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at the same time point, suggesting that they can be involved 
in the primary nitrogen response. As the first effort aimed 
to identify and characterize NLP transcription factor gene 
family in maize, our study also indicates ZmNLPs may have 
significant roles in maize N response.
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differentiation · Nitrogen response

Introduction

NIN-LIKE PROTEIN (NLP), a plant-specific TF family, 
plays an essential role in nitrate signaling and assimilation. 
The NIN (for nodule inception) proteins were first identi-
fied as a regulator controlling development of symbiotic root 
nodules in the legume plant Lotus japonicus (Schauser et al. 
1999; Suzuki et al. 2013) but were later found widely exist-
ing among plant species, including those that do not fix gase-
ous nitrogen (Schauser et al. 2005). NLPs carry two major 
conserved domains, a RWP-RK domain for DNA binding, 
and a PB1 domain that is involved in protein–protein interac-
tion (Chardin et al. 2014; Sumimoto et al. 2007).

The NLP family proteins differ greatly in size as observed 
from three in Medicago and Brachypodium, six in rice and 
nine in Arabidopsis (Chardin et al. 2014). Functional stud-
ies in non-legume plants were mostly conducted in model 
organism Arabidopsis, where genetic mutants and transgenic 
plants demonstrated NLPs in Arabidopsis (AtNLPs) play a 
central role in orchestrating primary N response by binding 
to the nitrate-responsive cis-elements (Castaings et al. 2009; 
Konishi and Yanagisawa 2011, 2013). AtNLP7 was shown to 
bind with key N pathway genes including ANR1, LBD37/38, 
NRT1.1, NRT2, and NIA1, and thus able to moderate N 
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plant-specific transcription factor family and has been shown 
in several plant species to be a key player in regulating nitro-
gen (N) response. However, little is known about NLP gene 
family and their characteristics in maize (Zea mays L.). Here 
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assimilation and metabolism by either transcription acti-
vation or suppression of the downstream genes (Jian et al. 
2015; Marchive et al. 2013). AtNLP8 was demonstrated as a 
master regulator of nitrate-promoted seed germination, could 
directly bind to the promoter of the abscisic acid (ABA) 
catabolic enzyme gene (CYP707A2) and reduce ABA levels 
in a nitrate-dependent manner (Yan et al. 2016). AtNLP6 
and AtNLP7 were found interacting with another key tran-
scriptional regulator teosinte branched1/cycloidea/prolifer-
ating cell factor1-20 (TCP20) under continuous nitrate and 
N-starvation conditions, and these interacting regulators 
played an important role in controlling the expression of 
nitrate-responsive genes and the G2/M cell-cycle marker 
gene (Guan et  al. 2017). Furthermore, the nitrate-CPK 
 (Ca2+-sensor protein kinases)-NLP signaling was identified, 
nitrate triggers  Ca2+–CPK signaling and nitrate-coupled 
CPK signaling phosphorylates NLPs, and this signaling was 
crucial in nutrient-growth networks (Liu et al. 2017).

Maize (Zea mays L.) is one of the most important crops 
cultivated worldwide and a significant model plant to study 
important agronomic traits such as heterosis (Romay et al. 
2013) and nitrogen use efficiency (Simons et al. 2014). Iowa 
Stiff Stalk Synthetic (SS) and Non-Stiff Stalk (NSS) are two 
major heterotic groups which constitute genetically distinct 
breeding pools providing superior hybrid performance (van 
Heerwaarden et al. 2012). Furthermore, maize has one of the 
highest N responses to supplemental fertilizer, resulting sig-
nificant amounts of N fertilizers applied annually to maintain 
high yields (Bi et al. 2014; Humbert et al. 2013). Therefore, 
discovering the molecular mechanisms of heterosis and N 
response carries great significance to achieving productive 
and sustainable maize production.

In this study, we conducted a genome-wide survey of can-
didate NLPs in maize, and their expression profiles, genetic 
differentiation between heterotic groups and N response 
were analyzed. Three ZmNLPs (ZmNLP3, ZmNLP5 and 
ZmNLP9) differentiated very greatly between the SS and 
NSS heterotic groups. Four ZmNLPs (ZmNLP4, ZmNLP5, 
ZmNLP6 and ZmNLP8) were showed to be N responsive 
genes. Accordingly, we conclude the ZmNLPs as N-respon-
sive putative transcription factors in maize.

Materials and methods

Database search for NLP proteins

Raw Hidden Markov Model (HMM) data for the conserved 
RWP-RK and PB1 domain (RWP-RK. hmm, PF02042; 
PB1.hmm, PF00564) were downloaded from Pfam data-
base (Finn et al. 2014). HMM search from the HMMER3 
package was used to search the maize genome database 
MaizeGDB (AGPv3; http://www.maizegdb.org/). Proteins 

contained RWP-RK and PB1 domains with E values < 1E-5 
were collected and verified by NCBI Conserved Domains 
Database (CDD) (http://www.ncbi.nlm.nih.gov/cdd), Plant 
TFDB Plant Transcription Factor Database (Plant TFDB) 
(http://planttfdb.cbi.pku.edu.cn/) database. Redundant 
sequences were removed on the basis of their chromosome 
locations and sequence similarity. Sequence information of 
the nine Arabidopsis, six rice (Oryza sativa japonica) and 
five sorghum NLP proteins was obtained from Plant TFDB, 
and GRASSIUS (http://grassius.org/tfomecollection.html) 
databases.

Multiple sequence alignments and phylogenetic analysis

Multiple Sequence Alignments of the amino acid sequences 
of NLP proteins were performed using Clustal X (version 
1.83) (Thompson et al. 1997). The distribution of amino 
acid residues for the conserved RWP-RK and PB1 domains 
of ZmNLPs were created using WebLogo [http://weblogo.
berkeley.edu/examples.html (Crook s et al. 2004)]. Based 
on the Multiple Sequence Alignments, the phylogenetic tree 
was constructed with the MEGA6.0 program [http://www.
megasoftware.net/ (Tamura et al. 2007)] using the Neighbor-
joining method; and bootstrap tests were carried out with 
1000 replicates.

Gene structure and conserved motifs identification

The Gene Structure Display Server program (GSDS 2.0, 
Hu et al. 2015) was used to illustrate the exon–intron struc-
ture for individual ZmNLP genes by comparing the cod-
ing sequences with their corresponding genomic DNA 
sequences from MaizeGDB (http://www.maizegdb.org/). 
The deduced amino acid sequences of the 29 NLP proteins 
from maize, Arabidopsis, rice and sorghum were analyzed 
by the online MEME tool version 4.12.0 (http://meme-suite.
org/tools/meme, Bailey et al. 2009). To identify conserved 
motifs in these sequences, criterion of the maximum number 
of motifs was set to 15, together with a minimum width of 6 
and a maximum width of 50 amino acids, while other factors 
were set at default values.

Expression analysis of maize NLP genes

The transcriptome profiling data (RNA-seq data) from 
maize inbred-line B73 during 18 different developmen-
tal stages were downloaded from the NCBI SRA data-
base (http://www.ncbi.nlm.nih.gov/sra/; accession num-
ber SRR404131-SRR404132, SRR404139-SRR404150, 
SRR404152-SRR404156, SRR404158-SRR404164, 
SRR404171-SRR404200, SRR404202-SRR404203). The 
analysis of RNA-seq data was performed according to the 
previous study (Trapnell et al. 2013; Wang et al. 2017). 

http://www.maizegdb.org/
http://www.ncbi.nlm.nih.gov/cdd
http://planttfdb.cbi.pku.edu.cn/
http://grassius.org/tfomecollection.html
http://weblogo.berkeley.edu/examples.html
http://weblogo.berkeley.edu/examples.html
http://www.megasoftware.net/
http://www.megasoftware.net/
http://www.maizegdb.org/
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
http://www.ncbi.nlm.nih.gov/sra/
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FPKM (fragments per kilobase of exon per million frag-
ments mapped) was calculated with Cufflinks (v2.1.1) (Trap-
nell et al. 2010) representing the expression level. Heat maps 
were created using MultiExperiment Viewer version 4.9 
(MeV4.9, http://www.tm4.org/mev.html) program.

Plant materials and growth conditions

Maize inbred-line B73 was used in this study. Tissues 
(seeds, roots, stems, leafs) used for expression pattern 
validation were obtained from at least three healthy B73 
plants at the stage of 20 days after pollination, which were 
cultivated in the field at Jiangsu Academy of Agricultural 
Sciences(JAAS), Nanjing, China. Nitrate treatment experi-
ments were performed on plants according to previous study 
(Krouk et al. 2010). Briefly, Seeds were germinated on filter 
paper soaked in water for 48 h and then transferred into 
pots 2.5-L volume containing sand. Plants were grown in a 
greenhouse under a 16-h light/8-h dark photoperiod at a tem-
perature of 20–35 °C (JAAS, Nanjing, China). After grown 
for 20 days, plants were treated with 15 mM  KNO3, the 
control plants were mock-treated by the same concentration 
of KCl. Roots were collected at 0 h (h, before treatment) and 
0.5, 1, 1.5, 2 h after treatment. Three independent replicates 
were collected for each time point (treatment and control) 
and frozen in liquid nitrogen. Samples were then stored at 
−80 °C for the following RNA isolation.

Semi-quantitative RT-PCR analysis

Total RNA was isolated from collected samples using the 
TRIzol method as described by the manufacturer. The 
residual DNA was removed by RNase-free DNase I (Takara, 
Dalian, China) treatment, and 500 ng of total RNA from 
each sample was reverse transcribed to cDNA using prime 
Script™ RT Reagent kit (Takara, Dalian, China). A fourfold 
dilution of cDNA was used for semi-quantitative RT-PCR 

analysis. UPF1 was used as an internal control (Lin et al. 
2014). Primer pairs for all genes (Table 1) were designed by 
Primer 3 (http://bioinfo.ut.ee/primer3-0.4.0/), then tested by 
NCBI Primer BLAST and confirmed by sequencing result-
ing PCR products. Three biological replicates and 35 cycles 
for each reaction were performed for semi-quantitative RT-
PCR analysis, PCR products were examined by 2% agarose 
gel electrophoresis.

Genetic differentiation analysis

The DNA-seq data from 289 diverse maize inbred lines 
were downloaded from the NCBI SRA database (http://
www.ncbi.nlm.nih.gov/sra/; accession number SRA049859, 
SRA051245 and PRJNA260788) (Romay et al. 2013; van 
Heerwaarden et  al. 2012). Raw dates were trimmed to 
remove low-quality nucleotides via SolexaQA (Cox et al. 
2010) with the Phred-Score ≥ 20 longer than 20 bp, SNP 
sites were analysis using Burrows-Wheeler Alignment tool 
(BWA, https://sourceforge.net/projects/bio-bwa/files/) and 
SAMtool (https://sourceforge.net/projects/samtools/files/). 
FST vaules between two heterotic groups were calculated 
using vcftools program package (http://samtools.github.io/
hts-specs/VCFv4.2.pdf), window-size was set to 5000 and 
window-step was set to 1000. ZmNLPs involved SNPs were 
screened in gene internal region.

Quantitative real-time PCR (qPCR)

Total RNA was isolated from  KNO3 and KCl treated roots 
following the cDNA synthesis methods mentioned above. 
qPCR was performed with three replicates in 96-well plates 
using a Bio-Rad CFX96 system based on the SYBR Green 
PCR assay. Standard reactions comprised 5 μl 2 × SYBR® 
Premix Ex Taq™ II (TaKaRa, Dalian, China), 1 μl diluted 
cDNA template and 10 μM each primer with a total vol-
ume of 10 μl. Each reaction was subjected to the following 

Table 1  The primer sequences for semi-quantitative RT-PCR and qPCR analysis

Gene symbol Gene ID Forward (5′→3′) Reverse (5′→3′)

ZmNLP1 GRMZM2G109509 ACA ACC ACC ACG GCA ACT CC GGG CTG CGT CTG CGA CAG 
ZmNLP2 GRMZM2G031398 ACG CCG ACC TCC AGG AGT G GCT TCC GTC CTG CCG TCA TG
ZmNLP3 GRMZM2G048582 TGC AGC GAG AAG CCT TGG AG GGT GCT TGT TGA AGT CGG TGAG
ZmNLP4 GRMZM2G475305 CCC TTT GCC AAT CAC CTA ACGG CAC CGC TAC CAT TTG GTC TGC
ZmNLP5 GRMZM2G042278 CCT GGA CGA TGC CAA CGA GTG TCC CAT GGA CCT CAG CTA CCTC
ZmNLP6 GRMZM2G176655 AAA GGC ACG CTA CAA GGA AGAC GTT GCT ACC AGA TGC CCG AGAG
ZmNLP7 GRMZM2G053298 TCG GTT CAT GGA GCA GAG ACAG ACC GCT ACA TGA GGG ACT TGAC
ZmNLP8 GRMZM2G375675 TCC GTT TCC CAT GCT CAG GTG GCC AAA GTG TGC TGC AAT ATCG
ZmNLP9 GRMZM2G105004 GGT TAC CGC CCT TAG CCT GTTG CGT GTT TCA ACC GTG CGA AGAG
ZmNRT2.2 GRMZM2G010251 GCA CGC TAC CTG TGG TGT TCG TTG CTC TTC TCG TCG TCG TTCC
UPF1 GRMZM2G163444 CAC CCG GTT GGC TAT GCT GTAC TGT GCT CCA CCA GAA GGC TGAC

http://www.tm4.org/mev.html
http://bioinfo.ut.ee/primer3-0.4.0/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
https://sourceforge.net/projects/bio-bwa/files/
https://sourceforge.net/projects/samtools/files/
http://samtools.github.io/hts-specs/VCFv4.2.pdf
http://samtools.github.io/hts-specs/VCFv4.2.pdf
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conditions: an initial step of 3 min at 95 °C, followed by 
40 cycles at 95 °C for 10 s, 58 °C for 20 s and 72 °C for 
20 s. Each sample had three biological replicates to ensure 
the accuracy of results. The expression of the ZmNLPs and 
ZmNRT2.2 were calculated by the  2−ΔΔCt method (Livak 
and Schmittgen 2001), samples were treated with 15 mM 
 KNO3 (as the experimental treatment) or KCl (as the con-
trol treatment). Transcription levels of each tested genes 
were normalized by UPF1 gene (GRMZM2G163444), 
s u c h  a s  Δ C t Z m N L P 1 ( K N O 3 )  =  C t Z m N L P 1 ( K N O 3 ) 
−  CtUPF1 (KNO3), ΔCtZmNLP1(KCl) = CtZmNLP1(KCl) −  CtUPF1 (KCl), 
ΔΔCtZmNLP1 = ΔCtZmNLP1(KNO3) − ΔCtZmNLP1(KCl). One-Way 
ANOVA analysis was used to test treatment effects. When 
effects were significantly different, post hoc multiple com-
parisons (LSD, p < 0.05) was examined. All data analysis 
was conducted using DPS v6.55.

Results

Genome-wide identification and conserved domains 
of maize NLPs

To identify the NLP family in maize, the Pfam HMM pro-
files (RWP-RK. hmm, PF02042; PB1.hmm, PF00564) 
were used to perform a HMMER search against the maize 
ref_v3 genome. Twelve protein sequences that contain con-
served RWP-RK and PB1 domains were identified from the 
genome and further confirmed using NCBI CDD and Plant 
TFDB. Duplicate entries based on chromosome location and 
sequence similarity were then consolidated. Finally, nine 
putative NLP transcription factor-encoding genes were 
identified in maize genome, named ZmNLP1−ZmNLP9 
(Table 2). Except chromosomes 4 and 9, all ten maize chro-
mosomes contain NLPs, with two members on chromosome 
2, and one on each of chromosomes 1, 3, 5, 6, 7, 8 and 10. 
Genomic length of these genes spans from 3.3 to 9.2 kb with 
an average of 5.9 kb. Encoded proteins consist of 786 to 
1089 amino acids (aa) with an average of 912 aa.

All NLP proteins contain conserved RWP-RK and PB1 
domains. To investigate the features of the homologous 
domain sequences, we performed Multiple Sequence 
Alignment (MSA) using the RWP-RK and PB1 domain 
amino acid sequences from the nine ZmNLPs (Fig. 1). The 
predicted DNA-binding RWP-RK domain of maize NLPs 
showed to be highly conserved with 31 out of 52 amino 
acids being 100% conserved across family (Fig. 1a; Sup-
plementary Table 1), whereas the protein–protein interac-
tion PB1 domain exhibited more sequence variation, with 
only 15 out of 84 amino acids being fully conserved in all 
ZmNLPs (Fig. 1b; Supplementary Table 1).

Phylogenetic relationships and gene structure of maize 
NLPs

To evaluate the evolutionary structure within the NLP 
family in maize, a phylogenetic tree was constructed 
from MSA of all ZmNLP proteins (Fig. 2a; Supplemen-
tary Table 1). Based on sequence similarity and phylo-
genetic tree topology, the maize NLP family was divided 
into two subgroups (Subgroup 1 and Subgroup 2, or S1 
and S2). S1 included five members (ZmNLP1, 2, 3, 7 and 
9), and S2 contained four members (ZmNLP4, 5, 6 and 
8), with high bootstrap values suggesting a common ori-
gin for NLP genes within each subgroup. To understand 
the structural diversity of NLP genes, we examined the 
exon–intron structures of ZmNLPs by comparing their 
cDNA sequences with their genomic sequences (Fig. 2b; 
Supplementary Table 2). According to the predicted struc-
tures, all coding sequences of maize NLPs are disrupted 
by introns, and consist of four to seven exons varying from 
34 to 1674 bp. Notably, the most closely related members 
in each subgroup were generally conserved in exon length 
and exon–intron pattern.

Table 2  NLP genes identified in the maize genome

Gene Gene ID Gene location Length (kb) Exon No. of aa E-value (RWP-RK) E-value (PB1)

ZmNLP1 GRMZM2G109509 Chr01: 7080255–7085736 5.5 7 953 2.4E−25 7.2E−17
ZmNLP2 GRMZM2G031398 Chr02: 33701563–33710286 8.7 7 1089 5.2E−24 1E−15
ZmNLP3 GRMZM2G048582 Chr02: 198102096–198107328 5.2 4 872 6.3E−26 7.1E−17
ZmNLP4 GRMZM2G475305 Chr03: 1540716–1545106 4.4 5 916 3.7E−26 1.1E−15
ZmNLP5 GRMZM2G042278 Chr05: 76715126–76718411 3.3 4 786 1.2E−24 6.4E−12
ZmNLP6 GRMZM2G176655 Chr06: 133982025–133991228 9.2 5 873 4.1E−24 8.3E−18
ZmNLP7 GRMZM2G053298 Chr07: 147146774–147152106 5.3 5 851 2.5E−25 9.4E−18
ZmNLP8 GRMZM2G375675 Chr08: 29209906–29216097 6.2 5 927 3.9E−26 1E−14
ZmNLP9 GRMZM2G105004 Chr10: 127592227–127597271 5.0 5 945 4.4E−24 9.6E−17
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Synteny analysis of NLPs in maize, Arabidopsis, rice 
and sorghum

To better understand molecular evolution of NLP proteins 
across species, phylogenetic relationships among ZmN-
LPs and their homologs in Arabidopsis, rice and sorghum 
were examined. The nine putative ZmNLP proteins were 
subjected to Multiple Sequence Alignment along with nine 
Arabidopsis, six rice and five sorghum NLP proteins, and 
a neighbor-joining tree was constructed (Fig. 3; Supple-
mentary Table 1). In general, the maize NLPs exhibited a 
close relationship with the ones in the other three species, 
especially in sorghum. Two putative orthologs (ZmNLP1/
SbNLP1, ZmNLP5/SbNLP4) were identified based on the 
phylogenetic tree with a high degree of homology in the 
terminal node (99).

In addition, conserved motifs in 29 NLP proteins were 
predicted by the online MEME tool. Fifteen predicted motifs 
were identified with sizes varying from 11 to 50 amino acids 
(Fig. 3; Supplementary Table 3). Almost all of NLP pro-
teins contained the conserved RWP-RK domain (motifs 4, 
1, Fig. 3) except OsNLP6. This protein only had the N-ter-
minal part of the domain (motifs 4), the most conserved 
motif (motif 1) was lost. All NLP proteins contained the 
PB1 domain (motifs 10, 3, Fig. 3). Additionally, some NLPs 
were predicted to carry the GAF domain-like in Plant TFDB 
database, such as ZmNLP5 (start–end: 148–230 aa, motifs 
2, Fig. 3) and AtNLP7 (start–end: 214–283 aa, motifs 2, 
Fig. 3).

Based on the phylogenetic relationships and motif com-
positions, the NLP proteins from these four higher plants 
were divided into three major Groups (Group 1, 2 and 3), 

similar to previous reports in Arabidopsis (Schauser et al. 
2005). Group 1–3 contained seven to twelve NLPs. In Group 
3, four maize NLP genes (ZmNLP4, ZmNLP5, ZmNLP6 and 
ZmNLP8) clustered with the AtNLP7, a major player in the 
primary nitrate response and required for nitrate regula-
tion of N-assimilation in Arabidopsis (Wang et al. 2003; 
Castaings et al. 2009).

Gene expression atlas of ZmNLPs

To investigate the temporal and spatial patterns of NLP 
gene expression in maize, an expression atlas of ZmNLP 
from eighteen different tissues were made using the publicly 
available RNA-seq datasets at NCBI SRA archive (Materials 
and Methods). ZmNLPs in general exhibited low transcript 
abundance (FPKM from 0 to 40.7, with an average of 4.6, 
Fig. 4a; Supplementary Table 4), which is not uncommon 
for genes encoding transcription factors. Notably, almost all 
ZmNLPs constitutively expressed in eight different tissues at 
various developmental stages. Four ZmNLPs (44%) showed 
highest transcript accumulation level in 24 h after imbibi-
tion germinating seed (Fig. 4a, Column 1), in greenhouse 
grown 6 days-after-sowing (DAS) primary root (Column 2), 
in the Thirteenth Leaf at vegetative transition (VT) stage 
(Column 9), the Thirteenth Leaf at reproductive 2 (R2) stage 
(Column 10). Whereas three ZmNLPs (33%) showed highest 
transcript accumulation in stem and shoot apical meristem 
(SAM) at vegetative 3 (V3) stage (Column 3) and leaves at 
various developmental stages (Columns 4, 5, 6, 8). Espe-
cially, ZmNLP2 showed the highest transcript accumulation 
in all developmental stages tested. Although expression pro-
files varied for individual ZmNLPs, some conserved patterns 
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Fig. 2  Phylogenetic relationship and exon–intron gene structure of 
maize NLP genes. a Phylogenetic tree of maize NLP proteins by the 
neighbor-joining method using MEGA6 software with 1000 boot-
straps. The two phylogenetic subgroups (S1and S2) are indicated. 

Scale bar indicates the number of amino acid substitutions per site. b 
Exon–intron structures of NLP genes. Exons are represented by yel-
low boxes and introns by black lines. (Color figure online)



101Plant Growth Regul (2018) 84:95–105 

1 3

Fig. 3  Evolutionary relationships of the NLP proteins from maize 
(ZmNLPs), Arabidopsis (AtNLPs), rice (OsNLPs) and sorghum 
(SbNLPs). a Phylogenetic tree computed by the MEGA6 software 
using the neighbor-joining method with 1000 bootstrap. The proteins 
are clustered into 3 Groups (Group 1–3). Scale bar indicates the num-

ber of amino acid substitutions per site. b Motifs identified by MEME 
online software on the different NLP proteins. The motifs covered 
describe domains RWP-RK (motifs 4, 1), PB1 (motifs 10, 3). Scale 
for protein length is indicated at the bottom
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Fig. 4  Expression profiling of NLP genes in maize. a Heat map for 
ZmNLP gene expression in various maize tissues across develop-
ment time. The color scale below represents expression values, with 
higher intensity of red indicating high levels of transcript abundance. 
Columns 1: 24H_germinating seed; 2: 6DAS_GH_Primary Root; 
3: V3_Stem and SAM; 4: V5_Tip of stage-2 Leaf; 5: V9_Eighth 
Leaf; 6: V9_Eleventh Leaf; 7: V9_Thirteenth Leaf; 8: V9_Immature 
Leaves; 9: VT_Thirteenth Leaf; 10: R2_Thirteenth Leaf; 11: 10DAP_

Whole seed; 12: 12DAP_Whole seed; 13: 14DAP_Whole seed; 14: 
16DAP_Whole seed; 15: 12DAP_Endopsperm; 16: 14DAP_Endop-
sperm; 17: 16DAP_Endosperm; 18:16DAP_Embryo. b Semi-quanti-
tative RT-PCR validation using four representative tissues. Four tis-
sues including seed, root, stem and leaf were assayed. ZmNLPs were 
compared to the maize reference housekeeping gene UPF1 (UPF1: 
GRMZM2G163444). (Color figure online)
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were observed. For instance, in Subgroup 1 most ZmNLPs 
showed higher transcript accumulation in leaf tissues, while 
in ZmNLP4 and ZmNLP5 from Subgroup 2 expressed with 
abundance in all leaf tissues (Columns 4, 5, 6, 7, 8, 9, 10).

To validate expression profiles generated from RNA-
seq data, we conducted semi-quantitative RT-PCR in four 
representative tissues (R1_Root, R1_Stem, R1_leaf, and 
20DAP_Whole seed, Fig. 4b). All ZmNLP transcripts were 
detected at all four tissues, with transcripts of ZmNLP4 and 
ZmNLP8 particularly abundant, in consistence with results 
from the RNA-seq based expression atlas (Fig. 4b).

Genetic differentiation analysis of ZmNLPs in different 
heterotic groups

To identify genetic variation of ZmNLPs among different 
maize germplasm groups, the genetic differentiation analysis 
was made using the publicly available DNA-seq datasets 
at NCBI SRA archive (Materials and Methods). The 289 
diverse maize inbred lines were classified as members of 
two major heterotic groups, SS (109 lines) and NSS (180 
lines) groups, including 294378 single nucleotide polymor-
phism (SNP) sites (Romay et al. 2013; van Heerwaarden 
et al. 2012). Genetic differentiation coefficient (F-statistic, 
FST) between two heterotic groups were calculated using 
vcftools program package. Wright suggested qualitative 
guidelines for the interpretation of FST, a range from 0 to 
0.05, 0.05 to 0.15 and 0.15 to 0.25 considered to indicate 
little, moderate and great genetic differentiation respectively, 
whereas FST values > 0.25 indicate very great genetic dif-
ferentiation (Wright 1977). According to chromosome loca-
tions of ZmNLP genes, SNPs were screened in gene internal 
regions. A total of six genes (ZmNLP1, ZmNLP3, ZmNLP5 
ZmNLP7, ZmNLP8 and ZmNLP9) in ZmNLP family dif-
ferentiated significantly between the two groups with FST 
values > 0.15, distributing on chromosomes 1, 2, 5, 7, 8 and 
10 (Fig. 5), while the rest of ZmNLPs (ZmNLP2, ZmNLP4 
and ZmNLP6) showed moderate or little genetic differen-
tiation (Fig. 5). Furthermore, among the six ZmNLPs, the 
FST values of ZmNLP3, ZmNLP5 and ZmNLP9 were higher 
than 0.25 (Fig. 5), indicating these genes differentiate very 
greatly between the SS and NSS heterotic groups.

Nitrogen response of NLP genes in maize

Previous studies in Arabidopsis have shown that changes in 
N status trigger extensive responses in primary and second-
ary metabolism, physiological and developmental processes, 
and part of which were due to changes in gene expression 
(Scheible et al. 2004; Wang et al. 2003). To investigate 
the early transcriptional response of ZmNLP genes to N in 
maize, levels of mRNA for ZmNLPs and N-responsive sen-
tinel gene [ZmNRT2.2 (Zamboni et al. 2014)] in response 

to  NO3− treatment were measured (Fig. 6; Supplementary 
Table 5). The result revealed that, most ZmNLPs demon-
strated both up and down regulation with decreased expres-
sion at 1 and 2 h after nitrate treatment and increased expres-
sion at 0.5 and 1.5 h, except for ZmNLP4 and ZmNLP5 with 
the expression up-regulated at 0.5 h and then down-regulated 
at 1–2 h. Four ZmNLPs (ZmNLP4, ZmNLP5, ZmNLP6 and 
ZmNLP8) have their transcript levels changed significantly 
after nitrate treatment (up-regulated over twofold in at 
least one time-point, Fig. 6b) compared to the benchmark 
N-responsive ZmNRT2.2 (Fig. 6c), while the rest of ZmNLPs 
showed lesser transcriptional responses (Fig. 6a). Further-
more, ZmNLP4 and ZmNLP5 showed to be very N-respon-
sive by exhibiting the highest up-regulation (> fivefold) at 
0.5 h after treatment.

Discussion

As the first attempt to identify and characterize NLP family 
in maize, our genome-wide analysis revealed nine maize 
NLPs. The maize NLP family size is the same as in Arabi-
dopsis (Schauser et al. 2005), but greater than rice with 
six members (Chardin et al. 2014) and sorghum with five 
(from this study), implying functional diversification of NLP 
members. However, the fact that a small-genomed Arabidop-
sis (135 Mb) has the same number of NLPs as in maize (a 
genome of 2.5 Gb), suggests the evolutionary conservation 
of NLPs and their essentiality in maintaining normal plant 
growth and development.

The conserved nature of NLPs was further supported by 
structural analysis of protein domains. The RWP-RK domain 
has 60% amino acids that are 100% conserved within maize 
NLP family (Fig. 1a). Secondary structure predictions of 
RWP-RK indicate the presence a basic helix followed by 
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a helix-turn-helix motif and an amphipathic leucine zipper 
(Schauser et al. 2005), suggesting its involvement in DNA-
binding. The PB1 domain at C-terminus contains two α 
helices, a mixed five-stranded β sheet and an acidic OPCA 
motif, with a predicted protein-binding ability (Sumimoto 
et al. 2007). The GAF domain is a ubiquitous motif for 
signaling and sensory transducing, and has been shown to 
be associated with gene regulating from bacteria to higher 
plants (Ho et al. 2000). Even though only 4 NLPs (ZmNLP5, 
AtNLP3, AtNLP7 and SbNLP4) was predicted to carry the 
GAF domain-like (Chardin et al. 2014) in Plant TFDB data-
base, a clear sequence homology (motif 2, Fig. 3) can be 
observed in all Arabidopsis, rice, maize and sorghum NLPs. 
It is therefore reasonable to assume that the co-existence 
of a sensing and signaling domain (GAF-like), a DNA-
binding domain (RWP-RK) and a protein-binding domain 
(PB1) underlies the molecular mechanism for NLPs to cross 
function in various aspects of N response including N status 
sensing, transcription modulation and signal transduction. 
The fact that ZmNLPs showed transcript accumulation in 

almost all tissues examined from root to leaf to developing 
seeds (Fig. 4), further supported the breadth of involvement 
of ZmNLPs in maintaining normal plant N metabolism.

In rice, 200 differentially selected regions were identi-
fied between the two rice heterotic groups (IndI and IndII), 
which contained lots of functional genes and loci associated 
with important agronomic traits (Xie et al. 2015). In these 
regions, the accumulation of difference loci was detected to 
be positively correlated with grain yield (Xie et al. 2015). 
Genes involved in maize heterosis has also been studied 
such as Zea mays ARGOS1 (ZAR1), transgenic experiments 
demonstrated that over-expression of ZAR1 improved maize 
organ growth, grain yield, and drought-stress tolerance 
(Guo et al. 2014). In our study, three ZmNLPs (ZmNLP3, 
ZmNLP5 and ZmNLP9) were found differentiated very 
greatly between the SS and NSS heterotic groups, indicat-
ing these genes may contribute to heterosis and have effect 
on important agronomic traits such as NUE in maize.

Previous studies have shown N treatment can trig-
ger rapid and extensive transcriptional changes in a wide 

Fig. 6  qPCR results for expression patterns of ZmNLPs after nitrate 
treatment. Levels of mRNA for ZmNLPs and ZmNRT2.2 in maize 
roots in response to nitrate treatment were detected. 20-day-old plants 
grown without the presence of nitrate were treated with 15  mM 
 KNO3 or KCl (as a control treatment). Plants were collected at 0  h 

(h, before treatment) and 0.5, 1, 1.5, 2 h after treatment. Sentinel tran-
scripts were measured in RNA from roots using qPCR and normal-
ized to the maize housekeeping gene UPF1. a, b The groups with 
different expression patterns in nitrate treatment. c The expression 
pattern of ZmNRT2.2 (GRMZM2G010251) under nitrate treatment
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range of cellular and physiological processes. In this study, 
qPCR assay of ZmNLPs confirmed the swift transcrip-
tional response (Fig. 6). Notably, the transcription of four 
ZmNLP genes (ZmNLP4, ZmNLP5, ZmNLP6 and ZmNLP8) 
responded most prominently to nitrate treatment (Fig. 5b), 
which happened to be the only four ZmNLPs clustered with 
AtNLP7 in the same phylogenetic group (Fig. 3a). ZmNLP5 
not only has a close phylogenetic relationship with AtNLP7, 
but even to be the most N-responsive gene in ZmNLP fam-
ily, and ZmNLP5 also showed significant differentiation in 
genetic differentiation analysis. Functional experiments and 
genetic mutant studies in Arabidopsis have demonstrated 
AtNLP7 as a master regulator in nitrate sensing and signal-
ing (Konishi and Yanagisawa 2013; Marchive et al. 2013). 
It is then postulated that aforementioned ZmNLP5 may have 
the similar functions as AtNLP7 in N regulation.
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