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ABSTRACT
Nitrogen (N) plays a very important role in crop growth and development. Many N-
metabolism-related genes responsive to N application have been identified in many
plants such as Arabidopsis, rice and maize; however, few genes have been reported in
wheat, which is one of the most widely grown crops in the world. In this study, a wheat
wild type with N dependent lesion mimic (LM) and its mutants without LM were used
to identify conserved N-metabolism-related genes. TaPAP, TaUPS and TaNMR were
differentially expressed amongN levels both in the wild type and two of its mutants, and
the expression patterns of these genes were further studied under application of three
chemotypes of N (NH4+ , NO3- and NH4NO3). The results showed that these genes are
conserved N-metabolism-related genes and TaNMR is a novel player in N-metabolism.

Subjects Agricultural Science
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INTRODUCTION
Wheat is one of themost widely grown crop species in the world, with an annual production
about 749 billion kilograms. However, global wheat production needs to increase at least
1.8 times by 2050 to meet the challenge of food demands (http://faostat3.fao.org (2016)).
Wheat productivity is heavily dependent on application of nitrogen (N) fertilizers. N
is an essential element of amino acid (AA) and an essential macronutrient for growth
and development in crop life cycle (Liu et al., 2015). Many different forms of N such as
nitrate, ammonium, organic-N and other N-containing substances can be absorbed and
assimilated by plants. Nitrate and ammonium are the two prominent forms of N taken up
by many plants (Von Wittgenstein et al., 2014), although more than 90% of soil N is in the
organic form (Li, Wang & Stewart, 2013).

In plants, two groups of ion transporter proteins, nitrate transporters (NRTs) and
ammonium transporters (AMTs), are responsible for the uptake and transport of nitrate
and ammonium, respectively (Couturier et al., 2007). Chlorate resistant 1 (CHL1), the
first NRT1 transporter isolated (Tsay et al., 1993), belongs to NRT1/PTR (nitrate/peptide
transporters) family responsible for the transportation of dipeptides in animals, fungi and

How to cite this article Li L, Gong H, Sun Z, Li T. 2019. Identification of conserved genes involved in nitrogen metabolic activities in
wheat. PeerJ 7:e7281 http://doi.org/10.7717/peerj.7281

https://peerj.com
mailto:taoli@yzu.edu.cn
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.7281
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://faostat3.fao.org
http://doi.org/10.7717/peerj.7281


bacteria (Wang, Hsu & Tsay, 2012). The second type of nitrate transporter NAR2 (nitrate
transporter accessory protein), belonging to high-affinity nitrate transport system, was
characterized in Chlamydomonas (Quesada, Galvan & Fernandez, 1994), Arabidopsis and
rice (Feng et al., 2011). The third type of nitrate transporters is CLC (chloride-channel)
family protein, which acts as anion channels or anion–proton exchangers (Barbier-Brygoo
et al., 2011; Wang, Hsu & Tsay, 2012). AMTs comprise two discrete types, AMT1 and
AMT2. AMT1 was identified as a high-affinity NH4+ transporter from yeast (Marini et
al., 1994) and Arabidopsis (Ninnemann, Jauniaux & Frommer, 1994). An AMT2 variant,
AMT2;1, was isolated fromArabidopsis thaliana, whereas the other variant AMT2s (referred
to as MEPα) forms a sister clan to some fungal proteins from leotiomyceta, and several
horizontal gene transfer events have been reported in the MEP family (McDonald, Dietrich
& Lutzoni, 2011; Von Wittgenstein et al., 2014).

After the uptake of nitrate, it is first reduced by cytosolic nitrate reductase (NR)
to nitrite, which is then imported into the chloroplast and reduced further by nitrite
reductase (NiR) into ammonium. The latter is subsequently assimilated through the
glutamine synthetase (GS) and glutamine-2-oxoglutarate aminotransferase (GOGAT),
producing glutamate. In higher plants, two types of GOGAT, the ferredoxin-glutamine
oxoglutarate aminotransferase (Fd-GOGAT) and the NADH-glutamine oxoglutarate
aminotransferase (NADH-GOGAT) are participating in the synthesis of glutamate. The
synthesis of glutamate is the starting point for the synthesis of most amino acids (Konishi
et al., 2014; Krapp, 2015).

Although each amino acid has its unique catabolic pathway, all enzymes and metabolites
involved in amino acid catabolismhave the common characteristics across organisms. These
metabolites of amino acid include ammonia, CO2, glucose, long-chain and short-chain
fatty acids, H2S, ketone bodies, nitric oxide (NO), urea, uric acid, polyamines and other
nitrogenous substances, which were generated under the catalyzing of enzymes such as
glutamate dehydrogenase, branched-chain amino acid transaminase, phosphate-activated
glutaminase, ornithine decarboxylase, NO synthase, lysine: α-ketoglutarate reductase,
threonine dehydrogenase, arginase, cysteine dioxygenase, hydroxymethyltransferase,
S-adenosylmethionine synthase, proline oxidase, glutamine:fructose-6-phosphate
transaminase, D-amino acid oxidase, serine dehydratase, and glycine synthase (Wu, 2009).
Previous studies showed that nitrogen metabolism is a complicated process associated with
many aspects of the plant performance.

In wheat, the regulation of NRTs by N-status indicated their involvement in
transportation of N-metabolism related substrates (Buchner & Hawkesford, 2014). The
NAC (nitrate-inducible and cereal-specific NAM, ATAF, and CUC) transcription factor
is involved in nitrate sensing and signaling. Overexpression of TaNAC2-5A in wheat
enhanced root growth and nitrate influx rate, hence, increased its ability to acquire N (He
et al., 2015). Nitrate N is reduced into ammonium N under the catalysis of NR and NiR.
N starvation in wheat caused a significant decrease both in transcript levels and in NR and
NiR activities (Balotf, Kavoosi & Kholdebarin, 2016).

We first reported a trait N dosage dependent hypersensitive reaction-like (HRL, also
referred to as LM) in wheat variety P7001 (Li et al., 2016a). Our previous studies showed
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that wheat variety Ning7840 has LM phenotype at heading stage (Li & Bai, 2009; Li, Bai
& Gu, 2012), while two EMS-induced mutants of Ning7840, Dlm1 and Dlm2, showed
the absence of LM (Li et al., 2016b). Interestingly, we found that Ning7840 and its two
mutants mentioned above have markedly different responses to N application, where LM
in Ning7840 was sensitive to N dosage whereas the absence of LM in the two mutants were
insensitive to N dosage. Therefore, Ning7840 and its two mutants were used in the current
study to screen conservedN-metabolism-related genes, as well as to analyze their expression
patterns under the application of different N-chemotypes, which could be helpful for the
understanding of molecular mechanisms underlying N-metabolism in wheat.

MATERIAL AND METHODS
Plant materials
Ning7840 (wild type, WT) is a spring wheat variety and has the LM trait under low N
supply. Dlm1 and Dlm2 are EMS (ethyl methane sulfonate)-induced mutants with LM
deficiency phenotype (Li et al., 2016b). These three lines were planted in plastic pots
filled with 3 kg of soil. The N availability in the soil was assayed by the distillation method
(Bremner, 1965). Plants were treated with three levels (0 g, 2 g and 4 g per pot) of N fertilizer
(carbamide) at heading stage, where 1 g carbamide per pot roughly equals to 350 kg of N
per hectare. The experiment was arranged in a randomized-complete-block design with
two replicates (pots) and ten plants per replicate (pot). After being vernalized at 4 ◦C for
four weeks, all plants were transplanted into a greenhouse at a day/night temperature of
22 ± 5 ◦C/17 ± 2 ◦C with supplemental light for 12 h in Yangzhou University, Yangzhou,
Jiangsu province, China.

Transcriptome analysis by RNA-sequencing
One week after carbamide treatment, total RNA of flag leaves of Ning7840, Dlm1 and
Dlm2 were extracted (TRIzol reagent; Invitrogen) from three plants per line at heading
stage. DNase (Invitrogen) and RNA easy Mini Kit (Qiagen) were used for removal of
DNA and purification of RNA, respectively. An Agilent 2100 Bioanalyzer (Santa Clara,
CA, USA) was used for detecting RIN (RNA integrity number) values (>8.0). The cDNA
libraries for Ning7840, Dlm1 and Dlm2 were constructed and sequenced by the Biomarker
Biotechnology Corporation (Beijing, China) (Lou et al., 2014; Wang et al., 2015). An
Illumina HiSeq 2000 was used for next-generation sequencing. Transcriptome assembly,
functional annotation and classification of unigene sequences followed Li et al. (2016b).

Analysis of differentially expressed genes
The term ‘‘transcript’’ was used to refer to an integration of the three homeologous forms
from the A, B and D genomes of hexaploid wheat, and they are assumed to have analogous
functions, considering that they are sharing similarities of 90–99% at the nucleotide
sequence and even higher at the amino acid sequence (Pellny et al., 2012). To evaluate the
depth of coverage, the SOAPaligner software was used for realignment of all high-quality
reads and the calculation of FPKM values (fragments per kb per million reads) (Mortazavi
et al., 2008). After that, the expression level of uni-transcripts was calculated according to
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the FPKM values, and the false discovery rate (FDR) control method was used to calculate
the threshold of P value in multiple tests. Only uni-transcripts with an absolute value of
log2 ratio ≥2 and an FDR significance score <0.001 were used for subsequent analysis.

Expression patterns of nitrogen metabolism-related genes
Ning7840 was planted in distilled water until three-leaf stage. The plants were then
transferred to liquid MS medium (pH = 6) supplied with three N chemotypes (5 mMol
ammonium succinate, 10 mMol potassium nitrate, 5 mMol ammonium nitrate), and 0 g
of N treatment was used as a control check. An air pump was used for supplying oxygen.
The experiment was arranged in three replicates (pots) and eight plants per replicate
(pot). Total RNA from leaves were extracted at 0 h (h), 2 h, 6 h, 12 h, 1 day (d), 3 d and
7 d after N treatments. The procedure of RNA extraction was performed as described
above. The oligo (dT) primer was used for the synthesis of first strand cDNA. The primer
pairs for qPCR were designed based on the RNA-sequence from RNA-seq using Primer
Premier 5. In the qPCR experiments, the wheat actin gene (Crismani et al., 2006) and
three N-metabolism-related genes of interest were amplified with gene-specific primers
(Table S1A). qPCR was performed using the SYBR PrimeScript RT-PCR Kit (TaKaRa,
Japan). The threshold cycle (Ct) was determined by the default parameter of the Applied
Biosystem 7900HT Real-Time PCR System. For each sample, three biological replicates and
three experimental replicates were prepared and the experimental errors were calculated
from the biological replications.

RESULTS
The lesion mimic phenotype in Ning7840 is regulated by N
In the absence of pathogen, small yellowish spots appeared randomly on both sides of green
leaves of Ning7840 at the heading stage in the control, whereas the spots were not observed
in Ning7840 in the treatments of 2 g and 4 g carbamide per pot, and the N availability in
the soil was 151 ± 5.2 mg/kg. For Dlm1 and Dlm2 mutants, the yellowish spots did not
appear on the leaves irrespective of N dosages (Fig. 1A). These results suggest that the LM
phenotype in Ning7840 is N dependent and high dosage of N suppresses the expression of
LM trait.

RNA sequencing data
After trimming ambiguous reads, low-quality reads, and adaptor sequences, a total of
350.31 million paired-end reads were generated from nine libraries, accounting for 70.76
Gb of clean data. The Q30 percentage (the percentage of bases in the reads with a phred
quality equal or larger than 30) of the clean reads were higher than 86.3%, suggesting that
the sequencing results are valid (Table S1B). A total of 65,383 transcripts were obtained
from the nine assembled samples. The N50 (the length for which the sum of bases in the
long contig of that length or longer is at least half the bases in the assembly) of transcripts
is 1,425 nt. The size distribution of these transcripts is shown in Fig. S1.

Comparative analysis of the transcriptome revealed that across the three wheat lines
(Ning7840, Dlm1 and Dlm2) 57,468, 60,445 and 59,333 transcripts were found under
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Figure 1 RNA-seq data and expressed transcripts under the different nitrogen treatments.N0, N2 and
N4 represent the treatment with 0 g, 2 g or 4 g of carbamide per pot, respectively. (A) In Ning7840, small
yellowish spots appear randomly on the leaves at heading stage under N0, whereas the spots are not ob-
served under N2 and N4 treatments, and the yellowish spots did not appear on the leaves of Dlm1 (B) and
Dlm2 (C) mutants, irrespective of N fertilizer dosage. (D) Venn diagram of transcripts unique and com-
mon across the three levels of nitrogen treatments and the number of expressed transcripts. (E) Distribu-
tion of FPKM in the nine libraries for the three genotypes under three N levels.

Full-size DOI: 10.7717/peerj.7281/fig-1

the treatments with 0 g, 2 g and 4 g of carbamide per pot, respectively. In total, 55,140
genes were commonly expressed over the treatments (Fig. 1B), and many of them were
quantitatively regulated under different dosages of carbamide (Table S2). The average
expression levels of genes under N0, N2 and N4 treatments are 12.22, 12.54 and 12.56
FPKM, respectively. Expression levels of most genes are low (FPKM < 10) to moderate
(between 10 and 100). A small fraction (1.91–2.04%) were expressed at extremely high
levels (FPKM > 100) (Fig. 1C).

Differentially expressed genes (DEGs) and conserved N-metabolism-
related genes
Numbers of common DEGs of N0 vs. N2 and N0 vs. N4 were counted as 808, 216 and 300
in Ning7840, Dlm1 and Dlm2, respectively. In order to find the conserved N-metabolism-
related genes, we compared the common DEGs of N0 vs. N2 and N0 vs. N4 among
Ning7840, Dlm1 and Dlm2. The specific DEGs in Ning7840, Dlm1 and Dlm2 were 670, 175
and 194, respectively. Transcripts comp106201_c0, comp107474_c0 and comp95880_c0 were
common DEGs across Ning7840, Dlm1 and Dlm2 mutants (Fig. 2A and Table S3). These
three common DEGs were up-regulated under N2 and N4 compared to N0 in Ning7840,
Dlm1 and Dlm2 mutants.

Transcripts annotation showed that: (1) comp106201_c0 (hereafter abbreviated as
TaPAP) encodes a purple acid phosphatase (PAP) belonging toMPP (metallo-phosphatase)
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Figure 2 Verification and the expression patterns of conserved nitrogenmetabolism-related genes.
N0, N2 and N4 represent the treatment with 0 g, 2 g or 4 g of carbamide per pot, respectively. (A) Venn
diagram of nitrogen-related DEGs unique and common with the number of differentially expressed genes.
(B) The relative expression level of DEGs (Log10(Actin)) was highly correlated with the FPKM of tran-
scriptome analysis (Log10(FPKM)). (C) The TaPAP, TaUPS and TaNMR were significantly up-regulated
under N2 and N4 treatments compared to N0 in Ning7840, Dlm1 and Dlm2mutants. (D–F) Expression
pattern of TaPAP (D), TaUPS (E) and TaNMR (F), respectively. The expression of TaPAP, TaUPS and
TaNMR were significantly up-regulated at 1 d under all the nitrogen treatments and were significantly up-
regulated at 7 d only under the treatment with NH4NO3 when compared to CK.

Full-size DOI: 10.7717/peerj.7281/fig-2

super family; (2) comp107474_c0 (hereafter abbreviated as TaUPS) encodes a ureide
permease which has ten putative transmembrane domains with a large cytosolic central
domain containing aWalker Amotif; (3) comp95880_c0 (hereafter abbreviated as TaNMR)
has no putative conserved domains compared to known proteins by blasting against the
NCBI database, and thus could be a novel nitrogen metabolism-related gene. The best hits
of TaPAP, TaUPS and TaNMR were TraesCS3B02G359800, TraesCS7D02G466800 and
TraesCS2A02G493400 respectively by blasting against the wheat RNAseq data. These genes
were highly expressed in leaf tissue (http://www.wheat-expression.com).
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Verification of expressions of the three conserved N-metabolism-
related genes
To validate the DEGs of transcriptome analysis, qPCR was performed for Ning7840, Dlm1
and Dlm2 mutants with actin as a reference gene at the heading stage under the same
treatments in transcriptome analysis (three levels of N fertilizer). The results showed that
the relative expression levels were highly correlated (R2

= 0.7477) with the FPKM of
transcriptome analysis (Fig. 2B), and the TaPAP, TaUPS and TaNMR were significantly
up-regulated under N2 and N4 compared to N0 in Ning7840, Dlm1 and Dlm2 mutants
(Fig. 2C).

Responses of the three conserved genes under different
N-chemotype treatments
To validate the gene expression patterns of the three conserved N-metabolism-related
genes under treatments with different chemotypes of N (NH4+ , NO3− and NH4NO3),
qPCR was performed for Ning7840 with actin as a reference gene at the 5-leaf stage under
treatments with three different N chemotypes. qPCR showed:

(1) Compared to CK, the expression of TaPAP had no significant difference among
the three N-chemotype treatments within 12 h, however it was significantly increased at
1 d under all three treatments. The expression of TaPAP under NH4NO3 treatment was
significantly higher than the other two N chemotypes and CK at 7 d (Fig. 2D).

(2) The expression patterns of TaUPS were similar to TaPAP, which had no significant
difference among the three treatments within 12 h, but were significantly increased at 1 d
under all treatments and down-regulated at 3 d. Compared to the CK, the expression of
TaUPS was up-regulated at 7 d under NH4NO3 treatment only (Fig. 2E).

(3) No significant difference was detected in expression of TaNMR among the three
treatments within 12 h, but the expression significantly increased at 1 d under all the
treatments and down-regulated in the next six days. The expression of TaNMR under
NH4NO3 treatment was significantly higher than the CK at 7 d, but was lower than that at
1 d (Fig. 2F).

In brief, the expressions of TaPAP, TaUPS and TaNMR were significantly up-regulated
at 1 d under all three chemotype treatments, and were significantly up-regulated at 7 d
only under NH4NO3 treatment when compared to the CK, indicating that TaPAP, TaUPS
and TaNMR are involved in N metabolic activities.

DISCUSSION
LM phenotype in Ning7840 is N-regulated
LM phenotypes in previous studies were either humidity and/or temperature regulated
(Noutoshi et al., 2005; Sohn et al., 2014), light-induced (Arase et al., 2000; Ueno, Kihara &
Arase, 2015; Yao et al., 2009) or day-length regulated (Ishikawa et al., 2001). Recently, we
found that N regulates the LM phenotype in wheat variety P7001, and the LM disappeared
under high dosages of N supply (Li et al., 2016a). In our previous study, we found that
wheat variety Ning7840 has LM phenotype (Li & Bai, 2009; Li, Bai & Gu, 2012), and the
current study showed that the LM phenotype in Ning7840 is also regulated by N. LM
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in other plants such as Arabidopsis, rice, maize and barley have also been reported, but
the relationship between N supply and LM traits remains to be determined. P7001 and
Ning7840 are unrelated to each other according to their pedigrees, suggesting N may play
an important role in the regulation of LM expression in wheat.

Identification of potentially conserved N-metabolism-related genes
N-metabolism is a complicated process which contains the uptake of nitrate, the reduction
of nitrate and nitrite, the assimilation of ammonium and the catabolism of ammonium.
Wheat variety Ning7840 has an N dependent LM phenotype, and its Dlm1 and Dlm2
mutants are non-LM. Our previous results showed that the proteasome pathway may be
associated with the suppression of LM in Dlm1 and the chlorophyll pathway is involved
in the enhancement of photosynthesis and the suppression of LM in Dlm2 mutant (Li et
al., 2016b). Transcriptome analysis of wheat genotypes with visibly differential phenotypic
responses to N supply could help uncover potentially conserved N-metabolism-related
genes.

In Ning7840, 808 genes were common DEGs over N0 vs. N2 and N0 vs. N4. These DEGs
are involved in metabolic pathways of amino acids such as alanine, aspartate, glutamate
and phenylalanine, etc. In the Dlm1 mutant, the glutathione metabolism pathway and
the alanine, aspartate and glutamate metabolism pathways showed significant differences
among different N levels treatments. The histidine metabolism pathway was up-regulated
under treatments with high levels of N supply in the Dlm2 mutant. Although many DEGs
between the different N treatments have been found among Ning7840, Dlm1 and Dlm2,
only three genes were differentially expressed across the three genotypes over the three N
levels, suggesting these three genes are probably conserved in N-metabolism and play a
critically important role in regulation of N activities in wheat.

The possible function of the three genes
N-metabolism genes such as NRTs, AMTs, NRs and NiRs are up-regulated rapidly after
N treatment. The expression level of CHL1 (classified as an NRT transporter) is rapidly
up-regulated in 30 min and reaches a peak within 2 h. Some known N-metabolism genes
were not detected in this study, which may be due to the immediate response of these
genes under N treatment, whereas our transcriptome data was collected 7 days after N
treatments. NRTs, AMTs, NRs and NiRs functioned in the uptake and transport of nitrate
and ammonium or in the reduction of nitrate and nitrite. Our study showed that many
differentially expressed genes are involved in the metabolism of amino acids such as
glutamate, alanine and aspartate.

TaPAP, TaUPS and TaNMR were all up-regulated across the treatments with different
N chemotypes when compared to the control. However, their expression patterns and
intensities varied across N chemotypes. TaUPS and TaNMR showed an 8.6-fold intensity of
TaPAP at 1 d under NH4NO3 treatment, and both TaPAP and TaUPS showed significantly
higher expression intensities at 1 d under NH4NO3 treatment than their corresponding
intensities at 1 f under NH4+ and NO3− treatments, and up-regulations of TaNMR were
not significant among the three N chemotypes. These observations suggested that TaPAP
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and TaUPS may be subjected to the interaction between NH4+ and NO3-chemotypes and
TaNMR is not, and it is also possible that these three genes may be involved in distinct
pathways of N-metabolism and may perform different functions.

In plants, most PAPs are unspecific, and phosphate-regulated PAPs can be secreted
outside the root cells to the extracellular environment, hydrolyzing a broad spectrum
of phosphate esters including ATP, PEP (phosphoenolpyruvate), sugar, phosphates,
mononucleotides and inorganic pyrophosphate (Olczak, Morawiecka & Watorek, 2003).
Many studies showed that N fertilization significantly increases the activities of acid
phosphatase in the soil (Ajwa, Dell & Rice, 1999; Saiya-Cork, Sinsabaugh & Zak, 2002).
Our study showed that addition of different chemotypes of N up-regulated the expression
of TaPAP in leaf tissue of wheat.

UPS encoded a ureide permease which is involved in the transport of N compound.
AtUPS1 was the first reported member of UPS family that is involved in the uptake of
allantoin and other purine degradation products such as uric acid and xanthine (Desimone
et al., 2002). The up-regulation of TaUPS after N treatments in this study implied the
response of TaUPS to N fertilization.

Sequence analysis ofTaNMR showed that it has two homologous genes (AK357114.1 and
AK355495.1) in barley without known conserved domains. AK357114.1 and AK355495.1
are expressed in the shoot at the seedling stage (Matsumoto et al., 2011).

CONCLUSIONS
TaPAP, TaUPS and TaNMR are the three conserved components responsive to all three
different chemotypes of N across the three genotypes, and the former two have been proved
to be involved in N-metabolism. We concluded that TaNMR is most likely an important
new player associated with N-metabolism in wheat.

ACKNOWLEDGEMENTS
We thankDr. XinyaoHe (InternationalMaize andWheat Improvement Center, CIMMYT)
for improving English language of this manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the National Natural Science Foundation of China (31600997,
31271704) and the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 31600997, 31271704.
Priority Academic Program Development of Jiangsu Higher Education Institutions
(PAPD).

Li et al. (2019), PeerJ, DOI 10.7717/peerj.7281 9/13

https://peerj.com
http://dx.doi.org/10.7717/peerj.7281


Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Lei Li conceived and designed the experiments, performed the experiments, analyzed the
data, prepared figures and/or tables, authored or reviewed drafts of the paper, approved
the final draft.
• Hao Gong performed the experiments, contributed reagents/materials/analysis tools,
prepared figures and/or tables.
• Zhengxi Sun performed the experiments, analyzed the data.
• Tao Li conceived and designed the experiments, contributed reagents/materials/analysis
tools, approved the final draft.

Data Availability
The following information was supplied regarding data availability:

Data is available at NCBI under accession number PRJNA526019. The sequences of
conserved N-metabolism-related genes are available as Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.7281#supplemental-information.

REFERENCES
Ajwa HA, Dell CJ, Rice CW. 1999. Changes in enzyme activities and microbial biomass

of tallgrass prairie soil as related to burning and nitrogen fertilization. Soil Biology &
Biochemistry 31:769–777 DOI 10.1016/S0038-0717(98)00177-1.

Arase S, Fujita K, Uehara T, Honda Y, Isota J. 2000. Light-enhanced resistance to
Magnaporthe grisea infection in the rice Sekiguchi lesion mutants. Journal of
Phytopathology 148:197–203 DOI 10.1046/j.1439-0434.2000.00501.x.

Balotf S, Kavoosi G, Kholdebarin B. 2016. Nitrate reductase, nitrite reductase, glutamine
synthetase, and glutamate synthase expression and activity in response to different
nitrogen sources in nitrogen-starved wheat seedlings. Biotechnology and Applied
Biochemistry 63:220–229 DOI 10.1002/bab.1362.

Barbier-Brygoo H, De Angeli A, Filleur S, Frachisse J-M, Gambale F, Thomine S, Wege
S. 2011. Anion channels/transporters in plants: from molecular bases to regulatory
networks. Annual Review of Plant Biology 62:25–51
DOI 10.1146/annurev-arplant-042110-103741.

Bremner J. 1965. Inorganic forms of nitrogen. In:Methods of soil analysis. Part 2.
chemical and microbiological properties, inorganic forms of nitrogen. Madison:
American Society of Agronomy, Soil Science Society of America.

Buchner P, HawkesfordMJ. 2014. Complex phylogeny and gene expression pat-
terns of members of the NITRATE TRANSPORTER 1/PEPTIDE TRANS-
PORTER family (NPF) in wheat. Journal of Experimental Botany 65:5697–5710
DOI 10.1093/jxb/eru231.

Li et al. (2019), PeerJ, DOI 10.7717/peerj.7281 10/13

https://peerj.com
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA526019
http://dx.doi.org/10.7717/peerj.7281#supplemental-information
http://dx.doi.org/10.7717/peerj.7281#supplemental-information
http://dx.doi.org/10.7717/peerj.7281#supplemental-information
http://dx.doi.org/10.1016/S0038-0717(98)00177-1
http://dx.doi.org/10.1046/j.1439-0434.2000.00501.x
http://dx.doi.org/10.1002/bab.1362
http://dx.doi.org/10.1146/annurev-arplant-042110-103741
http://dx.doi.org/10.1093/jxb/eru231
http://dx.doi.org/10.7717/peerj.7281


Couturier J, Montanini B, Martin F, Brun A, Blaudez D, Chalot M. 2007. The expanded
family of ammonium transporters in the perennial poplar plant. New Phytologist
174:137–150 DOI 10.1111/j.1469-8137.2007.01992.x.

CrismaniW, Baumann U, Sutton T, Shirley N,Webster T, Spangenberg G, Langridge
P, Able JA. 2006.Microarray expression analysis of meiosis and microsporogenesis
in hexaploid bread wheat. BMC Genomics 7:267 DOI 10.1186/1471-2164-7-267.

DesimoneM, Catoni E, Ludewig U, Hilpert M, Schneider A, Kunze R, Tegeder M,
FrommerWB, Schumacher K. 2002. A novel superfamily of transporters for allan-
toin and other oxo derivatives of nitrogen heterocyclic compounds in Arabidopsis.
The Plant Cell 14:847–856 DOI 10.1105/tpc.010458.

Feng H, Fan X, YanM, Liu X, Miller AJ, Xu G. 2011.Multiple roles of nitrate trans-
port accessory protein NAR2 in plants. Plant Signaling & Behavior 6:1286–1289
DOI 10.4161/psb.6.9.16377.

He X, Qu B, LiW, Zhao X, TengW,MaW, Ren Y, Li B, Li Z, Tong Y. 2015. The nitrate-
inducible NAC transcription factor TaNAC2-5A controls nitrate response and
increases wheat yield. Plant Physiology 169:1991–2005 DOI 10.1104/pp.15.00568.

Ishikawa A, Okamoto H, Iwasaki Y, Asahi T. 2001. A deficiency of coproporphyrino-
gen III oxidase causes lesion formation in Arabidopsis. Plant Journal 27:89–99
DOI 10.1046/j.1365-313x.2001.01058.x.

Konishi N, Ishiyama K, Matsuoka K, Maru I, Hayakawa T, Yamaya T, Kojima S. 2014.
NADH-dependent glutamate synthase plays a crucial role in assimilating ammonium
in the Arabidopsis root. Physiologia Plantarum 152:138–151 DOI 10.1111/ppl.12177.

Krapp A. 2015. Plant nitrogen assimilation and its regulation: a complex puzzle with
missing pieces. Current Opinion in Plant Biology 25:115–122
DOI 10.1016/j.pbi.2015.05.010.

Li T, Bai GH. 2009. Lesion mimic associates with adult plant resistance to leaf rust
infection in wheat. Theoretical and Applied Genetics 119:13–21
DOI 10.1007/s00122-009-1012-7.

Li T, Bai GH, Gu SL. 2012. A combination of leaf rust resistance gene Lr34 and lesion
mimic gene lm significantly enhances adult plant resistance to Puccinia triticina in
wheat. Chinese Science Bulletin 57:2113–2119 DOI 10.1007/s11434-012-5001-x.

Li L, Shi X, Zheng F, Li CC,WuD, Bai GH, Gao DR,Wu JC, Li T. 2016a. A novel
nitrogen-dependent gene associates with the lesion mimic trait in wheat. Theoretical
and Applied Genetics 129:2075–2084 DOI 10.1007/s00122-016-2758-3.

Li L, Shi X, Zheng F,WuD, Li A-A, Sun F-Y, Li C-C,Wu J-C, Li T. 2016b. Tran-
scriptome analysis of Dlm mutants reveals the potential formation mechanism
of lesion mimic in wheat. European Journal of Plant Pathology 146:987–997
DOI 10.1007/s10658-016-0975-x.

Li SX,Wang ZH, Stewart BA. 2013. Responses of crop plants to ammonium and nitrate
N. Advances in Agronomy 118:205–397 DOI 10.1016/B978-0-12-405942-9.00005-0.

Liu Q, Chen XB,Wu K, Fu XD. 2015. Nitrogen signaling and use efficiency in plants:
what’s new? Current Opinion in Plant Biology 27:192–198
DOI 10.1016/j.pbi.2015.08.002.

Li et al. (2019), PeerJ, DOI 10.7717/peerj.7281 11/13

https://peerj.com
http://dx.doi.org/10.1111/j.1469-8137.2007.01992.x
http://dx.doi.org/10.1186/1471-2164-7-267
http://dx.doi.org/10.1105/tpc.010458
http://dx.doi.org/10.4161/psb.6.9.16377
http://dx.doi.org/10.1104/pp.15.00568
http://dx.doi.org/10.1046/j.1365-313x.2001.01058.x
http://dx.doi.org/10.1111/ppl.12177
http://dx.doi.org/10.1016/j.pbi.2015.05.010
http://dx.doi.org/10.1007/s00122-009-1012-7
http://dx.doi.org/10.1007/s11434-012-5001-x
http://dx.doi.org/10.1007/s00122-016-2758-3
http://dx.doi.org/10.1007/s10658-016-0975-x
http://dx.doi.org/10.1016/B978-0-12-405942-9.00005-0
http://dx.doi.org/10.1016/j.pbi.2015.08.002
http://dx.doi.org/10.7717/peerj.7281


Lou Q, Liu Y, Qi Y, Jiao S, Tian F, Jiang L,Wang Y. 2014. Transcriptome sequenc-
ing and metabolite analysis reveals the role of delphinidin metabolism in
flower colour in grape hyacinth. Journal of Experimental Botany 65:3157–3164
DOI 10.1093/jxb/eru168.

Marini A-M, Vissers S, Urrestarazu A, Andre B. 1994. Cloning and expression of the
MEP1 gene encoding an ammonium transporter in Saccharomyces cerevisiae. The
EMBO Journal 13:3456–3463 DOI 10.1002/j.1460-2075.1994.tb06651.x.

Matsumoto T, Tanaka T, Sakai H, Amano N, Kanamori H, Kurita K, Kikuta A, Kamiya
K, YamamotoM, Ikawa H, Fujii N, Hori K, Itoh T, Sato K. 2011. Comprehensive
sequence analysis of 24,783 barley full-length cDNAs derived from 12 clone libraries.
Plant Physiology 156:20–28 DOI 10.1104/pp.110.171579.

McDonald TR, Dietrich FS, Lutzoni F. 2011.Multiple horizontal gene transfers of
ammonium transporters/ammonia permeases from prokaryotes to eukaryotes:
toward a new functional and evolutionary classification.Molecular Biology and
Evolution 29:51–60 DOI 10.1093/molbev/msr123.

Mortazavi A,Williams BA, Mccue K, Schaeffer L, Wold B. 2008.Mapping and
quantifying mammalian transcriptomes by RNA-Seq. Nature Methods 5:621–628
DOI 10.1038/nmeth.1226.

Ninnemann O, Jauniaux J, FrommerW. 1994. Identification of a high affinity NH+4
transporter from plants. The EMBO Journal 13:3464–3471
DOI 10.1002/j.1460-2075.1994.tb06652.x.

Noutoshi Y, Ito T, Seki M, Nakashita H, Yoshida S, Marco Y, Shirasu K, Shinozaki K.
2005. A single amino acid insertion in the WRKY domain of the Arabidopsis TIR-
NBS-LRR-WRKY-type disease resistance protein SLH1 (sensitive to low humidity
1) causes activation of defense responses and hypersensitive cell death. The Plant
Journal 43:873–888 DOI 10.1111/j.1365-313X.2005.02500.x.

OlczakM,Morawiecka B,WatorekW. 2003. Plant purple acid phosphatases—genes,
structures and biological function. Acta Biochimica Polonica 50:1245–1256.

Pellny TK, Lovegrove A, Freeman J, Tosi P, Love CG, Knox JP, Shewry PR, Mitchell
RAC. 2012. Cell walls of developing wheat starchy endosperm: comparison
of composition and RNA-Seq transcriptome. Plant Physiology 158:612–627
DOI 10.1104/pp.111.189191.

Quesada A, Galvan A, Fernandez E. 1994. Identification of nitrate transporter genes in
Chlamydomonas reinhardtii. The Plant Journal 5:407–419
DOI 10.1111/j.1365-313X.1994.00407.x.

Saiya-Cork KR, Sinsabaugh RL, Zak DR. 2002. The effects of long term nitrogen
deposition on extracellular enzyme activity in an Acer saccharum forest soil. Soil
Biology & Biochemistry 34:1309–1315 DOI 10.1016/S0038-0717(02)00074-3.

Sohn KH, Segonzac C, Rallapalli G, Sarris PF,Woo JY,Williams SJ, Newman TE, Paek
KH, Kobe B, Jones JDG. 2014. The nuclear immune receptor RPS4 is required for
RRS1(SLH1)-dependent constitutive defense activation in Arabidopsis thaliana.
PLOS Genetics 10(10):e100465 DOI 10.1371/journal.pgen.1004655.

Li et al. (2019), PeerJ, DOI 10.7717/peerj.7281 12/13

https://peerj.com
http://dx.doi.org/10.1093/jxb/eru168
http://dx.doi.org/10.1002/j.1460-2075.1994.tb06651.x
http://dx.doi.org/10.1104/pp.110.171579
http://dx.doi.org/10.1093/molbev/msr123
http://dx.doi.org/10.1038/nmeth.1226
http://dx.doi.org/10.1002/j.1460-2075.1994.tb06652.x
http://dx.doi.org/10.1111/j.1365-313X.2005.02500.x
http://dx.doi.org/10.1104/pp.111.189191
http://dx.doi.org/10.1111/j.1365-313X.1994.00407.x
http://dx.doi.org/10.1016/S0038-0717(02)00074-3
http://dx.doi.org/10.1371/journal.pgen.1004655
http://dx.doi.org/10.7717/peerj.7281


Tsay Y-F, Schroeder JI, Feldmann KA, Crawford NM. 1993. The herbicide sensitivity
gene CHL1 of Arabidopsis encodes a nitrate-inducible nitrate transporter. Cell
72:705–713 DOI 10.1016/0092-8674(93)90399-B.

UenoM, Kihara J, Arase S. 2015. Tryptamine and sakuranetin accumulation in
Sekiguchi lesions associated with the light-enhanced resistance of the lesion mimic
mutant of rice toMagnaporthe oryzae. Journal Of General Plant Pathology 81:1–4
DOI 10.1007/s10327-014-0560-0.

VonWittgenstein NJJB, Le CH, Hawkins BJ, Ehlting J. 2014. Evolutionary classification
of ammonium, nitrate, and peptide transporters in land plants. BMC Evolutionary
Biology 14:1–17 DOI 10.1186/1471-2148-14-1.

Wang YY, Hsu PK, Tsay YF. 2012. Uptake, allocation and signaling of nitrate. Trends in
Plant Science 17:458–467 DOI 10.1016/j.tplants.2012.04.006.

Wang D, Yang C, Dong L, Zhu J, Wang J, Zhang S. 2015. Comparative transcriptome
analyses of drought-resistant and—susceptible Brassica napus L. and develop-
ment of EST-SSR markers by RNA-Seq. Journal of Plant Biology 58:259–269
DOI 10.1007/s12374-015-0113-x.

WuGY. 2009. Amino acids: metabolism, functions, and nutrition. Amino Acids 37:1–17.
Yao Q, Zhou RH, Fu TH,WuWR, Zhu ZD, Li AL, Jia JZ. 2009. Characterization and

mapping of complementary lesion-mimic genes lm1 and lm2 in common wheat.
Theoretical And Applied Genetics 119:1005–1012 DOI 10.1007/s00122-009-1104-4.

Li et al. (2019), PeerJ, DOI 10.7717/peerj.7281 13/13

https://peerj.com
http://dx.doi.org/10.1016/0092-8674(93)90399-B
http://dx.doi.org/10.1007/s10327-014-0560-0
http://dx.doi.org/10.1186/1471-2148-14-1
http://dx.doi.org/10.1016/j.tplants.2012.04.006
http://dx.doi.org/10.1007/s12374-015-0113-x
http://dx.doi.org/10.1007/s00122-009-1104-4
http://dx.doi.org/10.7717/peerj.7281

