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ABSTRACT. In this study, the nitrate transporter gene CmNRT1 was
isolated from the chrysanthemum variety ‘Nannongxuefeng’. The full-length
cDNA contains an open reading frame of 1761 bp encoding 587 residues.
Using gqRT-PCR, we found that CmNRT7 was induced by 10 mM NO, in
roots and shoots. Two Arabidopsis thaliana transgenic plants expressing
CmNRT1 were selected for functional analyses. Root *N influx in wild-type
and transgenic A. thaliana lines under 10 or 0.2 mM "*NO, was tested. Our
results indicate that CmNRT1 encodes a constitutive component for a low-
affinity transporter.
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INTRODUCTION

Nitrogen, an essential macronutrient for plants (Covelo et al., 2008; Zhang et al., 2008),
is a constituent of numerous important compounds including amino acids, proteins (enzymes),
nucleic acids, chlorophyll, and several plant hormones (Britto and Kronzucker, 2004; Guo et al.,
2008). Because of the important influence of nitrogen on plant growth, a number of studies have
examined the basis of nitrogen use efficiency in cotton (Li et al., 2007), rice (Koutroubas and
Ntanos, 2003) and maize (Presterl et al., 2002). Three nitrate transporter gene families NRT7s,
NRT2s, and NAR2s have been identified that code for a high-affinity nitrate transport system and
low-affinity nitrate transport system (Kotur et al., 2012). The first plant nitrate transporter discovered,
CHL1, was identified in Arabidopsis (Tsay et al., 1993) and was shown to be a dual-affinity nitrate
transporter involved in multiple phases of nitrate uptake (Liu et al., 1999). The functions of AINRT1
gene family members have since been gradually established. AtINRT1.5 is responsible for xylem
loading of nitrate (Lin et al., 2008); AtINRT1.6 has a role in early embryo development (Almagro
et al.,, 2008); AtNRT1.7 is responsible for source-to-sink remobilization of nitrates (Fan et al.,
2009); AtNRT1.8 functions in nitrate removal from the xylem sap and mediates cadmium tolerance
(Li et al., 2010); AtNRT1.9 is important in phloem nitrate transport (Wang and Tsay, 2011), and
AtNRT1.11 and AtNRT1.12 play a key role in redistributing xylem-borne nitrates to enhance plant
growth (Hsu and Tsay, 2013). NRT1 genes have also been identified in Brassica napus (Zhou et
al., 1998; Faure-Rabasse et al., 2002), rice (Lin et al., 2000; Ma et al., 2011), and Chinese cabbage
(Yang et al., 2012).

Chrysanthemums (Chrysanthemum morifolium) are one of the world’s four most popular
species for cut flowers. Owing to their high commercial value, large amounts of nitrogen fertilizer
are applied to chrysanthemum cultivation to induce high flower production. However, a significant
proportion of the applied nitrogen fertilizer is lost to the atmosphere or ground water due to the low
nitrogen use efficiency of commercial chrysanthemum cultivars. This loss not only causes serious
pollution to the environment but also adversely affects the yield and quality of cut chrysanthemum
(Barbosa et al., 2000). The selection of chrysanthemum varieties that have high nitrogen acquisition
and the identification of genes that code for nitrogen uptake transporters will therefore be important
for improving chrysanthemum cultivation. In this study, we screened for chrysanthemum genotypes
for high nitrogen acquisition. This screen identified a candidate nitrogen uptake transporter,
CmNRT1, that was inducible by nitrates. Analysis of transgenic Arabidopsis thaliana suggested
that CmNRT1 encodes a constitutive component for a low-affinity transporter.

MATERIAL AND METHODS
Plant materials and growing conditions

The chrysanthemum varieties ‘Nannongxuefeng’, ‘Nannongyuzhu’, ‘Nannongxiaoli’, ‘Nan-
nonggongfen’, ‘Nannongxiaguang’, ‘Nannonghualian’, ‘Nannongshuangjiao’, ‘Nannongyudie’,
‘Nannongxunzhang’, ‘Nannongzixunzhang’, ‘Nannonghongxiu’, ‘Nannonghongfen’, ‘Nannongyu-
pan’, ‘Nannongchifeng’, ‘Nannongyinshan’, and ‘Nannongjindie’ were obtained from the Chrysan-
themum Germplasm Resource Preserving Centre, Nanjing Agricultural University, China. Cuttings
were induced to form roots by immersion in 1/4 strength Murashige and Skoog medium for 2
weeks. Phenotypically uniform seedlings at the 8-leaf stage were transferred to a 8-L nutrient
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solution (6 mM NH,NO,, 2.5 mM K,SO,, 1.5 mM MgSO,.7H,0, 1.33 mM NaH,PO,.2H,0, 2.0 mM
CaCl,, 20 upM H,BO,, 9 pM MnCl,.4H,0, 0.77 yM ZnSO,-7H,0, 0.32 uM CuSO,-5H,0, 0.39 uM
Na,MoO,.2H,0, 20 uM FeNaEDTA, pH 6.5). To inhibit nitrification, 7 uM dicyandiamide was added
to the solution. Two groups of five plants were treated with a low level of nitrogen (0.2 mM NH,NO,)
or a normal nitrogen level (4 mM NH,NO,). The concentrations were selected based on previous
reports on chrysanthemums (Jiang et al., 2008; Huang et al., 2010). The relative nitrogen content
in chrysanthemums exposed to low nitrogen content compared to normal nitrogen content was
used to estimate nitrogen uptake efficiency. Sixteen chrysanthemum varieties were grown for 21
days in sand culture to select those with the lowest and high nitrogen uptake. In the sand culture,
the size of the quartz grains ranged from 0.45 to 1 mm. The quartz grains were first washed with
distilled water, then with 2 M HCI for 24 h, washed again in distilled water, and sterilized at 170°C
for 2 h in an oven (Liao et al., 2003). Each pot contained one plant.

Determination of nitrogen content

At harvest, the seedlings were washed thoroughly with distilled water. To determine
nitrogen contents, the plants were washed with 0.1 mM CaSO, for 1 min, then placed at 105°C
for 30 min to inactivate enzymes, and finally dried at 80°C. The dry weight was recorded. The
concentration of nitrogen in the plants was determined by the Kjeldahl method (Shi et al., 2010).
The experimental samples were digested with H,SO,-H,0,, subjected to a distillation process, and
then nitrogen levels were determined.

Isolation and sequencing of CmNRT1 full-length cDNA

For gene cloning, chrysanthemum seedlings were grown in IRRI solution containing 4 mM
NH,NO, for 4 weeks and then starved of nitrogen for 1 week. Total RNA was isolated from the root
of nitrogen-starved seedlings given 5 mM NO," (supplied as KNO,). Total RNA was extracted using
the RNAiso reagent (TaKaRa) following the manufacturer instructions and treated with RNase-free
DNasel (TaKaRa). The concentration and the integrity of the RNA were assessed as described
by Gu et al. (2011). The first cDNA strand was synthesized using Reverse Transcriptase M-MLV
(RNase H™) (TaKaRa) according to the manufacturer instructions. A partial CmNRT1 sequence was
selected from chrysanthemum-expressed sequence tags (Chen et al., 2009). The remainder of the
sequence was acquired using RACE-PCR as described by Gu et al. (2014a). The open reading
frame (ORF) within the amplicons was identified using the ORF finder software (www.ncbi.nim.nih.
gov), and its deduced peptide sequence was subjected to a BLASTp search to identify homologs.
The phylogeny of the sequences was derived using the DNAman software package.

Real-time RT-PCR

Cuttings were grown in nutrient solution as above for 4 weeks and then starved of nitrogen
for 1 week. Total RNA was isolated from the root tissue of plants supplied with either 0.5 or 10
mM KNO, and sampled at 0, 0.5, 1, 2, 4, 6, 8, or 12 h. The transcription profiles of CmNRT1 were
obtained by real-time RT-PCR based on SYBR® Premix Ex Tag™ Il (Perfect Real-Time) (TaKaRa).
The PCR comprised an initial denaturation step of 95°C for 60 s, followed by 40 cycles of 95°C
for 15's, 55°C for 30 s and 72°C for 30 s. At the end of the PCR, the temperature was raised from
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55° to 95°C at a rate of 0.5°C/s to generate the required denaturation curve. CmpsaA (AB548817)
was used as the reference gene (Gu et al., 2011). Primer sequences are listed in Table 1. Each
PCR was repeated as three biological replicates, and the relative changes in transcription were

analyzed using the 242t approach (Livak and Schmittgen, 2001).

Table 1. Sequences of PCR primers used in the study.

Primer Sequence (5'-3") Usage
Oligo (dT) primer GACTCGAGTCGACATCGATTTTTTTTTTTTTITTIT 3'-RACE?
CmNRT1GSP1 TGAATCACAGGTGGCAAAA

CmNRT1GSP2 GGTAACGCTAACGCTGCTA

dT-AP GACTCGAGTCGACATCGA

CmNRT1AGSP1 TTCCTCCACGCCCCGATA 5'-RACE
CmNRT1AGSP2 CAGCGTCTCCCAAGGTTG

CmNRT1AGSP3 CCTCCTGTTCCGAGTGCG

AAP GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG

AUAP GGCCACGCGTCGACTAGTAC

CmNRT1SP TCTCCTTACTCTACATTTATTT ORF amplification
CmNRT1AP AACCTAACAAAATAACGG

CmNRT1-P1 TCAGCAACAAAACCACCG Promoter cloning
CmNRT1-P2 AGCCTTTCACATGCCTCC

CmNRT1-P3 GCTTGTCCAGCCGCCAGT

CmNRT1-R1 CGGAGCTTCACTTGTCGG

CmNRT1-R2 TGGGGCGTTTCTGGGTCT

CmNRT1-R3 CCGTGCGTTGCTCTGCTT

gCmNRT1 ATGACGAAGAAATGACGGAG gRT-PCR
gACmNRT1 AGAGGCTGCCATCAATACCC

psaA-F CCAATAACCACGACCGCTAA

psaA-R GGCACAGTCCTCCCAAGTAA

RACE = rapid-amplification of cDNA ends.

Transgene construction andA. thaliana transformation

The CmNRT1 ORF was amplified using the primer pair CmNRTF/R (Table 1) and inserted
into the BamHI and Sall sites of pPCAMBIA1301-220 following digestion with these two enzymes.
The construct was named pCAMBIA1301-220-CmNRT1. This construct was transformed into A.
tumefaciens strain EHA105 using the freeze-thaw method (Liu et al., 2012). A. thaliana Col-0
(ecotype Columbia) was transformed via the floral dip method (Liu et al., 2012). T, seedlings were
raised on agar containing 20 mg/L hygromycin and 25 mg/L ampicillin. Positive transformants were
confirmed by histochemical evaluation of GUS expression in leaves (Remans et al., 2006), and by
PCR using genomic DNA and the primer pair CmNRTF/R (Table 1). The gRT-PCR validation was
based on Arabidopsis cDNA amplified by the primers CmNRTs/x (Table 1). The primers for the
reference gene AtUBQ (NM_116771.5) were AtUBQs/x (Table 1).

Root N influx
The influx of *NO," into seedlings of transgenic and non-transgenic lines was assayed as

described previously (Ho et al., 2009). Briefly, 10-day-old wild-type and two CmNRT1 transgenic
lines were first exposed to pH 6.5 nitrate-free growth medium and then to pH 5.5 nitrate-free
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medium for 3 h. The plants were washed and transferred to pH 5.5 nitrate medium containing 10 or
0.2 mM ™NO, for 30 min and finally to 0.1 mM CaSO, for 1 min. The influx of *N was determined
and calculated as described by Gu et al. (2014b). Dried root tissue was analyzed using the ANCA-
MS system (PDZ Europa).

RESULTS
Screening chrysanthemum genotypes for nitrogen acquisition abilities

As shown in Table 2, the relative nitrogen contents of ‘Nannongxiaoli’, ‘Nannongxuefeng’,
and ‘Nannongyuzhu’ were 0.757, 0.840, and 0.788, while those in ‘Nannonghualian’,
‘Nannonggongfen’, and ‘Nannongxiaguang’ were 0.645, 0.568, and 0.616, respectively. The
lowest and highest relative nitrogen contents were in ‘Nannonggongfen’ and ‘Nannongxuefeng’,
respectively.

Table 2. Relative nitrogen content of 16 cut chrysanthemum cultivars.

Cultivar Relative nitrogen content*

Nannongxuefeng

0.840 + 0.0602

Nannongyuzhu

0.788 + 0.025°

Nannongxiaoli

0.757 + 0.026°°

Nannonggongfen

0.568 + 0.017!

Nannongxiaguang

0.616 + 0.023"

Nannonghualian

0.645+0.013"

Nannongshuangjiao

0.689 + 0.012¢9

Nannongyudie

0.692 + 0.014f

Nannongxunzhang

0.752 + 0.018¢

Nannongzixunzhang

0.723 + 0.0124f

Nannonghongxiu

0.712 £ 0.016¢%9

Nannonghongfeng

0.762 + 0.016%

Nannongyupan

0.759 + 0.020°°

Nannongchifeng

0.759 + 0.020%

Nannongyinshan

0.758 + 0.020%

Nannongjindie

0.743 £ 0.017°d

*Results with the same letter are not significantly different.

CmNRT1 and its predicted product

The CmNRT1 gene was isolated by RT-PCR and RACE methods using information from
chrysanthemum EST libraries (Figure 1A). The full-length CmNRT1 cDNA consisted of a 1761-bp
ORF encoding 587 amino acids. The predicted gene product is a protein of molecular mass 64.90
kDa and a pl of 9.14. Its amino acid sequence shared high similarity with AINRT1.1, BANRT1.1,
BnNRT1.2, CsNRT1.1, GmNRT1.1, NpNRT1.1, PpNRT1, and VVNRT1.1 (Figure 1B). GmNRT1.1
and CmNRT1 proteins were closest in the phylogenetic tree (Figure 1C).
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Figure 1. Cloning and analysis of CmNRT1. A. PCR amplification of CmNRT1.1: (a) 3'-RACE of CmNRT1; (b) Full-
length cDNA of CmNRT1. B. Alignment of the derived amino acid sequences from CmNRT1 with other NRT1s. The
source and accession numbers of the amino acids are as follows: AtNRT1.1 (Arabidopsis thaliana NP_563899),
BdNRT1.1-like (Brachypodium distachyon XP_003574312), BnNRT1.2 (Brassica napus AAA80582), CsNRT1.1
(Cucumis sativus ADQ74763), GmNRT1.1-like (Glycine max XP_003549905), NpNRT1.1 (Nicotiana plumbaginifolia
CACO00544), PpNRT1 (Prunus persica BAD22820), VVNRT1.1 (Vitis vinifera XP_002266951). C. Phylogeny of plant
NRT1 polypeptides. CmNRT1 is boxed.

CmNRT1 is induced by 10 mM NO,

Inducible expression of CmNRT1 was examined in roots and shoots of plants exposed
to 10 mM NO,". As shown in Figure 2, expression of CmNRT1 was detected in both roots and
shoots. At time 0, when the plants were depleted for nitrate, there was a low level of the CmNRT1
mRNA (Figure 2). However, at 4 h after the addition of nitrate, CmNRT1 mRNA levels increased
approximately 2- and 7-fold in roots and shoots compared to time 0 h, respectively (Figure 2). The
high expression in shoots was still present at 2 h after nitrate addition. CmNRT7 mRNA levels
began to decline at 4 h in roots and 2 h in shoots.
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Figure 2. Induced transcription of CmNRT1 in roots and shoots exposed to 10 mM nitrate following a period of N
starvation. A. Roots. B. Shoots. Mean values and standard deviations calculated from triplicated assays.

Root N influx in transgenic A. thaliana lines

Overexpression of NRT1 in wild-type plants has been shown to be an effective approach
for studying NRT1 function (Ma et al., 2011; Yang et al., 2012). To investigate the function of
CmNRT1, we generated A. thaliana transgenic plants expressing CmNRT1. Based on PCR and
RT-PCR assays (Figure 3A and B), two CmNRT1 transgenic plants were identified and desig-
nated as 35S:CmNRT1-1 and 35S:CmNRT1-2. The nitrate uptake of wild-type plants and the two
CmNRT1 transgenic lines was compared after treatment with 0.2 or 10 mM "*NO, for 30 min. We
found that CmNRT1 promoted "*NO, uptake at 10 mM '*NO, but not at 0.2 mM "*NO,. This result
suggested that CmNRT1 encodes a constitutive component of a low-affinity transporter.
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Figure 3. Influx of "N into the roots of transgenic and non-transgenic Arabidopsis thaliana plants. A. B. C. Nitrate
uptake of wild-type plants and transgenic A. thaliana using 10 or 0.2 mM "*NO, for 30 min. Values are reported as
means = SE (N = 3).
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DISCUSSION

Nitrogen is one of the mostimportant mineral nutrients for plant development (Presterl et al.,
2002). Under conditions of constant nitrogen levels, the relative ability of plants to acquire nitrogen
is a crucial factor in achieving higher N efficiency (Moll et al., 1982). Here, we examined variation
in nitrogen acquisition among sixteen chrysanthemum varieties. The relative nitrogen content of
all genotypes was greater than 1, indicating that the nitrogen content under normal nitrogen levels
(4 mM) was higher than under low nitrogen levels (0.2 mM) (Table 2). The chrysanthemum variety
‘Nannongxuefeng’ showed the highest nitrogen acquisition of the tested varieties; therefore, it
potentially carries excellent nitrogen-related genes. Here, we isolated the CmNRT1 homologue
from this variety.

The sequence of CmNRT1 shows strong conservation with those of other NRT1 genes
(Figure 2B). Genes in the NRT1 family can be divided into constitutive and nitrate-inducible types
(Criscuolo et al., 2012). CmNRT1 is a nitrate-inducible gene like BANRT1 and BcNRT1 (Faure-
Rabasse et al., 2002; Yang et al.,, 2012). In contrast, rice OsNRT1 (Lin et al., 2000), tomato
LeNRT1-1 (Lauter et al., 1996) and Arabidopsis AtNRT1:2 (Huang et al., 1999) are constitutive
genes, which show relatively stable expression before and after nitrate induction. Similar levels of
CmNRT1 expression were detected in roots and shoots. However, in other species, NRT1 genes
show widely variable levels of expression in different tissues. For example, OsNRT1 is a root-
specific gene with little or no expression in the shoot (Lin et al., 2000), whereas OsNRT1.2 is
only expressed in roots (Ma et al., 2011). In Arabidopsis, AtNRT1.8 is preferentially expressed in
vascular tissues (Li et al., 2010), while A{INRT1.9 is predominantly expressed in roots (Wang and
Tsay, 2011), and AtNRT1.11 and AtNRT1.12 are mainly expressed in larger expanded leaves (Hsu
and Tsay, 2013).

CHL1 is a dual-affinity nitrate transporter in Arabidopsis and is involved in multiple phases
of nitrate uptake (Liu et al., 1999; Ho et al., 2009). Phosphorylated and dephosphorylated CHL1
show low and high levels of response, respectively (Ho et al., 2009). However, the Arabidopsis
homolog, AtNRT1:2, is a low-affinity nitrate transporter (Huang et al., 1999; Liu et al., 1999). CHL1
homologous proteins in other plants, such as LeNrt1.1 of tomato, OsNRT1 of rice and BcNRT1 of
Chinese cabbage, are also low-affinity transporters (Lauter et al., 1996; Lin et al., 2000; Yang et
al., 2012). Only low-affinity nitrate uptake activity was observed in OsNRT1-injected oocytes and
BcNRT1 can restore chl1-5 nitrate uptake at 10 mM but not at 0.2 mM nitrate (Lin et al., 2000; Yan
et al., 2011). Nitrate uptake in A. thaliana heterologously expressing CmNRT1 (Figure 3) showed
that CmNRT1 has a similar function to OsNRT1 and BcNRT1.
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