Table 1.

The numbers and positions of exons and introns were de-
termined through comparing full-length cDNA sequences and
the corresponding genomic DNA sequences of each PtAAT
gene using GSDS (http://gsds.cbi.pku.edu.cn/). While introns
are absent in 14 PtAAT genes, the remaining genes contain 1—
14 introns (Fig. 1, right). Most members in the same
subfamily share similar intron/exon structures and gene
lengths. For example, the three members of the PtProT sub-
family have seven exons and six introns and are nearly 400 bp
in length. The putative transmembrane (TM) regions in
PtAATs were predicted by TMHMM Server v2.0 (http://
www.cbs.dtu.dk/servicess  TMHMMY/). The number of TM
regions in most Pt4ATs ranges from 8 to 13 (Figure S1), and
PtAATs of the same subfamily have similar numbers of TM
regions, such as 10 TMs in AUX and 11 TMs in ANT and
ProTs. These observations demonstrate that the structures of
members of the same subfamily are highly conserved.

Phylogenetic analysis and multiple-sequence alignment

To evaluate the evolutionary relationship among the 100
PtAATs, we performed phylogenetic analysis based on the
alignment of full-length amino acid sequences of the 100
AAT proteins. The Populus AAT gene family was categorized
into the AAAP and APC families (Fig. 1, left) based on phy-
logenetic analysis of AAT genes in Arabidopsis, rice, and
maize. The AAAP family contains 71 genes comprising eight
distinct subfamilies, namely the GABA transporters (GATSs),
proline transporters (ProTs), lysine histidine transporters
(LHTs), amino acid permeases (AAPs), auxin transporters
(AUXs), amino acid transporter-like (ATL), and aromatic
and neutral amino acid transporters (ANTs) subfamilies. The
ATL subfamily comprises two phylogenetic clades (ATLa and
ATLD), while the APC family includes 29 genes subdivided
into three distinct subfamilies, including the polyamine H'-
symporters (PHSs), the cationic amino acid transporters
(CATs), and the amino acid/choline transporters (ACTs).
Moreover, to further examine the diversification of
Populus AAT genes, we used the MEME web server, reveal-
ing 20 distinct motifs (Fig. 2). Detailed information about the
20 putative motifs is shown in Table S1. Each of the putative
motifs was annotated by searching Pfam and SMART. We
found that only five motifs (9, 11, 14, 15, and 18) do not
encode Aa-trans or AA-permease domains. Four motifs (8,
16, 17, and 19) encode AA-permease domain, while the re-
maining 11 motifs encode Aa-trans domain. Furthermore,
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Table 1  Detailed information about AAT proteins in Populus

Gene name Sequence ID Location Chromosome  Size (aa) Mol. Wt. (Da) PI ORF length  Exons

AAAP
PtAAAPOl  Potri.001G093600 Chr01: 7355831-7363715 1 453 49,817.9 8.59 1362 7
PtAAAP02  Potri.001G204400 Chr01: 20316172-20317954 1 468 51,008.8 545 1407 2
PtAAAPO3  Potri.001G335200 Chr01: 33841535-33844204 1 449 50,229.3 9.1 1350 8
PtAAAPO4  Potri.001G335300 Chr01: 33847372-33852167 1 448 50,307.3 8.8 1347 8
PtAAAPOS  Potri.001G469900 Chr01: 50196588-50198122 1 126 13,511.5 4.45 381 3
PtAAAPO6  Potri.001G470000 Chr01: 50199196-50201566 1 458 50,662.2 8.63 1377 7
PtAAAPO7  Potri.001G470200 Chr01: 50209971-50212785 1 395 43,810.1 8.5 1188 7
PtAAAPO8  Potri.002G012900 Chr02: 751122753487 2 526 58,350.9 9.15 1581 5
PtAAAPO9  Potri.002G079400 Chr02: 5504715-5508265 2 487 53,290.3 8.96 1464 5
PtAAAPIO  Potri.002G079500 Chr02: 5521471-5523733 2 480 52,786.8 9.07 1443 5
PtAAAPI1  Potri.002G087000 Chr02: 6134192-6137820 2 465 52,828.9 8.89 1398 8
PtAAAPI2  Potri.002G112100 Chr02: 8364143-8371843 2 487 53,707.6 9.29 1464 9
PtAAAPI3  Potri.002G114300 Chr02: 8577548-8581466 2 455 50,025.4 6.25 1368 5
PtAAAPI4  Potri.002G226500 Chr02: 21577447-21577900 2 116 7920.2 9.69 351 1
PtAAAPIS  Potri.002G233100 Chr02: 22606209-22608076 2 363 39,525.5 8.86 1092 3
PtAAAPI6  Potri.002G233200 Chr02: 22627400-22629336 2 469 50,693.5 8.24 1410 3
PtAAAP17  Potri.003G011900 Chr03: 1430677-1432293 3 497 54,147.5 5.75 1494 1
PtAAAPI8  Potri.003G138100 Chr03: 15632941-15637863 3 453 49,669.8 8.96 1362 7
PtAAAPI9  Potri.004G111400 Chr04: 10083213-10088454 4 460 50,001.8 8.41 1383 5
PtAAAP20  Potri.004G172800 Chr04: 19153041-19157537 4 491 55,405.8 8.97 1476 8
PtAAAP21  Potri.004G181100 Chr04: 19780085-19782535 4 507 55,222.1 8.85 1524 5
PtAAAP22  Potri.004G181200 Chr04: 19790755-19793592 4 527 58,467.9 9.86 1584 5
PtAAAP23  Potri.004G189100 Chr04: 20418401-20418751 4 116 12,880.4 11.24 351 1
PtAAAP24  Potri.004G206800 Chr04: 21580092-21581517 4 427 46,461 6.43 1284 1
PtAAAP25  Potri.005G068900 Chr05: 4938739-4942510 5 494 54,695 8.9 1485 6
PtAAAP26  Potri.005G102300 Chr05: 7838277-7840193 5 426 46,528.1 6.59 1281 1
PtAAAP27  Potri.005G174000 Chr05: 18958391-18961149 5 452 52,583.5 8.95 1359 8
PtAAAP28  Potri.005G181500 Chr05: 19805010-19807250 5 484 52,936.9 9.01 1455 5
PtAAAP29  Potri.005G181600 Chr05: 19818431-19822086 5 487 53,336.3 9.1 1464 5
PtAAAP30  >Potri.005G219300 Chr05: 23131687-23134628 5 451 50,074.2 9.01 1356 7
PtAAAP31  Potri.006G038700 Chr06: 2727896-2730677 6 424 46,249.5 4.94 1275 7
PtAAAP32  Potri.006G098300 Chr06: 7556593-7560206 6 510 57,417.1 8.58 1533 7
PtAAAP33  Potri.006G236100 Chr06: 24532242-24532673 6 143 16,143.2 955 432 1
PtAAAP34  Potri.007G100100 Chr07: 12593955-12598496 7 494 54,467.8 8.88 1485 6
PtAAAP35S  Potri.008G026600 Chr08: 1413745-1416220 8 457 49,588.4 8.58 1374 7
PtAAAP36  Potri.008G026700 Chr08: 1418436-1420689 8 458 50,202.3 9.24 1377 7
PtAAAP37  Potri.008G036300 Chr08: 2030766-2036845 8 554 60,348.6 5.46 1665 11
PtAAAP38  Potri.008G062900 Chr08: 3817704-3821614 8 446 48,792.2 9.3 1341 7
PtAAAP39  Potri.008G066400 Chr08: 4036183-4041174 8 471 52,917.7 8.59 1416 8
PtAAAP40  Potri.008G086500 Chr08: 5432440-5434364 8 412 44,984.6 8.63 1239 3
PtAAAP41  Potri.008G118000 Chr08: 7595039-7598330 8 435 48,545 9.06 1308 8
PtAAAP42  Potri.008G179000 Chr08: 12219734-12221831 8 439 49,227.1 9.06 1320 7
PtAAAP43  Potri.009G085000 Chr09: 7977167-7979698 9 473 51,574.1 8.19 1422 7
PtAAAP44  Potri.009G132100 Chr09: 10714628-10718969 9 491 55,384.9 8.96 1476 8
PtAAAP45  Potri.009G133600 Chr09: 10807032-10809692 9 511 56,732.3 9.02 1536 8
PtAAAP46  Potri.009G140800 Chr09: 11227213-11230414 9 538 59,620.1 9.82 1617 5
PtAAAP47  Potri.009G149900 Chr09: 11810717-11815296 9 455 49,642.5 9.22 1368 7
PtAAAP48  Potri.009G167900 Chr09: 12771628-12773318 9 428 46,562.4 8.72 1287 1
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Table 1 (continued)

Gene name Sequence ID Location Chromosome  Size (aa) Mol. Wt. (Da) PI ORF length  Exons
PtAAAP49  Potri.010G055800 Chr10: 8548639-8550603 10 439 49,135.9 8.57 1320 7
PtAAAP50  Potri.010G128300 Chr10: 14358390-14362255 10 435 48,600.1 9.1 1308 8
PtAAAPS1  Potri.010G136600 Chr10: 14991069-14992691 10 188 21,190.8 4.95 567 2
PtAAAP52  Potri.010G169000 Chr10: 17105995-17107923 10 412 44,996.6 8.96 1239 3
PtAAAPS3  Potri.010G181800 Chr10: 17981504-17984756 10 455 49,521.8 9.02 1368 5
PtAAAP54  Potri.010G191000 Chrl10: 18607727-18613071 10 473 53,318.1 8.44 1422 8
PtAAAPS5  Potri.010G194600 Chrl10: 18842906-18847177 10 445 48,849 9.27 1338 7
PtAAAPS6  Potri.010G226000 Chr10: 20920358-20926415 10 554 60,390.8 5.31 1665 11
PtAAAP57  Potri.010G233800 Chrl10: 21453186-21453542 10 118 12,934.9 8.84 357 1
PtAAAP58  Potri.011G167000 Chrl1: 18298026-18301362 11 459 50,552 8.45 1380 7
PtAAAP59  Potri.011G167200 Chrl1: 18305888-18308198 11 457 50,653.5 891 1374 7
PtAAAP60  Potri.011G167300 Chrll: 18309512-18311782 11 471 51,7354 8.5 1416 7
PtAAAP61  Potri.011G167500 Chrll: 18316843-18326154 11 469 51,669.3 8.87 1410 7
PtAAAP62  Potri.014G036500 Chrl14: 2977768-2982149 14 521 57,612.5 9.35 1566 5
PtAAAP63  Potri.014G146700 Chrl4: 11212519-11214576 14 480 52,344.5 8.86 1443 3
PtAAAP64  Potri.014G182400 Chrl4: 15427780-15428106 14 108 11,9354 997 327 1
PtAAAP65  Potri.015G091600 Chrl5: 11359509-11361550 15 423 47,476.2 9.35 1272 7
PtAAAP66  Potri.016G064500 Chrl6: 4546241-4549503 16 422 45,282.1 5.74 1269 3
PtAAAP67  Potri.016G100300 Chrl16: 9795999-9799736 16 532 57,282.5 5.13 1599 10
PtAAAP68  Potri.016G113600 Chrl6: 11772504-11776891 16 477 53,849.8 8.59 1434 7
PtAAAP69  Potri.017G083700 Chrl17: 10098083-10100016 17 430 47,122.5 8.3 1293 3
PtAAAP70  Potri.017G106300 Chrl7: 12348673-12352953 17 460 50,101 8.22 1383 5
PtAAAP71  Potri.018G099700 Chrl8: 12784074-12786222 18 395 42,432.6 9.47 1188 3

APC
PtAPCO1 Potri.001G007200 Chr01: 496385497929 1 469 51,954.2 5.46 1410 1
PtAPCO02 Potri.001G007300 Chr01: 499381-501124 1 471 51,946.6 8.62 1416 1
PtAPCO3 Potri.001G076100 Chr01: 6037774-6039490 1 502 55,667.4 6.07 1509 5
PtAPC04 Potri.001G150700 Chr01: 12414036-12416903 1 588 64,389.6 827 1767 5
PtAPCO5 Potri.001G296100 Chr01: 30061411-30063879 1 504 55,530.1 5.18 1515 2
PtAPC06 Potri.001G378500 Chr01: 39492841-39496582 1 604 66,393.4 7.99 1815 1
PtAPC07 Potri.001G378600 Chr01: 39500065-39500948 1 236 26,461.2 972 711 2
PtAPCO8 Potri.002G078100 Chr02: 5401057-5403639 2 491 54,312.8 9.1 1476 7
PtAPC09 Potri.002G 137000 Chr02: 10156392-10160349 2 577 61,497.1 7.87 1734 8
PtAPC10 Potri.003G083700 Chr03: 11128616-11131467 3 573 62,871.8 7.94 1722 5
PtAPCI11 Potri.003G103600 Chr03: 12865664—12868145 3 489 54,080 59 1470 1
PtAPCI12 Potri.003G 154600 Chr03: 16770373-16772570 3 589 64,666.4 7.69 1770 1
PtAPCI13 Potri.004G 178000 Chr04: 19588995-19591457 4 462 50,882.1 4.99 1389 1
PtAPCl14 Potri.005G068600 Chr05: 4919186-4921792 5 423 46,696.6 9 1272 8
PtAPCI15 Potri.007G100700 Chr07: 12628454-12631262 7 538 59,331.5 8.61 1617 7
PtAPCI16 Potri.008G017100 Chr08: 903165-907266 8 586 63,368.8 6.59 1761 5
PtAPC17 Potri.008G 125000 Chr08: 8141566-8142545 8 135 14,439.4 457 408 2
PtAPCI18 Potri.008G125100 Chr08: 8145984-8150170 8 516 55,540.6 8.69 1551 8
PtAPCI19 Potri.009G090300 Chr09: 8303563-8306221 9 502 55,339.8 5.52 1509 2
PtAPC20 Potri.009G138500 Chr09: 11092360-11093537 9 324 35,411 6.61 975 3
PtAPC21 Potri.010G119100 Chr10: 13620490-13624859 10 518 55,809.8 8.49 1557 9
PtAPC22 Potri.010G241000 Chr10: 21814711-21818838 10 600 64,845.7 8.24 1803 5
PtAPC23 Potri.012G131300 Chrl2: 14777432-14782106 12 606 66,014.9 6.68 1821 2
PtAPC24 Potri.013G030900 Chrl3: 2050685-2053186 13 604 65,638.2 6.08 1815 2
PtAPC25 Potri.013G065000 Chrl3: 4995955-5004238 13 640 67,798.4 6.63 1923 14
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Table 1 (continued)

Gene name Sequence ID Location Chromosome  Size (aa) Mol. Wt. (Da) PI ORF length  Exons
PtAPC26 Potri.015G133100  Chrl5: 14327347-14329767 15 602 65,3333 6.54 1809 2
PtAPC27 Potri.018G081100 Chr18: 10812008-10812539 18 147 15,969.7 5.1 444 2
PtAPC28 Potri.019G039600  Chrl9: 4518984-4528081 19 643 68,349.7 6.17 1932 14
PtAPC29 Potri.019G039700  Chrl9: 4538400-4546952 19 641 67,840.2 6.17 1926 14

List of 100 AAT genes identified in Populus and their sequence characteristics

bp base pair, aa amino acids, Da Dalton

several motifs are widespread among AAAP subfamily mem-
bers (e.g., motif 3 and 11). By contrast, other motifs are spe-
cific to only one or two subfamilies. For example, motifs 1 and
14 are specific to AUXs, and motifs 4 and 18 are specific to
AAPs and CATs, respectively. However, motif 17 is exclu-
sively found in the APC subfamily, and motif 19 only exists
in the PHS subfamilies. The domains in each subfamily are
similar (Fig. 2). These results indicate that the structures of
AAT family members are highly conserved, and they further
validate our division of the AAT genes in Populus.

Alignment of the PtAAT amino acid sequences illustrated
that most TM regions in the same subfamily are highly con-
served. In addition, the differences in length and amino acid
composition of several TM regions of different members are
insignificant. An example of the alignment of Pt4UX family
members is shown in Fig. 3. There are five conserved motifs
in PtAUXs, including motif 3, 1, 2, and 14. Motif 3 is located
in the first TM region, while motif 1 comprises the first, sec-
ond, third, and fourth TM regions and extends into the follow-
ing sequences before the fifth TM region. In addition, motif 2
comprises the fifth, sixth, seventh, and eighth TM region.
Motif 14 is located in the ninth and tenth TM regions.

Chromosomal location and gene duplication

Based on the starting position of each gene on the chromo-
somes, we mapped the 100 Populus AAT genes to the 19
Populus chromosomes. Most of the AAT genes are distributed
on chromosomes 1-6 and 8—10. For example, chromosome 1
contains the highest number of genes (14 genes), while for
chromosomes 2, 8, and 10, each contains 11 genes. Most of
genes are located on the top of chromosomes 2 and 8 and the
bottom of chromosomes 4, 9, and 10. By contrast, few AAT
genes are present on the other chromosomes (Fig. 4). For
example, there is only one AAT gene on chromosome 12.
We identified duplicated genes using the Vista Synteny
browser, revealing that 55 % of the genes arose from duplica-
tion events, including 18 gene pairs derived from segmental
duplication and 19 genes derived from tandem duplication.
Most of these duplicated genes are located on chromosomes
8 and 10. A total of 14 genes derived from segmental

duplication are present on chromosomes 8 and 10. On the
other hand, 19 PtAAT genes arose from tandem duplication
(when genes separated by five or fewer gene loci in a 100-kb
region are considered to be tandemly duplicated). Most of
these genes are present on chromosome 1. Among these 19
genes, there are six pairs of genes, each containing two genes
that come from tandem duplication (PtAPC0I-PtAPCO02,
PtAAAP04—-PtAAAPO3, PtAPC06—PtAPCO7, PtAAAPI5—
PtA4AP16, PtAAAP28—PtAAAP29, PtAPC28—PtAPC29). In
addition, there are two blocks that contain three and four tan-
dem duplication genes, respectively, such as, PtAAAP05—
PtAAAP06—PtAAAPO7 and PtAAAP58—PtAAAPS59—
PtAAAP60-PtAAAPG0. These results indicate that segmental
and tandem duplications have contributed almost equally to
the expansion of the PtAAT gene family.

Over the course of evolution, duplicated genes can undergo
non-functionalization (loss of original functions), neo-
functionalization (acquisition of novel functions), or sub-
functionalization (partition of original functions) during sub-
sequent evolution (He and Zhang 2005; Lynch 2000;
Vandepoele et al. 2003). To assess the selection mode of the
duplicated AAT genes, we estimated the average rate of
nonsynonymous substitution (Ka) versus synonymous substi-
tution of nucleotides (Ks) by calculating the Ka/Ks ratio for
each pair of duplicated AAT genes. In general, Ka/Ks <1
suggests that the fixation rate of amino acid change was re-
duced by purifying selection or functional constraint, while
Ka/Ks=1 indicates neutral selection and Ka/Ks >1 suggests
that these genes may have been subject to positive selection,
which favors the accumulation of adaptive genetic variations.
In the current study, the Ka/Ks ratios were less than 0.3
(Table 2), indicating that the 18 gene pairs experienced nega-
tive or purifying selection during the process of evolution.
Based on the divergence rate of 9.1x10™° synonymous muta-
tions per synonymous site per year as previously proposed for
Populus (Tuskan et al. 2006), the duplications that gave rise to
the 18 paralogous gene pairs were estimated to have occurred
between 3.93 and 18.98 million years ago (Mya) (Table 2).

To determine the Ka/Ks ratios of different loci in the coding
sequences, we preformed sliding-window analysis of the 18
gene pairs (Figure S2). The results show that the AAT
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Fig. 1 Phylogenetic relationship and intron—exon structure of Populus distinct subfamilies. The branches of different subfamilies are marked

AAT proteins. Left: Phylogenetic tree of PtAATs constructed by the by different colors. Right: Exons and introns are indicated by yellow
neighbor-joining method. Bootstrap values from 1000 replicates are rectangles and gray lines, respectively. Untranslated regions (UTRs) are
indicated at each node. The proteins on the tree are divided into 11 indicated by blue lines
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Fig. 2 Schematic representation of the 20 conserved motifs in PtAAT P>

proteins. Motifs of the PtAAT proteins were identified using the online
MEME program. Different colored boxes represent different motifs, with
their names in the center of the boxes. The colored boxes were ordered
manually according to the results of MEME analysis. The length of each
box in the figure does not represent the actual motif size

domains have undergone strongly positive selection (Ka/Ks
<<1), while most loci and regions have undergone moderately
or strongly negative selection, just as the overall Ka/Ks ratio
has predicted.

Comparative analysis of the AAT genes in Populus,
Arabidopsis, rice, and maize

Most previous studies have focused on analyzing the AAT
gene family in plants such as Arabidopsis, rice, and maize.
To further analyze the evolutionary relationships of AAT
genes among these four plants, we first constructed a NJ phy-
logenetic tree with ClustalX 2.0 using 344 full-length AAT
protein sequences, including 63 sequences from
Arabidopsis, 85 from rice, 96 from maize, and 100 from
Populus. The characteristics of the 344 AAT genes, including
isoelectric point (pI), molecular weight (Mw), chromosome
location, ORF length, and amino acids (aa), are shown in
Table S2. In Arabidopsis, the AAT gene family is divided into
12 subfamilies, with AtTTPI and AtTTP2 serving as the
outgroup. Therefore, the phylogenetic tree clearly shows that
the 344 AAT proteins could be divided into 12 subfamilies.
While the Tryptophan/tyrosine permease (TTP) subfamily
contains only the Arabidopsis AAT proteins, other subfamilies
contain Arabidopsis, rice, maize, and Populus AAT proteins.
We counted the number of AAT proteins in every subfamily
among the four species (Table S3), revealing that AAP is the
largest subfamily in every species.

Both subfamilies (except TTP subfamily) contain
Arabidopsis, rice, maize, and Populus AAT genes, suggesting
that the main characteristics of this family in plants were gen-
erated before the dicot-monocot split. To clarify the
paralogous and orthologous relationships among this family,
the paralogous and orthologous extensins within and between
species are listed in Table S4 and Table S5. In Arabidopsis and
rice, there were 12 paralogous groups containing 24 extensins.
In Populus, there were 34 paralogous groups containing 68
extensins identified. In maize, there were 11 paralogous
groups containing 22 extensins identified (Fig. 5, Table S4).
The combined phylogenetic tree reveals that most genes in the
AAT family, especially the duplicated genes, are contained in
paralogous pairs in each species, which supports the occur-
rence of lineage-specific AAT gene duplication events. And
then, these two species shared the 28 orthologous pairs,
followed by rice and maize. There were also nine orthologous
pairs (AtVAAT3/PtAAAP3, AtVAAT2/PtAAAPG69, AtCAT4/
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PtAPC28, AtCAT9/PtAPCO09, AtLHT10/PtAAP04, AtLHT4/
PtAAAPG62, AtLAT5/PtAPCO02, AtANT1/PtAAAPG66, and
AtAAP6/PtAAAP12) detected between Populus and
Arabidopsis. Only two pairs of orthologous (ZmAPC17—
PtAPC17 and ZmAAAP40—PtAAAP65) were detected be-
tween Populus and maize (Fig. 5, Table S5).

Differential expression profiling of Pt414P genes

As mentioned above, the Arabidopsis genes clustered in the
AAP subfamily were participated in various processes of plant
growth and development, and they can regulate the transport
of amino acid and play an indispensable role in responses to
abiotic stress (Tegeder 2012). The phylogenetic analysis indi-
cated that AAP subfamily contains 17 Populus AAT genes
and that these genes are closely related to the Arabidopsis
stress-responsive genes (Fig. 5). This observation prompted
us to investigate possible stress-responsive genes of the 17
PtAAP genes by qRT-PCR. We investigated the expression
levels of 17 PtAAP genes in roots, young leaves, mature
leaves, stem tips, xylem, and phloem of young poplar
trees (“Nanlin95”) using qRT-PCR. PtAAAPOS,
PtAAAP06, PtAAAPO7, PtAAAP29, PtAAAP34, and
Pt4AAP45 were significantly expressed in stem tips and
phloem (Fig. 6a). PtAAAP58, PtAAAPS59, and PtAAAP60
were expressed at high levels in phloem and at low
levels in other tissues (Fig. 6b). Meanwhile Pt44AP09,
PtAAAP10, and PtAAAP25 were mainly expressed in
stem tips (Fig. 6c). PtAAAP12, PtAAAP33, PtAAAP43,
and PtAAAPG61 were highly expressed in some tissues,
while PtAAAP28 was only expressed in differentiating
xylem (Fig. 6d, e).

Since expression patterns can provide important clues for
possible gene function, we further investigated the expression
levels of these genes in response to various abiotic stresses.
Therefore, we performed qRT-PCR to study the expression
levels of 17 selected AAP subfamily members (Pt44AAP05,
PtAAAPO6, PtAAAPO7, PtAAAP09, PtAAAP10, PtAAAPI2,
PtAAAP25, PtAAAP28, PtAAAP29, PtAAAP33, PtAAAP34,
PtAAAPA43, PtAAAP45, PtAAAPS5S, PtAAAPS59, PtAAAPG60),
and PtAAAPG61) in response to PEG, salt, and cold treatment.
For the PEG (drought) treatment, seven of the 17 genes
(PtAAAPOS, PtAAAPI2, PtAAAP33, PtAAAP34, PtAAAP43,
PtAAAP45, and PtAAAP61) were upregulated in response to
PEG (drought) treatment. PtAAAPOS, PtAAAP12, PtAAAP33,
PtAAAP43, PtAAAP45, and PtAAAP61 exhibited the highest
expression levels during early (1 h) treatment; the expression
of PtAAAPI2 and PtAAAP45 at 1 h was 8-fold that at 0 h. The
expression of only one gene (PtAAAP34) peaked at 24 h.
Pt44AP06, PtAAAPO7, PtAAAP10, PtAAAP2S8, PtAAAPSS,
PtAAAPS59, and PtAAAP60 were downregulated during early
PEG (drought) stress treatment and upregulated at later time
points. For example, PtAAAP10, PtAAAP28, and PtAAAP59

@ Springer

Fig. 3 Multiple sequence alignment and transmembrane region of P>
PtAATS. 1dentical (100 %), conservative (75-99 %), and blocks (50—
74 %) of similar amino acid residues are shaded in deep blue, cherry
red, and light blue, respectively. The transmembrane regions are
marked by black rectangles. The conserved motifs 3, 1, 2, and 14 are
marked (in order) by red lines

were strongly upregulated (>4-fold) at 3 h, as PtAAAP28 and
PtAAAP59 were at 6 h. PtAAAP09, PtAAAP25, and
PtAAAP29 were downregulated at later time points (Fig. 7).
The qRT-PCR analysis also revealed that PtA4P genes are
also regulated by cold stress. The highest expression levels
of PtAAAP0S5 and PtAAAP0O6 were found at 1 h after treat-
ment, while PtA4AP10 and PtAAAP45 were most strongly
expressed at 6 h after treatment. Pt4AAP07, PtAAAP12, and
Pt4AAP33 exhibited major changes in expression, with al-
most no expression detected at the three earliest time points
and dramatically upregulated expression detected thereafter.
PtAAAPS58 exhibited only slight differences in expression
over the 24-hour time course. The expression of PtA4AP28,
PtAAAP43, and PtAAAP59 began to decline quickly when
subjected to cold stress, followed by a return to near pretreat-
ment levels. The expression of Pt4AAP09 and PtAAAP34
significantly decreased gradually at all later time points, while
the expression of PtAAAP29, PtAAAP60, and PtAAAP61 in-
creased gradually at these time points (Fig. 8). Under NaCl
treatment, the expression of 12 genes (PtAAAP0S5,
PtAAAP06, PtAAAPO7, PtAAAP09, PtAAAPIO,
PtAAAP25, PtAAAP28, PtAAAP29, PtAAAP43,
PtAAAP45, PtAAAP59, and PtAAAPG60) peaked at 24 h
after treatment, while the expression of Pt44AP33,
Pt4AAP34, and PtAAAP58 peaked at 3 and 6 h, respec-
tively. PtAAAPOS5, PtAAAPO7, PtAAAP09, PtAAAP29,
and PtAAAP60 had the highest expression levels (more
than 4-fold that of control levels) at 24 h, while
PtAAAP45 had the highest expression level more than
14-fold that of control levels at 24 h (Fig. 9).

Together, the qRT-PCR results indicate that only
PtAAAP0O5 was upregulated under all three stress treatments,
and PtAAAPI10, PtAAAP25, PtAAAP28, and PtAAAP59
were downregulated under these treatment, implying that
some PtAAT genes play important roles in regulating the
responses to drought, cold, and salt stress. Moreover, while
some duplicated genes within a sister pair exhibited similar
expression patterns, differential expression patterns between
two duplicated genes was also observed. For example, under
PEG (drought) stress, the highest expression level of
PtAAAP60 was observed at 12 h, while that of PtAAAP61
was observed at 1 h. Under cold stress treatment, PtAAAP06
exhibited major changes in expression, while Pt4AAP58 ex-
hibited only minor changes in expression. Finally,
PtAAAPI12 was downregulated under salt stress, while
PtAAAP43 was upregulated.
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Fig. 4 Chromosomal localization and gene duplication events of PtAAT
genes. Respective chromosome numbers are indicated above each bar.
The scale on the lefi is in megabases (Mb). The duplicated paralogous

Discussion

The plant AAT gene family has been comprehensively ana-
lyzed in Arabidopsis, rice, and maize. However, this family
has not previously been studied in Populus. In the current
study, we performed an overall analysis of the 100 PtAAT
genes, including analysis of their phylogeny, chromosomal
location, gene structure, conserved motifs, and expression
profiles. A total of 100 full-length AAT genes were identified
in the Populus genome, which exceeds the number identified
in Arabidopsis, rice, and maize, implying that there was ge-
nome expansion of the Populus AAT counterparts. The 100
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PtAAAPG2

PtAAAPG3

Chré Chr5 Chré Chr7 Chr19 Chri1
PtAAAP31
PtAAAP25
PAPC14” By ptaaAP32
PtAAAP26
PtAAAP34 PtAPC28
PtAPC15 PtAPC29
EPAAAP27
PtAAAP29
PtAAAP28
PtAAAP30 PtAAAP33
PtAAAPSS
PtAAAPS9
PtAAAP60
PtAAAPG1
Chri4 chris Chr16 Chr17 Cchr18
PtAAAPE6
PIAAAPGT —l pianaPe9
- PtAPC27
tAAA
EPtAAAPGS
PtAAAP70
PtAAAPT1
tAPC26

pairs of AAT genes in the segmental duplicated blocks and tandem
duplication blocks are indicated by small boxes of the same color and
connected by gray lines and red rectangles, respectively

PtAAT genes were divided into 11 subfamilies based on their
phylogenetic relationships with AAT proteins from
Arabidopsis, rice, and maize. The number of members in each
subfamily differs (Table S3). The largest subfamily, AAP,
contains 17 genes, while the smallest subfamily, ProT,
contains only three genes. However, a previous report
estimated that there are 14 genes in the AAP subfamily
(Couturier et al. 2010). There are two possible reasons
for this discrepancy. First, an increasing number of se-
quences have been assembled and introduced into the
Populus genome database. Second, in the current study,
we performed genome-wide analysis of the AAT family,
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Table 2 Ka/Ks analysis and estimated divergence time for segmental duplicated Pt44T genes

Duplicated pairs Ka Ks Ka/Ks Duplicate type Date (Mya)
PtAAAPOI-PtAAAPIS 0.0354 02234 0.1587 Segmental 12.27473
PtAAAPO2-PtAAAP17 0.0455 0.2804 0.01624 Segmental 15.40659
PtAAAP14-PtAAAPI9 0.0115 0.0716 0.1603 Segmental 3.934066
PtAAAPI11-PtAAAP27 0.0296 0.2251 0.1317 Segmental 12.36813
PtAAAP20-PtAAAP44 0.0332 0.2409 0.1378 Segmental 13.23626
PtAAAP40-PtAAAPS2 0.0473 0.2042 0.2316 Segmental 11.21978
PtAAAP42-PtAAAP49 0.0571 0.2194 0.2604 Segmental 12.05495
PtAAAP32-PtAAAP68 0.039 0.3455 0.1129 Segmental 18.98352
PtAAAP37-PtAAAPS56 0.0626 0.2226 0.2813 Segmental 12.23077
PtAAAP39-PtAAAPS4 0.0346 0.2081 0.1663 Segmental 11.43407
PtAAAP38-PtAAAPS5 0.0468 0.2183 0.2143 Segmental 11.99451
PtAAAP42-PtAAAP49 0.0571 0.2194 0.2604 Segmental 12.05495
PtAAAP41-PtAAAPS50 0.0242 0.236 0.1026 Segmental 12.96703
PtAPC23-PtAPC26 0.068 0.2527 0.269 Segmental 13.88462
PtAPC04-PtAPCI10 0.0544 0.1779 0.306 Segmental 9.774725
PtAPCO5-PtAPCI19 0.0376 0.2019 0.186 Segmental 11.09341
PtAPC16-PtAPC22 0.0511 0.2313 0.2208 Segmental 12.70879
PtAPC13-PtAPC20 0.0684 0.2874 0.2379 Segmental 15.79121

while the previous study focused on a subfamily of AAT
genes.

ANT

OsCAT7
ZmAPC23

18
3

OsCAT2

CAT

ZmAPC08
PIAPC18

ACT

Chromosomal mapping of PtAAT family genes revealed

their variable distribution on

AUX

OsLHT3

OsLHT4

D AAUX1
D AUX2

@ PIAAAPIY

@ PIAAAPSS

OsAUXT

®7ZmAAAP24
OsAUX2

®ZmAAAPSO

@ AProT3

OsGAT3
®2ZmAAAP23

ZmAPC20

Fig. 5 Phylogenetic tree of full-length AAT protein sequences from
Populus, Arabidopsis, rice, and maize. The tree was generated with
ClustalX 2.0 using the NJ method. Populus, Arabidopsis, rice, and
maize proteins are indicated with different-colored dots. Yellow

19 Populus chromosomes, but

@ ATTP1
TP — [ @arme2

rectangles represent the orthologous pairs from rice and maize, crimson
rectangles represent the orthologous pairs from Populus and Arabidopsis,
black rectangles represent the orthologous pairs from Populus and maize

@ Springer



83 Page 14 of 20

Tree Genetics & Genomes (2015) 11: 83

A

18
16
14
12
1.0
8
6
4
2
0.0

PtAAAPOS PtAAAPO6

Relative mRNA level

o N IS o ® =)

R YL ML ST X P R YL ML ST

Ul

PtAAAPO7 PtAAAP29

o ) IN o © =)
o . PP
ol hr o m®moir O ®

R YL ML ST X P R YL ML ST X P

PtAAAP34 PtAAAPS8

50

40

30

20

Relative mRNA level
o o
=] - N w

R YL ML ST X P R YL ML ST X

el

PtAAAPG0O PtAAAPS9

[ A N =)
o 4 N w s

R YL ML ST X P R YL ML ST X P

PtAAAP45 PtAAAP10

Relative mRNA level
o v & ® ® o N
o v A O ® B N R

R YL ML ST X P R YL ML ST

L

PtAAAPO9 PtAAAP25

AN W Ao N
o N & ® ® S N

R YL ML ST X P R YL ML ST X P

PtAAAP12

12
20

1.0 4
15 8
1.0 61

4
5

- -
0 u

R YL ML ST X P R YL ML ST X

PtAAAP33

Relative mRNA level

PtAAAPG1 PtAAAP43

.0010
.0008
.0006
0004

0002

.
IS N N N )

0.0000

R YL ML ST X P R YL ML ST X P

PtAAAP28

Relative mRNA level
3

R YL ML ST X P

Fig. 6 Real-time PCR analysis of tissue-specific expression of AAP
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most members are localized on chromosomes 1, 2, 3,4, 5, 6,
8,9, and 10. Meanwhile, tandemly duplicated genes are main-
ly present on chromosomes 1, 5, and 11, and duplicated seg-
ments are mainly localized on chromosomes 10 and 16
(Fig. 4). In each subfamily, the characteristics of exon/intron
structures and motif compositions were relatively conserved
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young leaves, ML mature leaves, ST stem tips, X differentiating xylem,
P phloem. a Genes with preferential expression in JT and P. b, ¢, e Genes
with preferential expression in P, ST, and X, respectively. d Genes with
preferential expression in some tissues

in recent paralogs (Figs. 1, right, and 2), which indicates their
close evolutionary relationship and helps confirm the classifi-
cation of the subfamilies.

Gene duplication is one of the major evolutionary mecha-
nisms for generating novel genes, which helps organisms
adapt to different environments (Bowers et al. 2003; Gu
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etal. 2003). The Populus genome has undergone at least three
rounds of genome-wide duplication, followed by multiple
segmental duplications, tandem duplications, and transposi-
tion events (He and Zhang 2005; Prince and Pickett 2002).
Transposition events include retroposition and replicative
transposition (Kong et al. 2007). As many as 14,000 of the
45,000 predicted genes in Populus are retained in duplicated
pairs resulting from the salicoid duplication event (Hurst
2002). In the present study, our analysis of gene duplication
revealed that 55 of the 100 Populus AAT genes (55 %) arose
from duplication events, including 18 pairs from segmental
duplication and 19 from tandem gene duplication, indicating
that segmental and tandem duplications have contributed al-
most equally to the expansion of the PtAAT gene family. We
further calculated the duplication dates of the 18 pairs of genes

PtAAAPOS PtAAAP12

derived from segmental duplication. The Ka/Ks ratios were
less than 0.3 (Table 2), indicating that these 18 gene pairs
experienced negative or purifying selection during the process
of evolution, which occurred between 3.93 and 18.98 Mya.
To examine the phylogenetic relationship among the AAT
domain proteins in Populus, Arabidopsis, maize, and rice, we
performed a genome-wide comparison of plant AAT members
from these four plants to explore how the AAT gene family
has evolved. There were many paralogous pairs in each sub-
family, especially in Populus, wherein more than half of the
extensins were associated with intraspecific duplication, sug-
gesting that the AAT proteins have many from the four species
appearing to be more closely related to each other than to
those from the same species in different subfamilies (Fig. 5,
Table S4). The presence of 11 distinct subfamilies (except
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Fig. 7 Expression patterns of 17 selected AAP subfamily genes under drought stress revealed by qRT-PCR. The Y-axis indicates relative expression
levels. The X-axis indicates the time courses of stress treatments. Error bars, 6+SE
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TTP subfamily) of AAT genes and the presence of both mono-
cots and dicots containing members in all 11 subfamilies in-
dicate AAT genes have diversified before the monocot—dicot
split. There are 39 orthologous pairs, including nine pairs from
Populus and Arabidopsis, while 28 pairs from rice and
maize, which further verifies the validity of the phyloge-
netic tree, in which PtAATs are more closely grouped with
AtAATs than with OsAATs and ZmAATs. Because the ge-
netic relationship between rice and maize is closer than
Populus and Arabidopsis, as we all know, rice and maize
are both monocots and belong to Gramineae, while
Populus and Arabidopsis are both dicots but belong to
different families. Arabidopsis comes from Cruciferae
while Populus comes from Salicaceae. Most orthologous

PtAAAPOS5 PtAAAPO6

showed a close relationship than paralogs between
Populus and Arabidopsis AAT genes, indicating that these
genes which formed the orthologous pairs might have
originated from their common ancestor, in which ancient
duplication events occurred predating Populus—Arabidopsis
divergence. Populus and Arabidopsis lineages diverged about
100120 million years ago (Mya) (Tuskan et al. 2006).
In the combined tree of AAT genes in all four species,
we identified only two monocot and dicot orthologous
pairs (ZmAPCI17-PtAPCI17 and ZmAAAP40-PtAAAP65)
from maize and Populus (Fig. 5, Table S5), suggesting
that the orthologous pair originated from common an-
cestral genes that existed before the divergence of
monocots and dicots.
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Fig. 8 Expression patterns of 17 selected AAP subfamily genes under cold stress revealed by qRT-PCR. The Y-axis indicates relative expression levels.
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Fig. 9 Expression patterns of 17 selected AAP subfamily genes under salinity stress revealed by qRT-PCR. The Y-axis indicates relative expression
levels. The X-axis indicates the time courses of stress treatments. Error bars, 6+SE

Most of the amino acid transporters from plants that have
been functionally characterized belong to the AAAP super-
family, with the amino acid permease (AAP) family being the
subfamily that has been studied most. In Arabidopsis, there
were eight genes in the AAP subfamily, and only 4t44P7 has
not been studied so far. The functions of the remaining seven
(AtAAPI to AtAAP6 and AtAAPS) genes have been reported.
Based on the genetic relationship between Arabidopsis and
Populus, we speculated the function of the Pt44Ps. The ex-
pression profile of a gene can provide a valuable clue for its
functional study (Zhao et al. 2010). Our real-time PCR anal-
ysis of tissue-specific expression of AAP subfamily reveal
that the expression patterns of the 17 PtAAP genes could be
divided into five major groups. Some preferential or tissue-
specific expression of Pt4AP genes were also identified. The

tissue expression results showed that six genes (PtA4AP0S,
PtAAAP06, PtAAAPO7, PtAAAP29, PtAAAP34, and
Pt4AAP45) were significantly expressed in stem tips and
phloem. PtAAAP58, PtAAAP59, and PtAAAP60 were
expressed at high levels in phloem (Fig. 6). The Pt44AAP43
and PtAAAP61 were highly expressed in root. In Arabidopsis,
AtAAP3 with mainly expression in root vascular tissue may be
involved in amino acid uptake from phloem (Okumoto et al.
2004). Similar expression patterns suggest that these root pref-
erentially or specifically expressed genes might play impor-
tant roles in root formation and development. Our data
showed that Pt4AAPI12, an ortholog of At4AP6, which had
high expression levels in some tissues especially in young
leaves, differentiating xylem and phloem, and Pt4AAP28
was almost preferentially expressed in differentiating xylem.
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It is known that Az44AP6 was found to be expressed in the
xylem parenchyma and might be responsible for amino acid
uptake from xylem (Fischer et al. 2002). So we speculated that
PtAAAP12 and PtAAAP28 were responsible for amino acid
uptake from xylem. AtA4API regulates the import of amino
acids into developing Arabidopsis embryos (Sanders et al.
2009). AtAAP2 may play critical role in the long-distance
transport of amino acid (Hirner et al. 1998; Okumoto and
Pilot 2011). Therefore, combining their phylogenetic relation-
ship and role of the Az44Ps, we infer that some PtAAP genes
might participate in the uptake and long-distance transport of
amino acid.

It is known that amino acid transport is highly regulated by
environmental signals, such as light, low temperature, high
salt, and/or drought (Grallath et al. 2005). In spite of a few,
the amino acid permease (AAP) subfamily genes have been
reported to play positive roles in response to abiotic stress in
many plants (Ueda et al. 2001). However, no AAP gene re-
sponse to abiotic stresses was reported in Populus. For this
purpose, we investigated the expression patterns of Populus
AAP genes under PEG (drought), cold, and salt stresses. The
subfamily of Pt4AP genes shows significant and differential
expression pattern under three abiotic stresses (Figs. 7-9). The
results demonstrated that most of them were downregulated
by salt stress. Moreover, we also found that the Pt4AP genes
were either increase or repressed under the PEG and cold
treatment. Our investigation suggests that the PtAAT genes
may play a critical role in abiotic stress signaling in Populus.
Taken all of the results by abiotic stresses, we can detect that
most genes within the same subclass of the phylogenetic tree
showed the similar expression patterns. For example, three
pairs of duplicated genes (PtAAAPO7-PtAAAPS59,
PtA4AP09-PtAAAP29, and PtAAAPI2—-PtAAAP43) showed
the similar expression patterns under PEG stress. PtAAAP25—
PtAAAP34, PtAAAP60—PtAAAPG61, and PtAAAPO7—
PtAAAP59 showed the similar expression patterns under cold
stress, as well as two pairs of duplicated genes (PtA4AAP09—
PtAAAP29 and PtAAAPO7-PtAAAP59) showed the similar
expression patterns under salt stress (Fig. 7). These duplicated
genes in the same subclass share high sequence similarity and
had the similar expression patterns, indicating that the regula-
tory sequences that respond to the stress conditions did not
diverge much along with the evolution of each gene after
duplication. In contrast, there were some pairs of duplicated
genes expressed differently, indicating that the regulatory se-
quences that respond to the stress conditions had diverged
much along with the evolution of each gene after duplication.

Conclusions

In conclusion, the results of this study display the genomic
framework, classification, duplication manner, Ka/Ks ratios,
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and conserved motifs of the 100 Pt4AT members. We selected
17 amino acid/auxin permease (AAAP) subfamily genes to
explore their stress-related and tissue-specific expression pat-
terns under abiotic stresses and in different tissues were inves-
tigated by quantitative real-time PCR (qQRT-PCR). The qRT-
PCR results to explore the precise role of individual Pt4AAT
gene. This study presents a thorough overview of the Populus
AAT gene family and provides a new perspective on the evo-
lution of this gene family. These data will provide an insight
into further understanding of functions of AAT members and
their roles in Populus growth and development.
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