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Abstract Ammonium transporters (AMTs), which include AMT1 and AMT2 subfamilies, have been identified and
partially characterized in many plants. In this study, two AMT2-type genes from Brassica campestris, namely BcAMT2
and BcAMT2like, were identified and characterized. B;AMT2 and BcAMT2like are 2666bp and 2952bp, encode proteins
of 490 and 489 amino acids, respectively, and contain five exons and four introns. Transient expression of these proteins
labelled with green fluorescence protein in onion epidermal cells indicated that both are located on the plasma membrane.
When expressing BcAMT2 or BcAMT2like, the mutant yeast strain 31019b could grow on medium containing 2mM
ammonium as the only nitrogen source when expressing B;AMT2 or BcAMT2like, indicating that both are functional AMT
genes. Quantitative PCR results showed that B;cAMT2 and BcAMT2like were expressed in all tissues, but they displayed
different expression patterns in the reproductive stages. BcAMT2s transcript levels in leaves were positively correlated with
ammonium concentration and external pH. Moreover, the expression BcAMT2s responded to diurnal change. Furthermore,
the uncharged form of ammonium, i.e., ammonia, might also be transported by BcAMT2s. These results provide new
insights into the molecular mechanisms underlying ammonium absorption and transportation by the AMT2 subfamily in B.

campestris.
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Introduction

Ammonium, as a major inorganic nitrogen (N) source
for plants, plays important roles in their growth and
development. It triggers multiple physiological and
morphological responses (Liu and von Wirén 2017).
Mild ammonium increases resistance against pathogen
infection by enhancing the H,O, burst in leaves
(Fernandez-Crespo et al. 2015), improves drought
tolerance by enhancing drought-induced abscisic
acid accumulation (Ding et al. 2016), and increases
phosphorus (Jing et al. 2012; Zeng et al. 2012) and iron
(Zou et al. 2001) uptake involved in proton release and
rhizosphere acidification. In addition, ammonium
changes root system architecture by inhibiting root
elongation and by stimulating lateral root branching and
root hair growth (Bloom et al. 2003; Lima et al. 2010;
Yang et al. 2011). Thus, ammonium is a preferable N
source (Gazzarrini et al. 1999; Hachiya and Sakakibara
2017), especially under the predicted rise in carbon

dioxide concentration (Hachiya and Sakakibara 2017).
However, excessive ammonium is toxic to plants (Hao
et al. 2016). Accordingly, a strictly regulated ammonium
uptake system must exist, including abundant
ammonium transporters and effective mechanisms
regulating their activity (Song et al. 2011).

Membrane transportation and distribution of
ammonium are mediated by ammonium transporters
(AMTs) of the ammonium transporter/methylamine
permease/rhesus family, which has been found in all
domains of life (McDonald et al. 2012). The ammonium
transport mediated by members of this family
provides sufficient N for optimal growth in plants and
microorganisms. Molecular and biophysical studies
have suggested that there are two transport systems for
ammonium uptake, the high-affinity and the low-affinity
transport system, which are responsible for the biphasic
influx of ammonium. The former system takes up
ammonium at low external concentrations (micromolar
level) (Camanies et al. 2009; Gazzarrini et al. 1999; Yuan
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et al. 2007), while the latter assures the maintenance of a
large ammonium influx at high external concentrations
(millimolar level) (von Wirén et al. 2000a). Working
together, these two systems ensure the optimization of
ammonium uptake from the soil by the roots.

According to their phylogenetic relationships,
plant AMTs can be clustered into two subfamilies:
AMT1 and AMT2 (Loqué and von Wirén, 2004;
McDonald et al. 2012). Members of both subfamilies
differ in several characteristics (Giehl et al. 2017; Li et
al. 2016; McDonald et al. 2012; Neuhduser et al. 2009;
von Wittgenstein et al. 2014). First, gene structure and
protein characteristics are more complex in AMT?2 than
in AMT1, as AMT2-type genes contain several introns
(Castro-Rodriguez et al. 2016), whereas AMTI-type
genes include no introns (Becker et al. 2002; von Wirén
et al. 2000b; Yuan et al. 2007), except for AMTI;2 from
Lotus japonicus (Salvemini et al. 2001). Phylogenetic
analyses revealed that AMT?2 is more closely related to
the AMT of prokaryotes than to plant AMT1s (Loqué
and von Wirén 2004; McDonald et al. 2012). In addition,
there is only 20 to 25% identity among AMT?2 families,
while plant AMT1s share 65 to 95% identity (Pantoja
2012). Second, in addition to mediating ammonium
transport, AMT2;1 mediates electroneutral ammonia
transport (Guether et al. 2009; Neuhéuser et al. 2009;
Sohlenkamp et al. 2002). Thus, theoretically, AMT2;1
transports ammonium from the cytosol into the apoplast
more efficiently than AMT1-type transporters (Giehl et
al. 2017). Third, AMT1-type subfamily members play
important roles in high-affinity ammonium uptake in
the micromolar range (McDonald et al. 2012; Song et al.
2017; Yuan et al. 2007), while AMT2 subfamily members
have a limited contribution to low-affinity ammonium in
the millimolar range (Giehl et al. 2017). The ammonium
transport capacity of AMT2;1 appears to increase with
pH (Neuhéuser et al. 2009; Sohlenkamp et al. 2002).
Finally, AMT2 subfamily members mainly translocate
ammonium from root to shoot in Arabidopsis thaliana
(Giehl et al. 2017). Although AMT2;1 in Arabidopsis is
a functional ammonium transporter (Neuhéduser et al.
2009; Sohlenkamp et al. 2002), members of the AMT2
subfamily from different species typically exhibit
different characteristics and appear to have different
physiological roles and transport mechanisms (Li et al.
2016). Therefore, the isolation, expression analysis, and
functional analysis of new AMT2 subfamily members
would be beneficial for gaining an understanding of the
physiological roles of AMT2-type genes in plant growth.

Flowering Chinese cabbage (Brassica campestris L. ssp.
chinensis var. utilis Tsen et Lee), a prominent vegetable
in South China, has the largest growing area and yield
in several locations. The flower stalk, the edible organ
of flowering Chinese cabbage, is crisp and nutrient-
rich (Song et al. 2012). In a previous study, we found

that fertilizers containing both nitrate and ammonium
were more beneficial to flowering Chinese cabbage
qualities than those with a single N source (Song et al.
2012). Nitrate may stimulate ammonium loading into
the xylem and/or its assimilation through the enhanced
amino acid biosynthesis (Hachiya and Sakakibara 2017).
In A. thaliana, ammonium is imported into the cytosol
by AtAMT1;1 and AtAMT2;1, which are expressed in
the leaves, or via other pathways through diffusion or by
unknown transporters/channels (Ludewig et al. 2007).
In addition, AMT2;1 plays an important role in root-
to-shoot translocation of ammonium in Arabidopsis
(Giehl et al. 2017). However, there is no information
regarding ammonium transport systems and AMT2
subfamily roles in B. campestris. Therefore, research on
ammonium transport systems in B. campestris is very
important for gaining an understanding of the regulation
of ammonium uptake by the roots. In the present study,
two AMT2-type genes were isolated from B. campestris
and their expression patterns were analysed to provide
information on the AMT family and discuss the possible
roles of these two AMT2s in this species.

Materials and methods

Plant materials and culture conditions
The present study examined the flowering Chinese cabbage
variety “Youlv 501” (Guangzhou Academy of Agriculture
Sciences, Guangdong province, China). Experiments were
carried out in a greenhouse (25 to 30°C, natural light). Seeds
were surface-sterilized in 2.5% NaClO for 10 min, washed
with distilled water, and sown in plug trays filled with perlite.
Plug seedlings were grown until the third true leaf was fully
expanded. Then, 16 uniform seedlings were transplanted to a
plastic box (60 cm longx40cm wideX15cm high) filled with
241 of modified Hoagland solution (4.0mM NaNO;, 1.0 mM
KH,PO,, 2.0mM KCl, 1.0mM MgSO,, 0.5mM CaCl,, 0.1 mM
Fe-EDTA, 50uM H;BO;, 12uM MnSO,, 1uM ZnCl,, 1uM
CuSO,, and 0.2uM Na,MoO,). The nutrient solution was
completely replaced every four days and its pH was adjusted
to 5.8 every two days. An air pump was installed at 15min h™
to maintain good air circulation. Roots, stems, leaves and other
organs were randomly selected and harvested separately at
the following growth stages: roots (R), hypocotyls (H), and
cotyledons (C) were harvested at cotyledon stage (stage 1);
roots (R), stem (S), and leaves (L) were harvested at the three-
leaf stage (stage 2) and six-leaf stage (stage 3); roots (R), stem
(S), leaves (L), and flower buds (B) were harvested at the
stalk-growth stage (stage 4); roots (R), stem (S), leaves (L),
flowers (F), and pods (P) were harvested at the flowering stage
(stage 5). All samples were randomly selected four plants per
biological replicate and harvested separately during the several
growth stages.

After 10 to 15 days in nutrient solution, the seedlings
were used in experiments. For N-starvation and N-resupply
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treatments, seedlings were washed in deionized water and
transferred to N-free modified Hoagland solution containing
4mM NaCl instead of 4mM NaNO; for 72h. After this period,
the nutrient solution was replaced with a solution containing
4mM NH,CI as the only N source. Roots and leaves were
harvested at 0, 24, 48, and 72h during the N-deficiency
treatment and at 2, 4, and 8h during the N-resupply treatment.
For different pH treatments, seedlings were transferred to a
modified Hoagland solution, where 4mM NH,CI replaced
4mM NaNOs;, and pH values were adjusted to 4.8, 5.8, and 6.8
with 2M HCI or NaOH. After three days, roots and leaves were
harvested. For the high-ammonium treatment, seedlings were
kept in a 10mM NH,CI solution, and roots and leaves were
harvested at 0, 24, 48, and 72 h. For the circadian rhythm study,
seedlings were cultured in a greenhouse (25 to 30°C, natural
light), and then transferred to a growth incubator at 25°C, 70%
relative humidity, 150 umol m2s™" light intensity, and a 12/12-
h light/dark period (light, 7:00 to 19:00; dark 19:00 to 7:00).
After three days, leaves and roots were first sampled at 3:00 to
24:00 and then every 3h. All samples were immediately frozen
in liquid nitrogen and stored at —80°C for quantitative real-
time PCR (qPCR).

BcAMTZ2s gene cloning and bioinformatics
analysis

Based on AMT2 and AMT2like sequences of B. rapa (retrieved
from GenBank, under accessions no. XM_009145156.2,
XM_009143483.2, respectively) specific primers were designed
for each gene (Table 1). Total RNA was extracted from leaves
and roots of B. campestris using the Plant RNAiso Plus Kit
(TaKaRa, Kyoto, Japan), and was reverse transcribed using
the PrimeScript™ 1st Strand cDNA Synthesis Kit (TaKaRa).
Genomic DNA was extracted from leaves using the plant
genomic DNA kit (Tiangen Biotechnology, Beijing, China).
Full-length sequences of the ORFs of the BcAMT2s were
amplified by PCR using cDNA of B. campestris as template,
and the products were ligated into the pYES2 vector

Table 1. Primers used in the experiments.
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(Waryong Biotechnology, Beijing, China) and sequenced. The
corresponding genomic sequences were obtained in a similar
way, using genomic DNA as the PCR template.

According to the deduced amino acid sequence, the
following protein characteristics were predicted using online
tools: protein physicochemical properties (ProtParam, http://
web.expasy.org/protparam/), PROSITE motifs (ScanProsite,
http://prosite.expasy.org/scanprosite/), transmembrane
motifs (Protter, http://wlab.ethz.ch/protter/), and subcellular
localization (http://www.softberry.com). Multiple sequence
alignment of 38 AMT proteins from A. thaliana, B. rapa, B.
campestris, Oryza sativa, P. trichocarpa, and Escherichia coli,
and phylogenetic analysis based on an unrooted, maximum
likelihood-based phylogenetic tree were conducted using
CLUSTALW in MEGA (6.0) (Tamura et al. 2013). Exons/
introns in cDNA and genomic sequences were visualized in
GSDS (2.0) (http://gsds.cbi.pku.edu.cn/) (Hu et al. 2015).
Conserved domains defining the AMT subfamilies were
generated using WEBLOGO (http://weblogo.berkeley.edu/logo.
cgi/) (Crooks et al. 2004).

Sub-cellular location

Primers pB2 and pB2like (Table 1) were used to amplify the
coding sequences of BcAMT2 and BcAMT2like. The amplicons
were ligated into the pBI121-GFP vector (kindly provided by
Dr. Guibing Hu, South China Agricultural University, China),
which harbours the CaMV 35S promoter and GFP, at the Xbal
and Smal sites, and the fusion constructs were transformed
into onion epidermal cells by the Agrobacterium tumefaciens
(EHA105; Weidi Biotechnology, Shanghai, China) infiltration
method (Zhang et al. 2013). After two days of incubation, the
fluorescence levels of the fusion proteins were examined under
a positive fluorescence microscope (Axio Imager D2; Zeiss,
Dresden, Germany) under 480 nm excitation and 525nm
emission wavelengths.

Primer name Sequence (5'-3")

Usage

AMT2 F: CAGTGTGCTGGAATTCATGGCCGGCGCTTACGATGCGA  Cloning BcAMT2 and BcAMT2like into pYES2 vector
R: TGCGGCCCTCTAGATTATAAAACAATAGTGACACCTC using EcoRI and Xbal sites
AMT2like F: CAGTGTGCTGGAATTCATGGCCGGAGCTTACGGTGCA
R: TGCGGCCCTCTAGATTATAAAACAATGGTAACACCTC
pB2 F:CACGGGGGACTCTAGAATGGCCGGCGCTTACGATGCGA  Cloning BcAMT2 and BcAMT2like into pBI121 vector
R: TCCTTTACCCATCCCGGGTAAAACAATAGTGACACCTC  using Xbal and Smal sites
pB2like F: CACGGGGGACTCTAGAATGGCCGGAGCTTACGGTGCA
R: TCCTTTACCCATCCCGGGTAAAACAATGGTAACACCTC
qAMT2 F: CTGTCTGGAATGTAGTGTCG qPCR
R: TCTCCATCTCCCCAAAGAGC
qAMT2like F: AGCTTGGGATTGGAGATGACG qPCR
R: ATGCCTTGTGGCATCGAAC
B-actin F: GTGACAATGGAACTGGAATGG qPCR
R: AGACGGAGGATAGCGTGAGG
GAPDH F: CAGGTTTGGAATTGTCGAGG qPCR

R: GAGCTGTGGAAGCACCTTTC

Copyright © 2018 The Japanese Society for Plant Cell and Molecular Biology

61



62

Characterization of AMT2s in Brassica campestris

312 76 324 731 286 226 104 171 444
BeAMT2 I I I
312 87 324 1110 286 96 104 200 441
Beamrzike | N —
5 L L L L L 3
Obp 500bp 1000bp 1500bp 2000bp 2500bp
Legend: |l Exon —intron
100
BcAMT2 1% Si K
BcAMT2like 1 [N PV C GLC I X ! OGYLK
consensus I e e ——
™1 T™2
BcAMT2 STH WY oM PMATLY Y F
BcAMT2like T TELE I v L
consensus 101 dodkok ko kkkkokk k| ko dkok ko ok ok ok ok ok ook ook ok ok sk ok ok ok ok ok ok sk ok ok ok ke ok ok sk ok ok ok ok ok ok ok ok ok ok ok sk ok ok sk ok ok ok ok ok ok ok ke ok ok ok ok ok ok
T™M3 T™M4
BcAMT2 201 [
BcAMT 2like LA S SGVAGEVARYWVGPRPQ?
consensus DOL *k ko k ok ok ok ok kKK
TM5(signature motif)
BcAMT2 301 Neyg I VDDT L
BcAMT2like 301 jte LIC IGI VDD GILGG
consensus I
T™M9 T™M10
BeAMT2 401

BeAMT2like 400 {81 NLVSTTLI LT KME -

consensus

TM11

GO H% %k Kok Kook kR KKk KKKk ok K KKK K K K KKK K KKKk K K KKK K K KK K K KKKk KKk K KK K K KK K K K KK K K K K KKk K X

Figure 1. Genomic structure and multiple alignment of the ammonium transporters (AMT) BcAMT2 and BcAMT2like isolated from Brassica
campestris. A: Gene structure analysis was carried out in GSDS (gene structure display server, http://gsds.cbi.pku.edu.cn/). Numbers above exons
(boxes) and introns (lines) indicate the number of nucleotides. B: Multiple alignment was performed in MEGA 6.0. Transmembrane domains (TM)
and AMT signature motifs were predicted by Protter (http://wlab.ethz.ch/protter/) and ExPaSy (http://expasy.org/tools/scanprosite/), respectively.
Identical residues are indicated by asterisks, different residues are indicated as a gap, semi conservative mutations are shown as points, predicted TM

and signature motifs are outlined by thick lines.

gPCR

Total RNA was extracted from samples using the Plant RNAiso
Plus Kit (TaKaRa), and was reverse transcribed using the
PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa).
qPCR was performed in a LightCycler 480 Real-Time PCR
System (Roche, Basel, Switzerland), using SYBR Premix
Ex Taq (TaKaRa) and the primer pairs listed in Table 1. The
genes encoding glyceraldehyde-3-phosphate dehydrogenase
and f-actin were used as internal control genes. The PCR
mixture (10l total volume) contained 5ul 2XSYBR Premix
Ex Taq, 0.4l each primer (10uM), 2yl 10-fold diluted cDNA,
and 2.2l ddH,0O. The PCR program was initiated at 95°C for
30s, followed by 45 cycles of 95°C for 5s and 60°C for 30s,
and completed with a melting curve analysis (65 to 95°C, at
increments of 0.5°C), which was conducted to confirm primer
specificity. No-template (blank) controls were included in every
reaction batch. Three biological replicates were used to calculate
relative gene expression as previously described (Livak and
Schmittgen 2001).

Yeast growth and complementation

Yeast expression vectors were constructed by cloning the
BcAMT?2 and BcAMT2like ORFs into the EcoRI and Xbal sites
of the pYES2 vector (Waryong Biotechnology), respectively.
The yeast mutant strain 31019b (Amepl, Amep2, Amep3,

and ura3), which was kindly provided by Dr. Bruno André
(Université Libre de Bruxelles, Belgium), is unable to grow
on medium containing an ammonium concentration lower
than 5mM as the only N source (Marini et al. 1997; Yuan et
al. 2007). Recombinant or empty (pYES2) plasmids were
transformed into 31019b yeast cells using LiAcO (Yuan et al.
2007). Transformed cells were plated on synthetic dropout
medium lacking uracil (FunGenome Company, Beijing, China)
for the identification of positive clones. Positive clones were
pre-cultured in liquid yeast nitrogen base medium without
amino acids, and ammonium sulphate was supplemented
until the optical density at 600 nm reached 1.0. Growth
complementation assays were performed on solid yeast
nitrogen base medium at pH 5.8 containing 2% galactose and
a single N source (1 mM arginine or 2mM NH,CI). Overnight
cultures were serially diluted by factors of 10, and 3yl of pre-
cultured yeast cell suspensions at each dilution were spotted on
yeast nitrogen base medium. Growth was evaluated after three
days of incubation at 30°C.

Statistical analysis
Data from three independent experiments were analysed by
one-way analysis of variance using SigmaPlot (11.1) (Jandel
Scientific software, San Rafael, CA, USA), and differences
were compared using Duncan’s test considering p<<0.05 as the
significance threshold.
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Figure 2.

Phylogenetic analysis and conserved domains of ammonium transporters (AMTs). A: Unrooted, maximum likelihood-based phylogenetic

tree of AMT family proteins generated in MEGA 6.0 software, using ClustalW for the alignment and 1000 bootstrap replicates. AtAMT1;1-1;5 and
AtAMT?2 from A. thaliana (accessions no. NM_117425.2, NM_105152.3, NM_113336.3, NM_119012, NM_113335, and NM_129385.5); BrAMT1.1-
BrAMT1;5, BrAMT2, and BrAMT2like from B. rapa (XM_009126366.2, XM_009113156.1, XM_009104274.2, XM_009131146.2, XM_009137637.1,
XM_009145156.2, and XM_009143483.2); OsAMT1;1-1;3, OsAMT2;1-2;3, OsAMT3;1-3;3 from O. sativa (NM_001059815.1, NM_001053990.1,
NM_001053991.1, XM_009378133.2, XM_015787532.1, XM_015766098.1, XM_015766529.1, NM_001058371.2, and NM_001053632.1);
PtrAMT1;1-1;5, PtrAMT2;1, PtrAMT2;2, PtrAMT3;1, PtrAMT4;1-T4;4 from P. trichocarpa (XM_002314482.2, XM_002325754.1, XM_002311667.2,
XM_002303068.1, XM_002301801.1, XM_002314070.2, XM_002309115.1, XM_002323564.1, XM_002300186.2, XM_002302048.2, XM_002324235.2,
XM_002306767.2, and XM_002319034.2); EcCAmtB from E. coli (NP_286193); BcAMT2 and BcAMT?2like from B. campestris are displayed with a black
triangle. B: Conserved domains defining the AMT subfamilies generated using WEBLOGO (http://weblogo.berkeley.edu/logo.cgi/).

Results

Gene isolation and sequence analysis

Two AMT2-type homologous genes, namely BcAMT2
and BcAMT2like (accession no. MF966941 and
MF966942), were isolated from genomic DNA of B.
campestris. Although both genes had the same number
of introns and exons, the lengths thereof differed
(Figure 1A). The complete open reading frame (ORF)
of BcAMT2 comprised 1470 nucleotides and encoded
a 52.63kD polypeptide of 490 amino acids. The DNA
sequence of BcAMT2 was composed of 2666 nucleotides
(accession no. MF966943) and it included five exons of
104 to 444 bp and four introns of 76 to 731bp (Figure

1A). BcAMT2like encoded a 52.53kD polypeptide of
489 amino acids, and it contained 2952 nucleotides
distributed in five exons separated by four introns
(accession no. MF966944) (Figure 1A).

At the amino acid level, the similarity of BcAMT2
and BcAMT2like was 93% (Figure 1B). Based
on their predicted structures, both BcAMT2 and
BcAMT2like are located on the plasma membrane
and have 11 transmembrane (TM) domains
(Figure 1B), an extracellular N-terminus, and a
cytosolic C-terminus. The predicted signature
motif of both BcAMT2 and BcAMT2like is
PIDYSGGYVIHLSSGVAGFVAAYWVGPR*S, but the
proteins differ in one, three, and five amino acid residues

Copyright © 2018 The Japanese Society for Plant Cell and Molecular Biology
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Brightfield GFP Merged

pBI121-GFP
(Control)

B ---
m— ---

Figure 3. Subcellular localization of pBI121-GFP, pBI121-BcAMT2-
GFP, and pBI121-BcAMT2like-GFP fusion proteins in onion epidermal
cells. Bright field: image obtained by bright field microscopy; GFP:
green fluorescence derived from GFP imaged by fluorescence
microscopy; Merged: overlay of the two images. Scale bar: 50 ym.

2mM NH,*

1mM Arg
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Figure 4. Functional complementation of yeast mutant 31019b cells
by BcAMT2 and BcAMT2like. pYES2: empty vector was used as the
negative control. pYES2-BcAMT2 and pYES2-BcAMT2like: BcAMT2
and BcAMT?2like ORFs cloned into pYES2 vector. Yeast cell suspensions
were adapted to an optical density at 600nm of 1.0 (dilution 1).
Then, they were serially diluted by factors of 10, and 3 ul of the yeast
cell suspensions at each dilution were spotted on yeast nitrogen base
medium. Growth was evaluated after three days of incubation at 30°C.

in TM 9th, 10th, and 11th, respectively (Figure 1B).

Phylogenetic analysis based on multiple sequence
alignment of 38 AMT proteins from six species, as
retrieved from GenBank or obtained in the present study,
showed that AMTs were divided into two subfamilies
(Figure 2A). Both BcAMT2 and BcAMT2like, which
were grouped within the AMT?2 subfamily, were closely
related to EcamtB from Escherichia coli and most related
to BrAMT2 from B. rapa, and were classified into the
same cluster as AtAMT2 from A. thaliana. However,
PtrAMT2s from Populus trichocarpa were classified into
a different cluster (Figure 2A).

Each subfamily was defined by a conserved domain: in
the AMT1 subfamily, this domain spanned residues D**°
to R* while in AMT2 subfamily, it spanned D** to R’
(Figure 2B, Crooks et al. 2004).

The observation of fluorescence in onion cells
transiently transfected with recombinant plasmids
including full-length sequences of BcAMT2 and
BcAMT2like fused with green fluorescent protein (GFP)
confirmed that both proteins were located within the
plasma membrane (Figure 3).

Copyright © 2018 The Japanese Society for Plant Cell and Molecular Biology
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Figure 5. BcAMT2 and BcAMT2like expression patterns in different
organs of B. campestris during five developmental stages. A: Samples
were collected at the cotyledon stage (stage 1), three-leaf stage (stage
2), six-leaf stage (stage 3), stalk-growth stage (stage 4), and flowering
stage (stage 5). Scale bar: 5cm. B, C: Expression levels of BcAMT2
and BcAMT2like in the different stages. Roots (R), hypocotyls (H),
cotyledons (C), stem (S), leaves (L), buds (flower bud), flowers (F),
and pods (P). The transcript levels of BcAMT2 and BcAMT2like were
normalized to the expression of -actin and glyceraldehyde-3-phosphate
dehydrogenase gene. Each value represents the mean*+SE (n=3).
Different lowercase letters show significant differences at p<<0.05.

Functional expression of BcAMT2 and
BcAMT2like in yeast

Recombinant yeast strains harbouring pYES2-BcAMT?2
or pYES2-BcAMT2like or the empty vector (pYES2)
grew normally on solid medium containing 1 mM
arginine, suggesting that vector construction and
yeast-cell growth abilities were adequate (Figure 4).
Recombinant strains harbouring pYES2-BcAMT2 and
pYES2-BcAMT2like grew normally on solid medium
with 2mM ammonium as the only N source, while
negative control cells transformed with empty pYES2
could hardly grow or did not grow at all (Figure 4). These



results indicated that BcAMT2 and BcAMT2like encode
functional AMTs.

Expression patterns of BcAMTZ2s in different
tissues and developmental stages

To further characterize the AMT2 subfamily in B.
campestris, the expression patterns of BcAMT2 and
BcAMT2like in different organs and developmental stages
were investigated. As shown in Figure 5, B;AMT2 was
constitutively expressed throughout the growth period
and in all tested organs, showing the highest expression
in cotyledons and leaves during vegetative growth and
the lowest in stems throughout development (Figure
5B, stages 1 to 3). In addition, the expression level of
BcAMT?2 in roots and pods gradually increased during
the stages of reproductive growth (Figure 5B, stages
4 and 5). Similar trends were observed in BcAMT2like
expression levels from the cotyledon stage to stalk-
growth stage (Figure 5C, stages 1 to 3), but expression
levels in roots and stems significantly increased during
reproductive growth stages (Figure 5C, stages 4 and
5). Thus, there was an obvious difference between the
expression of BcAMT2 and BcAMT2like during the
reproductive growth stage, with high BcAMT?2 expression
in roots, leaves, flower buds, and pods (Figure 5B) and
high BcAMT2like expression in roots, leaves, and stem

Y. Zhu et al.

only (Figure 5C). This indicated that BcAMT2 and
BcAMT2like might play different roles during the late
development of B. campestris.

BcAMTZ2s transcriptions respond to N regimes,
external pH, and circadian cycle

The results of qPCR showed that BcAMT2 and
BcAMT2like had similar expression patterns in leaves
during N starvation and resupply (Figure 6A, B). With
the prolongation of N starvation, the transcription
of both genes strongly decreased, with BcAMT2 and
BcAMT2like expression being about 15.8% and 24.9%
of that under control conditions, respectively. During N
resupply, their expression levels increased gradually. In
roots, B;AMT2 and BcAMT2like had different expression
patterns (Figure 6C, D). The expression of both genes
slightly decreased as compared to that under control
conditions under N starvation; however, 4h after N
resupply, only BcAMT2like transcripts increased.

When B. campestris plants were exposed to a high
ammonium concentration (10 mM), BcAMT2 and
BcAMT2like expression strongly increased in leaves
(Figure 7A, B), but not in roots, where levels were
nearly unaffected (Figure 7C), except for the decline in
BcAMT2like expression at 24h after ammonium supply
(Figure 7D). Given that 10 mM ammonium exceeds
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the root assimilatory capacity, plants might require
enhanced long-distance transport and xylem loading
of excess ammonium to prevent the deleterious effects
of ammonium accumulation in roots. The observed
expression patterns indicated that these two genes might
act in root-to-shoot transport and are likely regulated by
the levels of ammonium within the plant.

Environmental pH has a significant influence on
the balance between ammonium and ammonia, and
the expression levels of B;cAMT2 and BcAMT2like in

B. campestris exhibited strong responses to external
pH (Figure 8). When the pH increased from 4.8 to 5.8,
transcript levels of BcAMT2 in leaves and roots decreased
by 62% and 45% in relation to those in the control
treatment, respectively, and returned to the original
levels when the pH increased from 5.8 to 6.8 (Figure 8A).
Similar results were obtained for BcAMT2like (Figure
8B), suggesting that the responses of both genes to
ammonium might be pH-dependent.

Circadian variations (Figure 9) were detected in
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the expression of both genes, regardless of the organ
examined, with the highest transcript amounts being
observed in the afternoon/evening and the lowest in the
morning (Figure 9A-D). In detail, BcAMT?2 expression
in leaves was lowest at 6:00 (only 10% of that observed
at 3:00) and highest at 18:00 (about 2-folds that observed
at 3:00) (Figure 9A). Similarly, BcAMT2like transcripts
reached the highest level at 18:00 and then decreased
gradually to reach the lowest level at 9:00 (about 6%
of that observed at 3:00) (Figure 9B). In roots, the
highest levels of BcAMT2 and BcAMT2like transcripts
were observed at 24:00 (about 2.8-fold and 2.1-fold
that observed at 3:00, respectively; Figure 9C, D). The
expression of both BcAMT2s in response to the circadian
rhythm in roots occurred relatively later and for a shorter
period than that in leaves.

Discussion

In the present study, analysis of cDNA and genomic
DNA sequences of two members of the AMT2 subfamily
from B. campestris, namely BcAMT2 and BcAMT2like,
revealed that these genes encode polypeptides of 490 and
489 amino acids, respectively, and present 93% similarity
at the amino acid level (Figure 1B). In agreement with
the two to four introns structure presented by other
AMT2 subfamily members (Castro-Rodriguez et al.

2016; Li et al. 2016; Sohlenkamp et al. 2002; Suenaga
et al. 2003), BcCAMT2 and BcAMT2like contain four
introns (Figure 1A). The phylogenetic tree showed that
BcAMT?2 and BcAMT?2like clustered within the AMT2
subfamily and were highly similar to BrAMT2s from B.
rapa and AtAMT?2 from A. thaliana (Figure 2A). Similar
to other plant AMT proteins (Castro-Rodriguez et al.
2016; Thomas et al. 2000; von Wittgenstein et al. 2014),
the deduced amino acid sequences of BcCAMT2 and
BcAMT2like contained 11 TM helices (Figure 1B), one
extracellular N-terminus, and one cytosolic C-terminus,
and had a potential AMT2 subfamily signature motif
(*'DYSGGYVIHLSSGVAGFVAAYWVGPR*), located
in the fifth transmembrane helix (Figures 1B, 2B). This
motif, which is located in the most conserved TM (Saier
1999) can be used to identify additional members of the
AMT subfamilies in other plant species (Couturier et al.
2007), and has been shown to affect ammonium transport
capabilities of AMTs (Loqué et al. 2009; Wang et al.
2012). Similar to the results obtained for AMTs in other
plants (Castro-Rodriguez et al. 2016; Sohlenkamp et al.
2002; Song et al. 2017; Yuan et al. 2009), both pBI121-
BcAMT2-GFP and pBI121-BcAMT?2like-GFP localized
to the plasma membrane. Furthermore, BcAMT2 and
BcAMT2like could recover growth of mutant yeast cells
when 2mM ammonium was the only N source (Figure 4).

Different members of the AMT family may have
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discrete or partially overlapping roles in plants (Couturier
et al. 2007; Neuhauser et al. 2009; Straub et al. 2014). The
qPCR analysis showed that BcAMT2 and BcAMT2like
were expressed constitutively throughout the plant and
in all organs tested (Figure 5). Similar results have been
obtained for LjAMT2;1 in L. japonicus (Simon-Rosin et al.
2003) and for PpAMT2;1 and PpAMT2;3 in Pinus pinaster
(Castro-Rodriguez et al. 2016). Overall, B;LAMT2 and
BcAMT2like transcripts had similar expression tendencies
from the cotyledon to the stalk-growth stage (Figure
5B, C). While BcAMT2 was highly expressed in roots,
leaves, flower buds, and pods (Figure 5B), BcAMT2like
was mainly expressed in the vegetative tissues of fully
developed plants and showed rather low expression
in the reproductive tissues (Figure 5C). AMT2;1 plays
an important role in root-to-shoot translocation of
ammonium and is partly involved in ammonium uptake,
depending on the plant nutritional status (Giehl et al.
2017). Whereas in the vegetative growth stages, both
BcAMT2 and BcAMT2like might transport ammonium
from root to shoot, in the reproductive stage, BCAMT2
might take up and transport ammonium to leaves, flower
buds, and pods, while BcAMT2like might take up and
transport ammonium to leaves.

Previous studies have shown that plant AMT genes
can respond to various N regimes (Li et al. 2016;
Sohlenkamp et al. 2002; Song et al. 2017; Straub et al.
2014). In the current study, B;cAMT2 expression was
regulated by N starvation, ammonium supply (Figure 6),
and high ammonium levels (Figure 7). Thus, BcAMT2s
responded to various N regimes, and transcript levels
in the leaves of B. campestris were positively correlated
with the N concentration supplied to plants (Figures
6, 7). During the 72h of N starvation, B;cAMT2 and
BcAMT2like transcript levels in the leaves strongly
declined, but under the 4mM NH,CI supply following
N starvation, they returned to their basal levels (Figure
6A, B). Furthermore, their expression levels in leaves
strongly increased under high ammonium treatment
(10mM NH,CI) (Li et al. 2016; Figure 7A, B). In roots,
the transcript levels of BcAMT2s responded differently
to N starvation, ammonium supply (Figure 6C, D),
and high ammonium levels (Figure 7C, D). Giehl et
al. (2017) reported that AtAMT2;1 makes a small but
important contribution to ammonium uptake in the
millimolar range of substrate. In plants subjected to high
ammonium concentration, AMT2;1 mediates a high
accumulation ammonium in xylem sap, although no net
ammonium influx, which contributes to long-distance
translocation from root to shoot. These functions
depended on organ-specific expression in response to the
plant nutritional status (Couturier et al. 2007; Giehl et al.
2017; Li et al. 2016; Straub et al. 2014).

Owing to ammonia being a weak base, the balance
between ammonia and ammonium depends on external

pH. As pH increases from 5.5 to 7.0, ammonium
concentration decreases by about 1% while that of
ammonia increases about 30-fold (Neuhduser et al.
2009). Thus, profiles of AMT responses to pH might be
used to identify the substrate of AMT transportation as
ammonia or ammonium (Li et al. 2016; Neuh&user et
al. 2009; Sohlenkamp et al. 2002). Compared with pH
4.8, BECAMT?2 and BcAMT2like expression in leaves and
roots decreased when plants were subjected to pH 5.8,
but increased significantly and returned to the original
levels when subjected to pH 6.8. Ammonium transport
is thought to be less affected by pH than that of ammonia
(Sohlenkamp et al. 2002). Therefore, we hypothesized
that the transportation abilities of BcCAMT2s depend
on external pH. Both ammonium and ammonia might
be transported by BcAMT2s in B. campestris, similar
to observations in A. thaliana. Although ammonium is
the recruited substrate of AtAMT2 (Sohlenkamp et al.
2002), the uncharged form ammonia is also transported
(Neuhauser et al. 2009). A mycorrhiza-specific LJAMT2;2
from L. japomicus can also transport electroneutral
ammonia (Guether et al. 2009).

The circadian rhythm has been shown to regulate
ammonium uptake in plants (Haydon et al. 2011),
and there is substantial evidence indicating that the
transcription of ammonium transporters is correlated
with diurnal variation (Couturier et al. 2007; Gazzarrini
et al. 1999; Li et al. 2016; Ranathunge et al. 2014;
Song et al. 2011). In agreement with previous results
(Couturier et al. 2007; Gazzarrini et al. 1999), BCAMT2
and BcAMT2like expression were strongly affected by
diurnal changes, with the highest transcript levels in
leaves being found at the end of the light period (Figure
9A, B), coinciding with the high carbohydrate levels
required for ammonium assimilation (Couturier et al.
2007). This suggests that the regulation of transcription
of AMT genes might be controlled by carbohydrate
availability (Couturier et al. 2007; Gazzarrini et al.
1999; Li et al. 2016). Likewise, BcAMT2s expression in
the roots followed the circadian rhythm (Figure 9C,
D); however, compared with leaves, the expression of
BcAMT2s in response to the circadian rhythm was
comparatively delayed and occurred over a shorter
period. These diurnal changes in AMT expression and
transport activity have been attributed to changes in
the concentration of photosynthetic products and their
shoot-to-root transport (Camaries et al. 2007). Sugars
make a major contribution to the diurnal changes
in gene expression (Bldsing et al. 2005; Haydon et
al. 2011). However, the effect of light stimulation on
AMT expression and ammonium transport activity is
independent of the circadian rhythm (Camaiies et al.
2007). Therefore, further experiments will be necessary
to elucidate the relationship between BcAMT expression
and light/dark period.
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In addition, ammonium in plant tissues is not only
absorbed from the environment, but it is also produced
in several metabolic processes, including nitrate
reduction, photorespiration, amino acid catabolism, and
phenylpropanoid metabolism (Bittsanszky et al. 2015;
Liu and von Wirén 2017). Photorespiration in shoots
generates a large amount of ammonium in mitochondria,
which is transported to chloroplasts for re-assimilation
and recycled to maintain N status (D’Apuzzo et al. 2004;
Sohlenkamp et al. 2002). In addition, AMT expression
is crucial to ensure ammonium recycling during
photorespiration (D’Apuzzo et al. 2004; Li et al. 2016).
Accordingly, we found that BcAMT?2 expression in the
leaves increased under high ammonium treatment
(Figure 7). Thus, both BcAMT2 and BcAMT2like
might participate in ammonium recycling during
photorespiration (Li et al. 2016; Sohlenkamp et al. 2002).

BcAMT2 and BcAMT2like had similar responses to
N regimen, external pH, high ammonium treatment,
and photoperiod, but also displayed specific expression
patterns, with BcAMT2 expression generally being
higher than that of BcAMT2like. The BcAMT2s from
B. campestris and BrAMT2s from B. rapa were located
in the same phylogenetic cluster as AtAMT2 from A.
thaliana (Figure 2A). However, the AMT2 subfamily in
A. thaliana has only one member, while there are two
members in B. campestris and B. rapa. Brassica plants
have all undergone a whole-genome triplication event
(Cheng et al. 2013) that might have originated the three
paleo-subgenomes and multiple copies of paralogous
genes found in the genomes of B. rapa and B. oleracea
(Cheng et al. 2016), as observed for PtrAMT2;1 and
PtrAMT2;2 (Couturier et al. 2007). Duplicate genes
can potentially diverge in their roles as well as retain
different sub-function of the original gene. Thus, the
two B. campestris genes examined here might have
developed sub-functions during evolution. Nevertheless,
further experiments are required to assess the ability
of ammonium absorption and/or transportation by
BcAMT2 and BcAMT2like under different external pH.
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