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Abstract

Background: Nitrate transporter NRT1/PTR family (NPF) proteins are crucial for plant nitrogen uptake and utilization. As an important
hexaploid crop for grain and forage, oat (Avena sativa L.) requires substantial levels of nitrogen. However, the oat nitrate transporter 1
(NRT1) family remains uncharacterized. Methods: In this study, the oat NRT/ subfamily members were identified through the Hmm
and Pfam databases. Bioinformatics analysis was performed using the MEGA 11 and TBtools software to elucidate the physicochemical
properties, evolutionary relationships, chromosomal localization, and gene structures. Furthermore, quantitative real-time polymerase
chain reaction (QRT-PCR) analysis and the green fluorescent protein (GFP) fusion expression vector were utilized to investigate the
candidate oat NRT1s. Results: Phylogenetic classification categorized oat NRT /s into eight subfamilies, with the most abundant being
the NPF5 subfamily. Physicochemical property analysis revealed that the number of amino acids in the proteins encoded by these genes
ranged from 235 to 673, with their molecular weights (MWs) ranging from 26 kDa to 74 kDa. Chromosomal localization revealed that
these genes were unevenly distributed across all 12 oat chromosomes. Promoter analysis revealed that light-responsive elements appeared
most frequently in the promoters of these genes (39.3%), followed by abscisic acid (ABA)-responsive elements (13.5%) and methyl
jasmonate (MeJA)-responsive elements (9.4%). qRT-PCR analysis revealed that most of the genes exhibited tissue-specific expression
patterns. Among them, AsNPF2.6 was highly expressed in the leaves at 1 h post-low nitrogen (LN) treatment, while AsNPF4.5 was highly
expressed in the leaves at 12 h. Both these genes exhibited low expression levels in the roots. However, ASNPF7.16 and AsNPF7.19
were both highly expressed in the roots at 9 h post-LN treatment but exhibited low expression in the leaves. Subcellular localization
revealed that all five proteins (AsNPF2.6, AsNPF4.5, AsNPF7.16, AsNPF6.8, and AsNPF7.19) were localized to the cytoplasm and cell
membrane. Conclusions: Our results demostrate the involvement of AsNRT! family members in nitrogen transport in oat, providing
theoretical support for further investigation into the functions and molecular mechanisms of action of oat NRT'/s in nitrogen transport.
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1. Introduction

Nitrogen is the most demanded nutrient element by
plants and is a key limiting factor for plant growth [1,2].
However, currently, only developed countries have a nitro-
gen fertilizer utilization rate of 50—60% [3], while develop-
ing countries, such as India [4] and Brazil [5], have an aver-
age nitrogen fertilizer utilization rate of only 30—40%. The
low utilization rate of nitrogen fertilizer not only leads to a
waste of resources and economic losses but also causes a se-
ries of environmental problems, including acidification of
soil crusts, eutrophication of water bodies, nitrate contam-
ination of groundwater, and intensification of greenhouse
gas emissions [6,7]. Therefore, fully exploring the poten-
tial of plants to enhance their nitrogen utilization efficiency
is a key issue that must be addressed in contemporary agri-
cultural production.

The primary form of nitrogen that plants obtain from
the soil is nitrate, and nitrate transport proteins primarily
facilitate the uptake and transportation of this essential nu-
trient [8,9]. Nitrate is a key component of plant-synthesized
proteins, chlorophyll, and various other compounds. Addi-
tionally, nitrate stored in vesicles plays an important role
in ion homeostasis and osmoregulation. The nitrate trans-
porter 1 family (NRT1/PTR family, abbreviated as NPF
family) is the largest nitrate transporter protein group in
plants, mainly responsible for the transport of nitrate and
plant hormones [10,11].

In the dicotyledonous plant Arabidopsis thaliana, the
NPF family comprises 53 NRTI members [12]. Among
these, 11 proteins have been reported as essential for nitro-
gen uptake and transport in Arabidopsis thaliana [13,14].
For instance, AtNRT1.1 (AtNPF6.3) represents a seminal
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discovery within the NRT1 protein family, playing a crucial
role in nitrate uptake by plants [15]. AtNRTI.1 (AtNPF6.3)
is an integral part of the signaling cascade response and
is actively involved in coordinating the adaptive response
of plants to fluctuating nitrate concentrations in the envi-
ronment, highlighting its significance for sustainable plant
growth and nutrition [16]. Furthermore, AtNRT1.4 is in-
volved in regulating nitrate homeostasis in the leaves and
affecting the leaf development processes [17], while A¢-
NRT1.5 is responsible for mediating nitrate transport from
roots to aboveground parts [18]. In addition, A#NRT1.6 is
involved in regulating early embryonic development pro-
cesses in plants [19]. AtNRT1.7 promotes the transport of
nitrate between old and young leaves and participates in its
reuse process, while AtNRT1.9 is responsible for the trans-
port of nitrate to the base through the phloem [20]. No-
tably, the expression levels of these genes are induced by
nitrate ions (NO3 ™) and are strongly regulated by phytohor-
mones. However, few studies have examined the relation-
ship between NRTI and NO3~ in crops other than wheat
and rice, primarily due to the research limitations associ-
ated with non-model plants in terms of mutant materials and
gene-cloning technology. Previously, response characteris-
tics of NRT1.1 and NRT1.2 under different nitrogen supply
conditions have been investigated in wheat [21], and the bi-
ological function of OsNRTI.1 has been elucidated in rice
[22].

Low nitrogen utilization efficiency is a significant
constraint on the sustainable development of oat (4vena
sativa L.). Screening and characterizing key nitrate trans-
porter genes is crucial for breeding nitrogen-efficient oat
varieties. While oat quality is largely determined by its ge-
netics, it is also influenced by the external environment. Oat
is often grown in arid and infertile soils and is commonly
fertilized with NH, ™. This practice can lead to stunting
during the early reproductive stages of the plant due to the
slow biotransformation of NH, T caused by low soil tem-
peratures in early spring. Incorporating a certain percentage
of NO3 ™~ into the nitrogen fertilizer might promote early
oat development [23,24]. Nitrogen fertilizers are critical in
dry matter accumulation, morphology establishment, and
fresh grass yield quality of oat [25,26]. At present, there is
an imbalance between forage supply and demand, and with
the continuous development of animal husbandry, the de-
mand for forage is increasing. Excessive application of ni-
trogen fertilizers to increase forage production results in the
production of large amounts of ammonium nitrogen, which
wastes resources and increases the pressure on the environ-
ment. Therefore, it is imperative to explore the cloning of
nitrogen transporter genes for various molecular improve-
ments and yield increases.

The whole genome sequencing of oat has been suc-
cessfully completed [27]; however, the function of the
NRTI family in oat growth and development is still unclear.
At present, there are few research reports on the response

patterns of the members of this family under different nitro-
gen treatment conditions and their mechanisms of action in
maintaining nitrogen homeostasis in oat. Therefore, in the
present study, we identified the oat NRT/ family members
and performed bioinformatics analysis and gene cloning of
several candidate genes involved in nitrate uptake and trans-
port. Our findings provide excellent genetic resources for
oat nitrogen-efficient molecular breeding and are important
for the high and stable yield of oat.

2. Materials and Methods

2.1 Identification and Physicochemical Characterization
of NRT1 Genes (NRT1Is) in Oat

The sequences of oat proteins were downloaded from
the Ensembl Plants database (https://plants.ensembl.org/ind
ex.html) [28] and was used to build a local protein database.
Subsequently, a hidden Markov model (PF00854) of the
NRTI family was obtained from the Pfam database, and
the local database was searched using the HMMER v3.0
(Sean Eddy, Seattle, WA, USA) (E value < 10~'°) to pre-
liminarily screen oat NRT1 proteins (NRT1s) and remove
redundant sequences [29,30]. The screened sequences
were submitted to the NCBI protein Batch CD-search
database (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/
bwrpsb.cgi) for conserved domain identification, and the
sequences lacking conserved domains were removed ac-
cordingly [31]. The obtained oat NRT! family genes were
renamed, specifically for each member, as NPFX.Y, where
X denotes the subfamily, and Y denotes the member within
the species. There were eight subfamilies of the genes.

Using the sequences of 53 NRTs involved in nitrate
uptake and transport in Arabidopsis thaliana, Oryza sativa
L., Zea mays L., and Setaria italica miltiorrhiza as probes,
homologous sequence searches were conducted with the oat
whole genome database using BLASTP (https://blast.ncbi
.nlm.nih.gov/Blast.cgi). Combined with phylogenetic tree
analysis, 197 oat NRT1s were ultimately identified. Chro-
mosomal localization (including the start and end sites of
the 197 oat NRTIs on the chromosome), encoded protein
length, and other basic information of oat were obtained
from the Ensembl Plants database (https://plants.ensembl.o
rg/). The ExPASy platform (https://www.expasy.org/) was
used to predict and analyze the molecular weight (MW),
isoelectric point (pI), mean hydrophobicity value (grand
average of hydropathicity value, abbreviated as GRAVY
value), instability index, and lipid index of oat NRT1s [32].
The sequences of the proteins were submitted to the WoLF
PSORT website (https://wolfpsort.hge.jp/) [33] and Cell-
PLoc 2.0 website (http://www.csbio.sjtu.edu.cn/bioinf/pla
nt-multi/) [34] to predict their subcellular localization.

2.2 Construction of a Phylogenetic Tree for the Oat NRTI
Family

To elucidate the relationships of NRTIs between
wheat and other species, a total of 197, 53, 3, 3, 3, and 8
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NRTI family members of oat, Arabidopsis thaliana, rice,
maize, wheat, and S. italica, respectively, were obtained
from the Ensembl Plants database and imported into MEGA
11 (MEGA Software, Tempe, AZ, USA) [35]. Phylogenetic
analysis of NRT family members was performed using the
Clustal W multiple sequence alignment method combined
with the neighbor-joining (NJ) method. When building a
phylogenetic tree, the bootstrap value was set to 1000, and
the default configuration was used for all other parameters.
The Newick (NWK) format file of the phylogenetic tree
generated by the MEGA 11 software has been uploaded to
the Evolview online platform (https://evolgenius.info//evo
lview-v2/#login) to optimize the visualization effect [36].

2.3 Chromosomal Location and Covariance Analysis of
Oat NRT1 Family Members

Using the “GTF/GFF Gene Localization Visualiza-
tion” plugin in TBtools (CJ Chen, Guangzhou, Guangdong,
China), the physical location information of oat NRT1 fam-
ily members was input [37], and the gene localization map
on chromosomes was generated and exported. The covari-
ance relationships among oat, Arabidopsis thaliana, and
rice genomes were analyzed using the MCscanX plugin in
the TBtools software. A total of 197 AsNRT1s were high-
lighted, and covariance maps among genomes were plotted.

2.4 Structural Characteristics and Conserved Motif
Analysis of NRT1 Family Members in Oats

Exon-intron structure information was obtained from
the oat genome annotation file using the “Visualize Gene
Structure” tool from TBtools [37]. The AsNRT1 protein
sequence was submitted to the MEME online tool (https:
//meme-suite.org/meme/tools/meme) to perform conserva-
tive motif prediction with the following parameter settings:
The number of motifs was set to 15, and the length of mo-
tifs was set within the range of 6—100 amino acid residues.
Subsequently, TBtools was used to visualize and analyze
the predicted gene structure and conserved motifs [37,38].

2.5 Analysis of Cis-Acting Elements in Oat NRT1 Family
Members

The regulatory sequence 2000 bp upstream of the tran-
scription start site of AsNRT' was extracted using the “GXF
Sequence Extraction” tool in TBtools and submitted to
the PlantCARE database (http://bioinformatics.psb.ugent.b
e/webtools/plantcare/html/) to analyze the cis-acting com-
ponents [39]. The cis-acting elements in the AsNRT'ls were
analyzed, and the results were categorized according to the
function of the elements and visualized using TBtools.

2.6 Analysis of the Expression Patterns of Oat NRT1
Family Members in Different Tissues

The coding sequences (CDSs) of all AsNRTIs in oat
were extracted and compared with the diploid oat (4.
longiglumis) CDS database, retaining the diploid oat genes
with the highest matching degree to the oat AsNRTIs.
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Based on the diploid oat expression database (http://db.n
cgr.ac.cn/oat/newel.php) by matching the gene names, the
expression levels of NRT!s in different tissues of diploid
oat (including root tips, roots, leaves, stems, spikes, and
spikelets) were obtained (represented by the number of
fragments per kilobase transcript read per million mapped
reads, abbreviated as FPKM value), and a gene expression
clustering heat map was drawn using the TBtools software.

2.7 Plant Materials and Growth Conditions

The seeds of Bailyan VII oat material used in this ex-
periment were provided by Prof. Zhao Guiqin of Gansu
Agricultural University. It is suitable for cultivation in arid
and semi-arid areas, alpine shady and humid areas, second-
shade areas and similar ecological zones in central Gansu.
After soaking the seeds in a 1% hydrogen peroxide solution
for 3 min for surface disinfection, they were rinsed thrice
with deionized water and then soaked in deionized water
for 12 h. Post-soaking, the seeds were evenly arranged
in petri dishes lined with moistened filter paper, oriented
with ventral grooves facing downward. Seed germination
was induced in the dark at 22 °C, with periodic moisture
application by spraying deionized water. The germinated
seeds were transferred to a light-controlled incubator sup-
plemented with Hoagland nutrient solution for cultivation.
The cultivation conditions were set as follows: relative hu-
midity of 65%, light/dark period of 16 h/8 h, light period
temperature of 22 °C, dark period temperature of 16 °C,
and light intensity of 200-250 pmol-m~2-s~!. Forty plants
were established, with 20 seedlings per treatment group.
The nutrient solution was replaced every 72 h. When the
seedlings reached the two-leaf and one-heart development
stage, they were divided into two groups: The control (CK)
group, treated with 20 mM nitrogen, and the low nitro-
gen (LN) group, treated with 2 mM nitrogen. The leaf and
root tissue samples were collected at 0, 1, 3, 6, 9, 12, and
24 h post-processing. Immediately after sample collection,
three plants per time point were placed in liquid nitrogen
for quick freezing and then transferred to a —80 °C freezer
for long-term storage.

2.8 RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNA was extracted from plant tissues using the
RNAprep Pure Plant Total RNA Extraction Kit (B0226B,
Tiangen Biochemical Technology, Beijing, China) for sub-
sequent analysis of target gene expression. The Eco Real
Time PCR system (Illumina, San Diego, CA, USA) was
used for quantitative real-time polymerase chain reaction
(qRT-PCR), with oat actin gene (4sActin) as the internal ref-
erence gene [40]. The primers used for gRT-PCR are shown
in Supplementary Table 1.
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2.9 Subcellular Localization in Wheat Protoplasts

Gene-specific primers were used to amplify the NRT/
CDS and clone it into the N-terminus of green fluores-
cent protein (GFP) in GFP expression vector (16318h-
GFP-NOS). Protoplasts were isolated from wheat seedling
leaves as described previously [41]. The recombinant
plasmid 16318h-NRT1-GFP and the empty vector control
16318h-GFP were introduced into wheat protoplasts us-
ing the polyethylene glycol (PEG)-mediated transformation
method [41]. The transfected protoplasts were cultured in
the W5 solution at 23 °C for 18 h in the dark. Then, the
GFP fluorescence signal was observed using a laser scan-
ning confocal microscope (8100001684, Leica Microsys-
tems GmbH, Wetzlar, Germany). The primer sequences are
listed in Supplementary Table 2.

2.10 Statistical Analysis

qRT-PCR data were normalized using actin, with ver-
tical bars representing standard deviation. Significant dif-
ferences in the variables were indicated by p < 0.05, p <
0.01, p < 0.001, and p < 0.0001. All data processing and
statistical analysis were performed using GraphPad Prism
7.0 (GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1 Identification and Physicochemical Characterization
of the NRT1 Family in Oat

Through HMMER whole genome scanning combined
with Conserved Domains Database (CDD) (https://www.nc
bi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) conserved domain
validation, a total of 197 oat NRT! family members with
complete PF00854 (PTR2) domain were identified. Subse-
quent screening via BLASTP alignment validated these 197
oat NRTIs. These genes encoded proteins ranging in size
from 235 amino acids (AsNPF8.40) to 673 amino acids (As-
NPF2.2) with MWs varying between 26 kDa (AsNPF8.40)
and 74 kDa (AsNPF2.2) (Supplementary Table 3). Bioin-
formatic analysis revealed that the pIs of the proteins ranged
from 4.89 (AsNPF8.28) to 11.06 (AsNPF7.4), indicating a
broad range of acidic to basic properties within the NPF
family.

Among the 197 identified NRT s, 131 exhibited insta-
bility indices below 40, classifying them as stable proteins
(Supplementary Table 3). Hydrophobic analysis showed
that the average GRAVY value of the 195 proteins was
positive, indicating that these proteins had hydrophobicity.
Notably, only two proteins, AsNPF4.21 and AsNPF5.10,
showed negative GRAVY values, indicating hydrophilic
properties. Subcellular localization analysis using the Cell-
PLoc 2.0 and the WoLF PSORT web tool predicted that
nearly all AsNRTIs localize to vesicle membranes. In ad-
dition, 25 proteins were localized to the cell membrane, 7
to the endoplasmic reticulum, and 1 to the mitochondria.
Thus, we hypothesized that the NRTIs in oat might play
varying roles in nutrient transport.

3.2 Phylogenetic Analysis of Oat NRT1 Family

A phylogenetic tree was constructed using the pro-
teins from oat (4. sativa), rice (O. sativa), corn (Z. mays),
common wheat (Tritium aestivum L.), S. italica and A.
thaliana to analyze the evolutionary relationship of the oat
NRT] family (Fig. 1). Based on the subfamily classifica-
tion system of Arabidopsis thaliana NRTI family, phyloge-
netic analysis showed that the NPF5 subfamily of oat was
the most abundant subfamily (with 56 members) in the oat
NRT] family, followed by the NPF§ subfamily (with 47
members). The NPF3 and NPF 1 subfamilies were the least
abundant, with only 11 and 1 family member, respectively.
Phylogenetic analysis also showed that oat NRTIs in the
same subfamily had closer genetic relationships but farther
genetic relationships with the members in other subfami-
lies. This finding suggested that the oat NRT/ family might
have undergone adaptive differentiation during its evolu-
tionary process.

Next, we identified the genes in nitrate uptake and
transport, including 11, 3, 3, and 8 genes in S. italica [42],
Arabidopsis thaliana [15,19,43], O. sativa[44], and Z. mays
[45], respectively. Phylogenetic analysis revealed distinct
evolutionary relationships among oat NPFs. AsNPF2.1,
AsNPF2.2, AsNPF2.4, AsNPF2.6, AsNPF2.7, AsNPF2.20,
and AsNPF2.22 clustered closely with AtNPF2.11, ex-
hibiting 89-95% sequence identity. =~ AsNPF4.5, As-
NPF4.18, and AsNPF4.23 were highly homologous to
SiNPF4.6 (99%, 94%, and 99% identity, respectively).
The AsNPF6.1-AsNPF6.3 subgroups demonstrated near-
complete sequence conservation with OsNPF6.5 (99%,
92%, and 99% identity, respectively). AsNPF6.8, As-
NPF6.13, and AsNPF6.14 clustered with SiNPF6.7 (93—
97% identity). AsNPF6.9, AsNPF6.15, AsNPF6.16, and
AsNPF6.17 aligned closely with OsNPF6.3 (93-95% iden-
tity). These proteins from the non-oat species were evolu-
tionarily similar, with a high structural and functional simi-
larity, and can be used as a reference for inferring the func-
tions of oat NPF proteins.

3.3 Chromosomal Localization Analysis of Oat NRT1s

Chromosomal localization analysis showed that 197
AsNRT1s were unevenly distributed across the oat chromo-
somes (Supplementary Fig. 1). Among them, 58, 38, 28,
27,22, 14, and 9 genes were located on chromosomes 4, 1,
2,7, 6,3, and 5, respectively. We also detected one unas-
signed scaffold Un25. Notably, chromosome 4 exhibited
the highest AsNRT density, with 23 AsNRT1s specifically
clustered on its 4A subgenome.

3.4 Collinearity Analysis of Oat NRTls

Through collinearity analysis of the 197 oat NRTIs,
their chromosomal distribution patterns were analyzed, ho-
mologous gene pairs were identified, and evolutionary re-
lationships were inferred to identify potential gene dupli-
cation events. To investigate the evolutionary mechanisms
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Fig. 1. Phylogenetic tree of NRT1s in monocots (4vena sativa L., Triticum aestivum L., Oryza sativa L., Zea mays L., and Setaria
italica.) and a dicot (Arabidopsis thaliana). Oat NPF subfamilies are indicated by different colours: NPF1 (gold), NPF2 (pink), NPF3
(grey), NPF4 (cadet blue), NPF5 (medium purple), NPF6 (plum), NPF7 (light green), and NPF8 (royal blue). The red star, black circle,
green rectangle, yellow strip, blue triangle, and purple check marks represent the AsNPFs, AtNPFs, ZmNPFs, TaNPFs, OsNPFs, and

SiNPFs, respectively. NPF, nitrate transporter 1 family.

of the oat NRT! family, we generated a comparative phy-
logram within the genome of oat itself (Fig. 2a). To eluci-
date their evolutionary relationships with other species, we
performed collinearity analysis of the 197 AsNRT s across
three species: The monocot O. sativa, diploid oat 4. longig-
lumis, and the dicot A. thaliana (Fig. 2b). Our analysis re-
vealed 114, 89, and 4 syntenic gene pairs with diploid oat,
rice, and Arabidopsis thaliana, respectively. The differen-
tial number of conserved syntenic blocks reflects evolution-
ary divergence, with hexaploid oat 4. sativa showing closer
phylogenetic affinity to monocot rice than to the distantly
related dicot Arabidopsis thaliana.
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A 200-kb chromosomal region containing >2 genes
is defined as a tandem duplication event [46]. Genomic
analysis showed that 36 AsNRT!s clustered in 16 tandem
repeat regions of oat linkage groups 1A, 1C, 1D, 2A, 2C,
2D, 3C, 4A, 4C, 4D, 5A, and 6A. Further analysis using
BLASTP combined with MCScanX led to the identifica-
tion of 81 fragment duplication events, involving 108 As-
NRTIs (Supplementary Table 4). These results indicated
that tandem and segmental repeats promoted the expan-
sion of the AsNRTI family, with segmental repeats being
the main driving force for the evolutionary diversity of this
family.
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Fig. 2. Inter-species collinearity analysis of NRT1s in Avena sativa L., Oryza sativa, Arabidopsis thaliana, and A. longigluis. (a)

Covariance analysis of AsNRT!s in the oat genome. The grey and black lines indicate all duplicated gene pairs in the oat genome and

duplicate gene pairs among the 197 AsNRTIs, respectively. (b) Analysis of covariance between species of the AsNRTIs. The grey and

red lines represent the region of co-collinearity between oat and other plants and the co-collinearity of AsNRTLs, respectively.

To analyze the evolutionary selection pressure on
the NRT! family, we calculated the non-synonymous sub-
stitution rate (Ka), synonymous substitution rate (Ks),
and Ka/Ks ratio of gene pairs (Supplementary Table 5).
Among them, Ka/Ks of 1 indicated that the gene is in a
neutral selection state, while Ka/Ks of <1 and >1 indicated
negative and positive purification selections, respectively.
Analysis of AsNRT1 pairs with all fragment and tandem re-
peats showed that the Ka/Ks values of most orthologous
gene pairs were <1, indicating that the oat NRT/ family
might have undergone a strong purification selection pres-
sure during its evolution.

3.5 Structural Characteristics and Conserved Motifs of the
Oat NRTI Family

A phylogenetic tree based on the maximum likelihood
(ML) method was constructed to analyze the structural do-
main characteristics of oat 4sNRTIs. Firstly, ClustalW
multiple sequence alignment was performed on the se-
quences of the 197 AsNRTIs, followed by phylogenetic
analysis. The amino acid sequences of the AsNRT1s were
submitted to the MEME database (Fig. 3). The evolutionary
relationships among AsNRT1s were investigated based on
their protein sequences, and the clustering results from the
branches were consistent with those of Arabidopsis thaliana
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Fig. 3. Phylogenetic relationship and evolutionary trajectory analysis of AsNRTIs. Conservative motif analysis, annotated with

different small boxes (each box representing an independent motif). In the genetic structure, introns are represented by black lines, while

exons are distinguished by green and yellow boxes.

NRT1s. Using bioinformatic methods, a total of eight con-
served motifs were identified in AsNRT'1s and named motifs
1 to 8 (Supplementary Fig. 2).

To further investigate the evolutionary characteristics
of the oat NRT family, exon-intron structure analysis was
performed on all identified AsNRT1s (Fig. 3). Our results
showed that the number of exons in the genes of this family
ranged from 1 to 6, with 10, 17, 55, 63, 52, and 3 genes
containing 1, 2, 3, 4, 5, and 6 exons, respectively. By com-
bining evolutionary trees and gene structures, we observed
that the genes within the same group usually had similar
structures.
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3.6 Bioinformatic Analysis of the Cis-Acting Elements in
the Promoter Regions of ASNRTIs

The promoter sequences of the 197 AsNRTls were
submitted to the PlantCARE database to identify cis-acting
elements to elucidate the transcriptional regulatory mecha-
nisms of this gene family. As a key binding region of tran-
scription factors, cis-acting elements directly participate in
gene expression regulation (Supplementary Fig. 3).

We detected 23 elements associated with biologi-
cal functions, and they were divided into four categories:
Plant hormone-responsive, abiotic stress-responsive, plant
growth and development-related, and light-responsive ele-


https://www.imrpress.com

Table 1. Classification of cis-acting elements in ASNRT1s.

Cis-regulatory element Element Element number Classification

Abscisic acid responsiveness ABRE 644 Hormone response related elements
Flavonoid biosynthetic genes regulation MBSI 14 Hormone response related elements
Auxin-responsive element AuxRE, TGA-box, TGA-element 175 Hormone response related elements
Gibberellin-responsiveness GARE-motif, P-box, TATC-box 175 Hormone response related elements

Salicylic acid responsiveness

SARE, TCA-element 95

Hormone response related elements

The MeJA-responsiveness CGTCA-motif, TGACG-motif 450 Hormone response related elements
Defense and stress responsiveness TC-rich repeats 54 Abiotic stress response element
Drought-inducibility MBS 182 Abiotic stress response element
Low-temperature responsiveness LTR 155 Abiotic stress response element
Maximal elicitor-mediated activation (2 copies) AT-rich sequence 6 Abiotic stress response element
MYBHUv1 binding site CCAAT-box 136 Abiotic stress response element
Wound-responsive element WUN-motif 4 Abiotic stress response element
Endosperm expression GCN4-motif 40 Plant growth and development elements
Endosperm-specific negative expression AACA-motif 5 Plant growth and development elements
Anoxic specific inducibility GC-motif 106 Plant growth and development elements
Differentiation of the palisade mesophyll cells HD-Zip 1 16 Plant growth and development elements
Essential for the anaerobic induction ARE 307 Plant growth and development elements
Meristem expression CAT-box 175 Plant growth and development elements
Meristem specific activation NON-box 2 Plant growth and development elements
Root specific motif I 9 Plant growth and development elements
Seed-specific regulation RY 32 Plant growth and development elements
Zein metabolism regulation 02-site-a 122 Plant growth and development elements
Light responsive element I-box, Gap-box, Box II, L-box 1883 Elements associated with light response

MelJA, methyl jasmonate; MBS, MYB binding sites; ABRE, abscisic acid responsive element; MBSI, MYB binding Site I; AuxRE, auxin
response element; SARE, salicylic acid responsive element; LTR, low temperature response; ARE, antioxidant response element; WUN,

wound-responsive element; GCN4, general control nonderepressible 4.

ments (Table 1). In addition, we detected ten elements asso-
ciated with plant growth and development. These elements
comprised GCN4_motif (related to endosperm expression),
AACA_ motif (specifically regulated by endosperm), GC-
motif (related to hypoxia induction), HD-Zip 1 motif (re-
lated to palisade mesophyll cell differentiation), cis ele-
ments involved in anaerobic induction response, CAT-box
(related to meristematic expression), NON-box (activated
by meristematic tissue), root-specific expression motif I,
RY-motif (regulated by seed specificity), and O2-site-a
(regulated by zein metabolism). Among them, anaerobic
induction-related elements were the most abundant func-
tional components.

Furthermore, we detected six elements related to plant
stress response, including TC-rich repeat sequences (related
to defense and stress response), MYB binding sites (MBS)-
elements (related to drought induction), LTR elements (re-
lated to low temperature response), MYBHvI1 binding site
(CCAAT-box), and WUN-motifs (related to wound re-
sponse). These elements play key regulatory roles in plant
development and environmental stress response. In addi-
tion, we detected six cis-sacting elements related to hor-
mone response, including abscisic acid-responsive ABRE-
element (related to abscisic acid), flavonoid biosynthesis-

regulated MBSI-motif (related to MYB transcription factor-
mediated regulation of flavonoid synthesis gene ex-
pression), auxin-responsive AuxRE-element (related to
growth and development regulated by growth hormone)
and TGA-box/TGA-motif (related to plant disease re-
sistance response), gibberellin-responsive GARE-motif/P-
box/TACT-box (related to gibberellin signaling pathway),
salicylic acid-responsive SARE-element/TCA-motif (re-
lated to plant disease resistance response and abiotic
stress response), and methyl jasmonate (MeJA)-responsive
CGTCA-motif/ TGACG-motif (related to plant defense re-
sponses and secondary metabolism). These components
recognize specific stress signals within cells and mediate
the regulation of related gene expression to adapt to unfa-
vorable external environments. Further, we identified I-
box, Gap-box, Box-II, and L-box components related to
light response. Overall, the identified cis-acting elements
were related to the response mechanisms of plants to in-
ternal hormone signals, external environmental stress, and
the expression regulation patterns in specific growth stages
and tissues, indicating that the AsNRT family might be in-
volved in regulating multidimensional biological processes
1n oat.

&% IMR Press


https://www.imrpress.com

3.7 Tissue Expression Specificity Analysis of the AsSNRT1
Family

By comparing the gene expression data of diploid 4.
longigluis and hexaploid A. sativa, the expression patterns
of the AsNRTI family in different tissues were analyzed,
and their potential biological functions were explored. A
total of 114 gene replication pairs were identified (Fig. 2).
The expression data for these diploid oat genes were ob-
tained from the oat database, and a tissue-specific expres-
sion heat map was drawn (Fig. 4). The expression levels of
the AsNRT s varied across different tissues. Most ASNRTIs
exhibited tissue-specific expression, with distinct patterns
observed for key members. AsNPF4.18 was highly ex-
pressed in the root tip, potentially mediating the initial up-
take of nitrate by the root system. AsNPF7.16, ASNPF7.19,
and AsNPF2.6 were highly expressed in the roots, poten-
tially mediating nitrate uptake from the soil to the root sys-
tem, intra-root transport, and xylem loading. AsNPF4.5,
AsNPF2.7, and AsNPF6.8 were highly expressed in the
leaves, potentially acting as unloading/loading hubs for vas-
cular transport and, at the same time, participating in nitro-
gen signaling to coordinate metabolism and growth. As-
NPF2.1 and AsNPF6.13 were highly expressed in the pan-
icles and might mediate nitrate partitioning from the nutri-
ent organs to inflorescences or act as signaling elements.
AsNPF6.2 was highly expressed in the spikelets, poten-
tially supplying nitrogen to the spikelets via the “source-
deposit” transporter network to support floral organ devel-
opment, pollen viability, and seed formation. Therefore,
nitrogen uptake in oat might be initiated by AsNPF6.1 and
AsNPF6.3, which take up nitrate from the soil. This process
is followed by the activities of AsSNPF7.16, AsNPF7.19, and
AsNPF2.6 that mediate intra-root nitrate transport. Next,
vascular nitrate transport is mediated by AsNPF4.5, As-
NPF2.7, and AsNPF6.8, and AsNPF2.1 and AsNPF6.13
mediated nitrate partitioning to the florets. Finally, pre-
cise nitrogen transport to the spikelets was facilitated by
AsNPF6.2 to mediate seed formation.

3.8 Expression Analysis of the Nitrogen-Responsive
AsNRTIs

We selected 10 genes from the promoter region con-
taining many adversity-related cis-acting elements to vali-
date the bioinformatics data related to the expression anal-
ysis of oat NPFs. The genes showing large differences
in their expressions across different tissues were found to
be involved in nitrate uptake and transport in other plants.
These genes were homologous with AsNPF6.2, AsNPF4.5,
AsNPF2.1, AsSNPF6.8, ASNPF4.18, AsSNPF2.6, AsNPF2.7,
AsNPF7.16, AsNPF7.19, and AsNPF6.13.

To verify the expression patterns of these ten genes un-
der LN conditions in oats, we created a CK group (treated
with 20 mM nitrogen) and an LN group (treated with 2 mM
nitrogen) and analyzed the expressions of these genes in
their root and leaf tissues. Our results showed that under
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Fig. 5. The left and right figures show the expression profile of ten As/VNRTIs in oat root and leaf tissue under low nitrogen (LN)

treatment, respectively. The data is standardized using the actin gene as an internal reference, and the vertical error line represents the

standard deviation (SD). Asterisks indicate significant differences in gene expression compared to the untreated control group (Student’s
t-test: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001), with the number of asterisks reflecting different levels of significance.

LN conditions, the expressions of these genes were induced
to varying degrees. In the roots of the LN group (Fig. 5),
the levels of 8 of these 10 genes were significantly higher
at 1 h post-treatment than those at 0 h (p < 0.01). Then,
the expressions of AsSNPF7.16, AsNPF6.13, AsSNPF2.6, As-
NPF4.18, AsNPF7.19, and AsNPF6.8 first decreased and
then increased over time, with significantly higher levels
at 24 h than at 0 h (p < 0.05). In contrast, the expres-
sions of ASNPF2.1, AsNPF2.7 and AsNPF6.2 declined over
time, with significantly lower levels at 24 h than at 0 h (p
< 0.05). The expression of AsNPF4.5 peaked at 12 h post-
treatment, being significantly higher than that at 0 h (p <
0.01). These results indicated that AsNPF7.16, AsSNPF6.13,
AsNPF2.6, ASNPF4.18, ASNPF7.19, and AsNPF6.8 are po-
tential nitrogen-responsive genes in oat leaves.

Unlike the gene expression pattern in root tissue, the
expression of AsNPF2.1 exhibited specific regulatory char-
acteristics in leaf tissue under LN treatment (Fig. 5). At 12
h post-treatment, its levels were significantly higher than
at 0 h (p < 0.01). However, its levels at any other time

10

points were not significantly different than those at 0 h. Fur-
thermore, the levels of ASNPF7.16, AsSNFP4.5, AsNPF2.7,
AsNPF6.13, AsSNPF2.6, AsNPF4.18, and AsNPF6.8 were
significantly higher compared to those at 0 h (» < 0.05)
and all the genes exhibited a similar expression pattern. On
the other hand, AsNPF6.2 showed a decreasing trend, ex-
hibiting significantly lower levels at almost all time points
compared to its levels at 0 h (p < 0.01). Furthermore, com-
pared to its levels at 0 h, the AsNPF'7.19 expression signif-
icantly increased at 3 h and 9 h (»p < 0.01). These results
indicated that all the assessed genes might act as potential
LN treatment-responsive genes in root tissues except for
AsNPF6.2. We selected AsNPF2.6, AsNPF4.5, AsNPF6.8,
AsNPF?7.16,and AsNPF?7.19 for subsequent qRT-PCR anal-
ysis.

3.9 Subcellular Localization Analysis of Oat AsNRTI
Family

Next, we analyzed the subcellular localization of can-
didate proteins encoded by the AsNRTls. Analysis using
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the wheat protoplast expression system showed that the
GFP signal was distributed in the cytoplasm and cell mem-
brane of wheat protoplasts (Fig. 6). Among them, weak
GFP signals in the cytoplasm and cell membrane were ob-
served only for AsNPF2.6 and AsNPF4.5. AsNPF6.8, As-
NPF?7.16, and AsNPF7.19 exhibited stronger GFP signals
in the cytoplasm but weaker signals in the cell membrane.
This finding was not in line with the biological prediction.
These findings indicated that these 5 genes might primar-
ily be involved in nitrogen transport and uptake in the oat
cytoplasm and cell membrane.

4. Discussion

The NRTI family comprises critical genes involved
in plant nitrogen uptake and utilization, and its members
are engaged in nitrate transport and uptake. A study has
shown that nitrate uptake and translocation are influenced
by numerous factors, with light being a critical factor
[23]. Bioinformatic analysis of the promoters of 197 As-
NRT1Is revealed that they contain abundant plant hormone
and stress-responsive regulatory elements. The hormone-
responsive elements were related to various hormone-
related signaling pathways, such as gibberellin (GA)-, ab-
scisic acid (ABA)-, auxin (IAA)-, MeJA-, and salicylic
acid (SA)-related signaling pathways. Stress-responsive
elements included drought-induced MBS, while environ-
mental factors-responsive components comprised light-
responsive regulatory components. Notably, among all
the identified regulatory elements, the most abundant were
the photoresponsive cis-acting elements (39.3%). This
predominance might reflect photoperiod-driven metabolic
coordination, where photosynthetic product accumulation
creates elevated nitrogen demands for biomass synthesis.
The abundance of these light-sensitive elements suggested
their critical role in mediating plant—environment interac-
tions via transcriptional regulation of nutrient acquisition
pathways. This result was consistent with the genome-wide
analysis of the NRT! family promoters in grains [42]. In
addition to photoresponsive elements, oat NRT1s were also
regulated via multiple hormone signaling pathways. This
finding was consistent with the results of previous studies.
For instance, previous study [47] has shown that hormones
significantly regulate the expression of cotton GANPF fam-
ily. In Arabidopsis thaliana, AtNRTI.1 transports growth
hormone in lateral roots and responds to nitrogen starva-
tion by inhibiting lateral root growth [48]. Cytokinins pos-
itively regulate the expression of AtNRTI.4 and AtNRTI.7,
promoting nitrate distribution and transport [17,20]. In the
present study, analysis of hormone-responsive cis-elements
revealed distinct regulatory signatures. ABA-responsive
motifs constituted 13.5% of the identified elements, while
MeJA-responsive elements constituted 9.4%. This find-
ing indicated a strong functional linkage between NRT/ ex-
pression dynamics and phytohormone signaling pathways,
particularly suggesting that ABA and MeJA mediated tran-

&% IMR Press

scriptional regulation of nitrate transport processes. These
results showed that the expression of AsNRTls might be
regulated by various plant hormones and environmental
factors, thereby reflecting the functional diversity of this
gene family.

The function of a gene is based on its expression,
while the expression of a gene reflects its function [49].
We analyzed the tissue-specific expression patterns of 197
AsNRT1s. The seed- and spike-specific expressions of
TaNPFI in wheat have been shown to be related to its
nitrate transport function during seed development [50].
The AsNRTI family exhibited diverse tissue expression
specificity. AsNPF6.1 and AsNPF6.3 exhibited prefer-
entially high expression in the root tip, AsSNPF§8.9 was
specifically upregulated in mature roots, and AsNPF2.4 dis-
played panicle-specific expression. These findings sug-
gested that these genes might function predominantly in
specific tissues to regulate nitrate transport and localized
nitrogen metabolism. On the contrary, multiple AsNRT!
family members, including AsNPF2.20, AsNPF6.2, and As-
NPF6.17, exhibited constitutive expression in various tis-
sues, suggesting their potential involvement in the systemic
nitrogen regulation during oat growth and development.

Under LN conditions, A4tNRT1.1 (AtNPF6.3) exhib-
ited opposite expression patterns in aboveground tissues
and roots, suggesting varied regulatory mechanisms for Az-
NPF6.3 in these tissue types [2]. Previous studies on the
maize homologous gene, ZmNPF6.6, reported similar re-
sults under LN conditions, showing opposite expression
trends in the roots and leaves under LN treatment [45,51].
The homologous gene in wheat, TaNPF6.3-6D, was signif-
icantly upregulated in the roots at 6 h and peaked at 24 h
under LN treatment, but it exhibited an opposite expression
pattern in the leaves [52,53]. In the current study, under
LN treatment, AsNPF6.2, AsNPF2.7, and AsNPF2.6 were
first upregulated and then downregulated in the leaves, and
first downregulated and then upregulated in the roots, in-
dicating potential inhibitory effects of these genes on the
nitrate uptake system [54]. These results indicated that As-
NPF6.2, AsNPF2.7, and AsNPF2.6 exhibited opposite ex-
pression patterns in roots and leaves under LN treatment,
which was in line with the findings in other species. This
finding suggested that these oat genes might also play simi-
lar functions and roles as their corresponding genes in other
species. Among them, the expressions of AsNPF7.16 and
AsNPF7.19 were significantly higher in the roots than in
other tissues, suggesting that they might play an important
role in nitrate transport and uptake in the roots. In contrast,
the expression of AsNPF4.5 was significantly higher in the
leaves than in the roots.

The functional characteristics, metabolic activity, and
interaction patterns of proteins are closely related to their
subcellular localization. The functions of proteins vary
based on their location within the cells. This implies that
proteins must be present in specific subcellular structures
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Fig. 6. Subcellular localization of AsNRTIs. Green fluorescent protein (GFP) stands for green fluorescence field, merge stands for

superimposed field, and bright stands for bright field. GFP field: 488 nm. Scale bars =3 pm.
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to fulfill their biological functions. Thus, subcellular local-
ization analysis of proteins is crucial to studying their func-
tions. In Arabidopsis thaliana, AtNPF5.12 and AtNPF5.16
are located on the vesicle membrane and participate in the
long-distance transport of nitrate from the root system to the
aboveground tissues [55]. There are two splicing variants of
OsNPF?7.7 inrice, OsNPF7.7-1 and OsNPF7.7-2. Among
them, OsNPF7.7-1 is located on the cell membrane, and
its upregulation can promote nitrate absorption in the roots
[56]. As a functionally homologous protein of Arabidop-
sis thaliana AtNPF6.3 (NRTI.1/CHLI), rice OsNPF6.5 is
also located on the cell membrane, and its expression is
significantly upregulated by nitrate induction [44]. There
are subcellular localization differences between the tandem
repeat genes ZmNRT1.1B and ZmNRT1.1C in maize. Zm-
NRTI.1B is located on the plasma membrane, while the
fluorescence signals from ZmNRT1.1C-GFP fusion pro-
tein are distributed in the inner membrane-like structure,
suggesting that these two protein subtypes might exhibit
different functions [51]. In the present study, AsNPF4.5,
AsNPF6.8, AsSNPF2.6, AsNPF7.16, and AsNPF7.19 were
transferred into the 16318h-GFP vector and transformed
into wheat protoplasts using a seamless cloning method.
Laser confocal microscopy revealed that these genes were
predominantly present in the cytoplasm and cell membrane
of the protoplasts. Among them, the AsNPF2.6 and As-
NPF4.5 signals were weak in the cytoplasm. We observed
strong ASNPF6.8, AsNPF7.16, and AsNPF7.19 signals in
the cytoplasm but weak signals on the cell membrane. The
localization paterns of these genes were different from those
of NRTIs in other species. Therefore, we speculated that
NRTI.1, which is partially distributed in the cytoplasm
due to functional redundancy in leaf epidermal cells or in
seedling-stage leaf cells, might be transiently retained in
the cytoplasm due to the immature membrane transport sys-
tem, while it becomes stably localized in the plasma mem-
brane during the maturation stage [57]. We also specu-
lated that deletions or missense mutations (for example,
a-helix— [-folding) in the transmembrane regions (such
as transmembrane helices 4, 7, and 11) in the NRT! fam-
ily members might prevent the proteins from entering the
membrane structure, leading to their retention in the cyto-
plasm [18].

5. Conclusions

Here, we performed a genome-wide characterization
of the oat NRT! family. A total of 197 AsNRT! family
members were identified, which were divided into 8 sub-
families based on their evolutionary relationships, with the
members in the same subfamily exhibiting similar gene
structures and conserved motifs. A comprehensive anal-
ysis of the chromosomal location, gene structure, and cis-
acting elements of the 197 AsNRT1s showed that the oat
NRT1Is are involved in a coordinated response to adverse
conditions and phytohormones. We further analyzed the ex-
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pressions of ten candidate genes under LN treatment using
gRT-PCR and found that five key oat NRT'1s were induced
by nitrogen treatment. Finally, the locations of the proteins
encoded by these 5 NRTIs were identified as the cytoplasm
and cell membrane by gene cloning and subcellular local-
ization analyses. Our findings provided valuable informa-
tion for further functional validation and laid a theoretical
foundation for molecular breeding for optimal oat produc-
tion.
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