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Abstract

Nitrate transporter 1/peptide transporter family (NPF) proteins play pivotal roles in nitro-
gen uptake, translocation, and stress adaptation in plants. To comprehensively investigate
this gene family in sorghum (Sorghum bicolor), we conducted the genome-wide identifica-
tion and characterization of SUNPF genes. A total of 88 SUNPF members were identified and
classified into eight subfamilies based on phylogenetic analysis, displaying diverse gene
structures, conserved motifs, and evolutionary relationships. Gene duplication analysis
revealed that tandem duplication was the primary driver of SONPF family expansion, with
most duplicated pairs undergoing purifying selection. Synteny analysis showed extensive
collinearity between sorghum and rice, but limited conservation with Arabidopsis, high-
lighting the evolutionary divergence between monocots and dicots. Cis-regulatory element
prediction suggested that SONPF genes are widely involved in abiotic stress responses,
hormone signaling, and light responsiveness. Expression profiling using RNA-seq data
revealed distinct tissue-specific expression patterns, indicating functional specialization
across roots, stems, leaves, and reproductive tissues. Furthermore, RT-qPCR analysis under
low-nitrogen (LN) conditions demonstrated that several SONPF genes, including SbNPF1.1,
SbNPF2.6, SONPF2.7, and SbDNPF4.5, were significantly upregulated in shoots, whereas
SbNPF1.2, SbNPF2.7, and SbNPF3.1 were downregulated in roots, suggesting differential
regulatory roles in nitrogen acquisition and utilization under nutrient-limiting environ-
ments. Collectively, these findings provide novel insights into the evolutionary dynamics
and potential functions of the SUNPF gene family and establish a foundation for future
functional studies and molecular breeding aimed at improving nitrogen use efficiency
in sorghum.

Keywords: Sorghum bicolor; NPF; low nitrogen stress; RN A-seq; evolution

1. Introduction

The NPF gene family plays a crucial role in plant growth and development, as well as
in plant responses to abiotic stresses such as low nitrogen stress. The amino acid sequences
encoded by the NPF family exhibit strong homology across various species, with most
members displaying similar conserved structures. Typically, NPF members in higher
plants consist of 450-600 amino acids and possess 12 conserved transmembrane domains,
among which there is an intracellular hydrophilic ring structure between the sixth and

Agronomy 2025, 15, 2402

https://doi.org/10.3390/agronomy15102402


https://doi.org/10.3390/agronomy15102402
https://doi.org/10.3390/agronomy15102402
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0001-9685-2846
https://doi.org/10.3390/agronomy15102402
https://www.mdpi.com/article/10.3390/agronomy15102402?type=check_update&version=1

Agronomy 2025, 15, 2402

20f 18

seventh transmembrane domains [1,2] and a conserved motif in the fifth transmembrane
domain [3]. Currently, 53, 198, 93, and 150 NPF members have been identified in Arabidopsis
thaliana, Brassica napus, Oryza sativa, and Gossypium hirsutum, respectively [4-7]. Based on
phylogenetic relationships, the NPF family is categorized into eight subfamilies (NPF1-
NPEFS8), each exhibiting distinct functions. To date, the biological functions of most NPF
family genes in Arabidopsis thaliana have been characterized, while the functions of 16 NPF
family genes in rice have also been investigated.

Under normal external nitrate supply conditions, the absorption and transport of
nitrate in plants primarily rely on the regulation of NPF (Nitrate Transporter Family).
AtNPF6.3/AtNRT1.1/CHLI1 is the first identified NO3~ transporter within the NPF family
in Arabidopsis thaliana [8]. Most of the other members of the NPF are believed to encode
low-affinity nitrate transporters. AtINPF6.2 (AtNRT1.4) is predominantly expressed in the
vacuolar membrane and veins of the leaf, facilitating the transport of NO3~ from the vein
to the vacuole for storage, thereby maintaining the balance and stability of NOs ™~ concen-
trations in the petiole and leaf [9]. AtNPF7.3 (AtNRT1.5) is situated on the cell membrane
of the column sheath in Arabidopsis roots, where its encoded protein loads NO3; ™ into the
xylem and enables long-distance transport of NO3 ™~ to the shoot via transpiration pull [10].
AtNPF7.2 (AtNRT1.8) and AfNPF2.9 are expressed in the thin-walled cell membranes of
the xylem and in phloem cells [11]. Additionally, AtNPF5.11, AtNPF5.12, and AtNPF5.16,
which are localized on the vacuolar membrane, are thought to mediate the transport of
nitrate from the vacuole to the cytoplasm and regulate the distribution of nitrate within
the root and shoot of the plant [12]. In Oryza sativa, OsNRT1.1a and OsNRT1.1b are low-
affinity nitrate transporters predominantly expressed in roots [13]. OsNPF2.2 is another
low-affinity transporter that is induced by NO3~ and is primarily expressed in xylem
membrane cells [14].

Understanding the roles of NPF family genes in biological and physiological processes
presents a valuable opportunity for analyzing and enhancing crop defenses against both
biotic and abiotic stresses. Sorghum [Sorghum bicolor (L.) Moench] is the fifth most impor-
tant cereal crop globally, and is cultivated on approximately 40 million hectares with an
annual production of over 55 million tons. It serves as a staple food, feed, and bioenergy
crop in semi-arid and arid regions. Sorghum exhibits significant stress tolerance, allowing
it to thrive under abiotic conditions such as drought, salinity, and nutrient-deficient soils,
thereby establishing it as an ideal model for investigating the mechanisms of nitrogen
transport and utilization under challenging environmental conditions [15]. Improving
nitrogen use efficiency in sorghum is of great importance for enhancing productivity and
sustainability in stress-prone agricultural systems. While the DIR gene family has been
extensively studied in model organisms such as Arabidopsis thaliana and Oryza sativa, a
comprehensive analysis of this gene family in sorghum is still lacking. Consequently, in this
study, we identified 88 SDNPF genes based on the sorghum genome. We then conducted a
systematic bioinformatics analysis of the SUNPF gene family, which encompassed phylo-
genetic relationships, conserved protein motifs, gene structures, cis-acting elements, and
tissue-specific expression levels under various abiotic stresses. This research will provide a
theoretical foundation for future functional studies and enhance our understanding of the
roles of SUNPF genes in the growth, development, and stress responses of sorghum.

2. Materials and Methods
2.1. Identification of Gene Family Members

In this study, HMMER 3.3.2 software was used to perform a homology search (E-value
threshold of 1 x 107°) based on the Hidden Markov Model (HMM) of the NPF domain
in the Pfam database (https:/ /pfam.xfam.org/)(accessed on 1 January 2025) for sorghum
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BTx623 protein sequences downloaded from the Phytozome v13 (https://phytozome-next.
jgi.doe.gov/) (accessed on 1 January 2025). The gene sequences obtained from the initial
screening were further validated for conserved structural domains using NCBI Conserved
Domain Database (CDD) (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb /bwrpsb.cgi)
(accessed on 1 January 2025) to ensure that the identified sequences contained complete
and typical NPF domains, thus accurately identifying members of the sorghum NPF
gene family [16].

2.2. Analysis of Gene Structure and Conserved Motifs

Domain and positional information were determined utilizing the Pfam-Scan software
(https:/ /www.ebi.ac.uk/jdispatcher/pfa/pfamscan) (accessed on 1 January 2025) [17].
Conserved motifs were analyzed by MEME software 5.3.3 [18] with the maximun number
of 10 and optimum widths of 10-50 amino acids, with subsequent extraction performed by
Python 3.13.5 scripts. The exon and intron locations of SONPF genes were derived from
GFF3 annotation files. The visualization of domains, conserved motifs and gene structures
was accomplished using the R package ggtree (https://github.com/YuLab-SMU/ggtree,
accessed on 1 January 2025) and ggenes (https:/ /github.com/wilkox/gggenes) (accessed
on 1 January 2025).

2.3. Phylogenetic Tree Construction

Muscle software was used to perform multiple sequence alignment of the OsNPE,
AtNPF and SbNPF proteins (https://www.ebi.ac.uk/jdispatcher/msa/muscle) (accessed
on 1 January 2025) [19]. Subsequently, we constructed a phylogenetic tree using IQ-TREE
(2.0.3) employing the maximum likelihood (ML) method with bootstrap values derived
from 1000 replicates [20], and visualized the tree using the R package ggtree [21].

2.4. Analysis of Chromosome Distribution, Gene Dulication, and Selection Pressure

The chromosomal distribution of SONPF genes was determined utilizing the GFF3
annotation file. Gene duplication and collinearity analyses were executed using the
MCScanX software (https://github.com/wyp1125/MCScanX) (accessed on 1 January
2025) [22], which identified the duplication types, including tandem duplications (TP) and
whole-genome duplications (WGD). For the analysis and visualization of inter-species
collinearity, the JCVI software [23] was employed (https://github.com/tanghaibao/jcvi)
(accessed on 1 January 2025). The alignment of protein sequences and coding sequences
(CDS) of NPF genes with gene duplication was proformed using ClustalW software
(https:/ /www.genome.jp/tools-bin/clustalw) (accessed on 1 January 2025) [24]. Further-
more, the KaKs_Calculator software was utilized to compote the synonymous substitution
rate (Ks), nonsynonymous substitution rate (Ka), and the evolutionary ratio (Ka/Ks) be-
tween duplicate gene pairs of NPF genes [25].

2.5. Gene Expression Analysis

Transcriptome data of different tissues of sorghum (including seedlings, leaves, roots,
stems, inflorescences, and seeds, etc.) at different developmental stages were obtained
from the Sorghum Genome and Mutant Bank (SGMD) database. The data are shown in a
heatmap with gene expression in different tissues with row-scaled transcriptome atlas (TPM
values). Red and blue boxes indicate high and low expression levels of NPF genes [26].

Hydroponic experiments were conducted in a controlled-environment growth cham-
ber. The seedlings were treated with low nitrogen (0.05 mmol L~! N) at two leaves stage
and the control plants were maintained under normal nitrogen conditions. After seven
days of treatment, shoot and root samples were collected for RNA extraction for qPCR
analysis. Quantitative real-time PCR was performed to examine the expression levels of
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nine selected SNPF genes (SUNPF1.1, SONPF1.2, SONPF2.6, SONPF2.7, SNPF3.1, SOINPF4.5,
SbNPF6.2, SONPF7.4, and SbNPF8.4) in both leaves and roots under LN and control condi-
tions. Gene-specific primers for the SONPF family were designed using Primer 5.0 software
(Supplemental Table S1). Total RNA was extracted from sorghum shoots and roots with
the Tiangen RNA Extraction Kit [Tiangen biotech(Beijing) Co., Ltd., Beijing, China], and
first-strand cDNA was synthesized using the Tiangen RT Reagent Kit according to the
manufacturer’s instructions [27].

3. Results
3.1. Genome-Wide Identification and Characterization of Sorghum NPF Genes

In this study, we identified 88 NPF genes in sorghum and named them SbNPF1 to
SbNPF88 according to their locations on chromosomes. There are 1.7 times more SbNPF
proteins than Arabidopsis proteins, similar to the levels of rice. This difference is attributed
to gene expansion in sorghum during evolution. Supplemental Table S2 presented the
details the gene IDs, genomic locations, coding sequence lengths, protein lengths, and
other characteristics of the identified SUNPF genes. SbNPF protein lengths range from
188 to 688 amino acids, averaging 568 amino acids. Their molecular weights range from
20.5 to 72.33 kilodaltons (kDa), averaging 61.73 kDa. Additionally, the protein isoelectric
points (pl) range widely (4.57-10.6), possibly due to significant differences in protein length
(Figure 1).
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Figure 1. Characteristics of NPF family members in Arabidopsis thaliana, Oryza sativa and
Sorghum bicolor including protein length, molecular weight (MW), protein isoelectric point (pI)
and hydrophilicity.

3.2. Phylogenetic Tree of SINPF Gene Family in Sorghum

To clarify the evolutionary classification of the sorghum NPF gene family, this study
used iqgtree software 2.0.3 to perform a phylogenetic analysis of the amino acid sequences



Agronomy 2025, 15, 2402

50f18

of 88 SbNPF members. The results showed that the NPF proteins can be divided into eight
subfamilies: NPF1, NPF2, NPF3, NPF4, NPF5, NPF6, NPF7, and NPF8 (Figure 2). NPF1
comprises five members, NPF2 comprises eight members, NPF3 comprises seven members,
NPF4 comprises 18 members, NPF5 comprises 19 members, NPF6 comprises five members,
NPF7 comprises 10 members, and NPF8 comprises 16 members.
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Figure 2. The evolutionary examination of the NPF protein sequences in sorghum. These 88 NPF
proteins were categorized into eight distinct subgroups, labeled NPF1-NPF8.

To clarify the phylogenetic position of the sorghum NPF gene further, this study
integrated NPF protein sequences from sorghum, A. thaliana, and O. sativa, then performed
a multiple comparison analysis. The phylogenetic tree constructed using the neighbor-
joining method revealed that the NPF genes of all species fall into eight distinct branches
(Figure 3). NPF1 includes five SONPFs, three OsNPFs, and three AtNPFs. NPF2 is mainly
composed of eight SUNPFs, eight OsNPFs, and 14 AtNPFs. NPF3 primarily includes seven
SbNPFs, five OsNPFs, and one AtNPF. NPF4 primarily includes 16 SbNPFs, 12 OsNPFs,
and eight AtNPFs. NPF5 primarily includes 19 SDNPFs, 23 OsNPFs, and 16 AtNPFs. NPF6
includes five SUNPFs, five OsNPFs, and three AtNPFs. NPF7 includes 10 SONPFs, 11 OsNPFs,
and three AtNPFs. NPF8 includes 16 SbNPFs, 20 OsNPFs, and five AtNPFs. Phylogenetic
analysis results indicate that the NPF gene family of sorghum has established evolutionary
associations with NPF genes from other plants, yet it has retained its own specificity.
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Figure 3. The evolutionary examination of the NPF protein sequences in Arabidopsis thaliana, Oryza
sativa and Sorghum bicolor. The NPF proteins were categorized into eight distinct subgroups, labeled
NPF1-NPF8.

3.3. Structure and Conserved Motif Analysis of SONPF Genes

This study analyzed the exon/intron structure of NPF genes to investigate the struc-
tural characteristics of sorghum NPF genes throughout evolution. Significant structural
differences were observed among the SUNPF genes. Specifically, the number of exons in the
88 SUNPF genes ranged from one to eight, with SONPF2.4 exhibiting the highest count of
eight exons. Most NPF1 and NPF3 subgroup genes contained two or three introns, while
the majority of NPF2 subgroup genes exhibited one to seven introns. NPF4 subgroup genes
typically had three or six introns, NPF5 subgroup genes had two to four introns, NPF7
subgroup genes had one to three introns, and NPF§ subgroup genes had zero to four introns
(Figure 4). These findings suggest that introns may have undergone changes through gain
and loss during the evolutionary process of the SONPF gene family, thereby contributing to
the functional diversity of SUNPF gene.

3.4. Gene Duplication Analysis of SONPF Genes

This study used the MCScan tool to analyze gene duplication events and elucidate
amplification patterns of the SONPF gene family members in sorghum to reveal evolutionary
duplication events. Figure 5 shows the results, which reveal that a total of 22 pairs of
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tandemly repeated genes were identified. Additionally, ten pairs of segmental duplication
genes were identified in the sorghum SbNPF gene family (Supplemental Table S3). These
results suggest that tandem duplication plays a dominant role in the evolution of the SUNPF
gene family.
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Figure 4. Analysis of phylogenetic relationships, conserved domains, motifs, and gene structures
related to NPF genes in sorghum. (A) Phylogenetic tree of NPF proteins; (B) conserved domains in
NPF protein sequences; (C) distribution of 15 conserved motifs in NPF proteins; (D) gene structure of
NPF genes.
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To better understand the evolutionary constraints controlling the functional diversifi-
cation of the SDNPF gene family, we calculated the non-synonymous substitution rate (Ka),
the synonymous substitution rate (Ks), and their ratio (Ka/Ks). Most repeated SUNPF gene
pairs showed a Ka/Ks ratio less than 1, suggesting that the SONPF gene family experienced
selective pressure during evolution (Figure 6, Supplemental Table S4).

3.5. Synteny Analysis of SONPFE Genes

To analyze the evolutionary characteristics of the NPF gene family in sorghum, we
created a synteny map of homologous genes in Sorghum bicolor, Oryza sativa, and Arabidopsis
thaliana using whole-genome alignment. Our analysis revealed that sorghum and rice share
42 pairs of highly conserved NPF collinear genes, whereas sorghum and Arabidopsis
share only four. This significant difference in number (a 10.5-fold difference) strongly
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supports the notion that NPF genes in monocotyledonous plants are more closely related
evolutionarily. These findings suggest that the SUNPF gene family has maintained core
physiological functions and that its molecular mechanisms may be related to the unique
nitrogen utilization strategies of monocotyledonous plants (Figure 7).
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Figure 6. The value of Ka, Ks and Ka/Ks of Arabidopsis thaliana, Oryza sativa and Sorghum bicolor.
MCScanX was used to calculate the value of Ka, Ks, and Ka/Ks. Ka/Ks value of >1 signifies the gene
is subjected to positive selection; Ka/Ks value of 1 indicates neutral selection; Ka/Ks value of <1
represents negative purifying selection.

Figure 7. Syntenic analysis of NPF genes between Oryza sativa, Arabidopsis thaliana, Sorghum bicolor,
respectively. The collinear blocks and NPF homologous genes pairs were shown by gray, red and
green lines, respectively. The numbers indicated the chromosomes of each species.

3.6. Analysis of Cis-Acting Elements of the SOINPF Gene Family

To better understand the biological functions of the SUNPF gene family, we analyzed
the cis-regulatory elements in the 2000-bp upstream region of 88 SUNPF genes, revealing
their potential response mechanisms. We identified 21 cis-regulatory elements associated
with stress response, tissue-specific expression, response to plant hormones, and response
to light. Five of these elements are related to the stress response: AS-1, ARE, LTR, MBS,
and A-box. These elements are involved in responses to stresses such as low temperature,
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salt stress, defense, and drought. Five elements related to growth and development
were also identified: TATA-box, CAT-box, AAGAA-motif, CCGTCC-motif, and CCGTCC-
box. Additionally, six hormone-related elements were identified: ABREs, CGTCA-motifs,
TGACG-motifs, TCA elements, ABRE3s, and ABRE4s. This category includes abscisic
acid response elements (ABREs) and methyl jasmonate response elements (CGTCA-motif
and TGACG-motif). Five cis-acting elements related to light response were also identified:
CAAT-box, G-box, Box 4, G-box, and GT1-motif. The Box 4 element and G-box are relatively
abundant among light-responsive cis-acting regulatory elements. These results collectively
suggest that the SONPF gene plays an important role in non-biotic stress responses, defense-
related signal transduction, and plant hormone responses. Furthermore, these genes may
be involved in various light responses during sorghum growth (Figure 8).

3.7. Expression Patterns of SONPF Genes in Different Tissues

To gain a deeper understanding of the functional differentiation of the SONPF gene
family in sorghum, we analyzed the transcriptional expression characteristics of its mem-
bers in various organs and tissues, such as roots, stems, leaves, flowers, seeds, and seedlings.
Alignment analysis of multi-tissue RNA sequencing data revealed significant tissue-specific
expression patterns among the gene family members, suggesting their potential involve-
ment in fine-tuning organ development or physiological processes.

In leaves, the core organ of photosynthesis, we observed obvious leaf tissue preference
for the following genes: SUNPF5.19, SONPF6.3, SONPF4.15, SONPF4.17, SONPF5.7, and
SbNPF8.16. This suggests that these genes may be involved in nitrogen allocation or
photosynthetic product transport networks in leaves. SbNPF4.9, SONPF5.11, SONPF6.2,
SbNPF5.17, SONPF7.2, SUNPF3.4, SONPF3.7, SUNPF5.5, SONPF3.8, SINPF4.7, SONPF4.18,
SbNPF8.9, SONPF5.18, SONPF8.11, and SUNPF4.8 were primarily expressed in roots. This
suggests that they may constitute core components of nitrogen absorption and signal
transduction in the root system.13, 8.12, 8.13, and 5.14 are primarily expressed in roots. This
suggests that they may be core components of nitrogen absorption and signal transduction
in the root system.

Genes related to vascular bundle development show a preference for expression in
the stem. Specifically, SUNPF4.14, SONPF5.1, SONPF8.8, SOINPF4.3, SONPF2.8, and SDNPF2.2
are primarily expressed in the stem. SUNPF4.16, SONPF8.5, SOINPF8.7, SONPF8.3, SONPF5.2,
SONPF2.1, and SbNPF2.5 are specifically expressed during the seedling stage. These genes
may play a key role during the nutritional transition period after seed germination. Their
dynamic expression patterns provide important clues for elucidating the environmental
adaptation mechanisms of sorghum seedlings. The SNPF family’s multi-level expression
pattern indicates that it achieves coordinated regulation of multiple physiological processes,
including nitrogen metabolism, hormone transport, and stress responses, through the
functional specialization of its gene members (Figure 9).

3.8. Expression of SINPF Genes in Response to Low Nitrogen Stress by RT-gPCR

To further explore the potential functions of SONPF genes, we selected four genes
that were responsive to low nitrogen stress based on RT-qPCR analysis. As illustrated
in Figure 10, these candidate genes displayed distinct expression patterns in response to
low nitrogen (LN) treatment, indicating their differential regulatory mechanisms under
nutrient-limiting conditions. Notably, SONPF1.1, SONPF2.6, SOINPF2.7, and SbNPF4.5 were
significantly upregulated in response to LN stress in the shoot. This induction suggests that
these paralogs may play active roles in enhancing nitrogen uptake or remobilization under
limiting conditions by potentially facilitating nitrate transport across cellular membranes.
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Figure 9. Analysis of the expression patterns of SONPF genes across various tissues by RNA-Seq.
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Figure 10. NPF genes’ expression level under low nitrogen stress in shoot and root of sorghum.
Different lowercase letters indicate significant differences (p < 0.05).

In contrast, another subset of genes—SbNPF1.2, SNPF2.7, and SbNPF3.1—displayed
marked down-regulation upon LN treatment in roots. Such repression could indicate
a regulatory strategy to conserve energy by downregulating nonessential transporters
under nutrient stress. Alternatively, it could reflect their involvement in distinct signaling
pathways that are repressed under LN conditions.

These expression patterns collectively indicate that SONPF genes exhibit intri-
cate and specific transcriptional regulatory behaviors in response to low nitrogen
stress. This implies their potential involvement in coordinating plant adaptation to this
nutrient-stress condition.

4. Discussion

4.1. Identification and Evolutionary Characteristics of the Sorghum NPF Gene Family: A Balance
Between Conservation and Species Specificity

This study identified 88 NPF family members (SUNPFs) in the sorghum genome. This
number falls between the 53 identified in Arabidopsis and the 93 identified in rice [4,6].
Phylogenetic analysis revealed that the SUNPFs can be divided into eight subfamilies
(NPF1-NPF8). This classification is highly consistent with those of Arabidopsis and
rice [1,7]. This indicates that the core evolutionary branch of the NPF gene family formed be-
fore the diversification of angiosperms. Further cross-species synteny analysis revealed that
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sorghum and rice share 42 pairs of homologous genes, whereas sorghum and Arabidopsis
share only four pairs. This finding suggests that the NPF family exhibits higher functional
conservation among monocots [5] and may be closely related to monocot-specific nitrogen
utilization strategies, such as the efficient uptake of nitrate by fibrous root systems. Compa-
rable patterns are evident across other monocots: hexaploid wheat carries 331 NPF genes
grouped into 113 homoeologous sets, and maize contains 78 NPF members partitioned
into the eight canonical subfamilies, underscoring a monocot tendency toward repertoire
expansion with subfamily-level conservation and functional diversification [28,29].

Analysis of gene expansion mechanisms revealed that 22 pairs of tandem repeat genes
and 10 pairs of fragments repeat genes drove the evolution of the SONPF family. Most
repeat gene pairs had Ka/Ks ratios less than 1, indicating that purifying selection primarily
maintains function. This pattern is similar to that observed in the Arabidopsis NPF family
through tandem repeats [3]. However, the role of tandem repeats is more pronounced
in sorghum, potentially due to the enrichment of chromosomal regions in its genome.
This enrichment may have facilitated the refinement of functional specialization within
subfamilies. For example, the NPF5 subfamily contains 19 members that are hypothesized
to be involved in complex nitrogen allocation regulation.

4.2. Gene Structure and Cis-Elements: The Molecular Basis of Functional Diversity

The number of exons in SUNPF genes varies significantly (1-8), and structural pref-
erences are observed within subfamilies (e.g., the NPF4 subgroup often contains 3 or
6 introns). This structural variation may drive functional diversification through exon
shuffling mechanisms. For example, AtNPF6.3 achieves both nitrate transport and IAA
signaling through a specific exon combination [30], while members of the NPF6 subfamily
in sorghum (5 genes) have exon numbers concentrated at 34, suggesting they may retain
similar multifunctionality.

Promoter cis-element analysis revealed the potential of SUNPFs to broadly partic-
ipate in stress responses and hormone regulation: the enrichment of elements such as
ABRE (abscisic acid response) and CGTCA-motif (jasmonic acid response) aligns with
the hormone-regulated characteristics of NPF genes in Arabidopsis [8]. Additionally, the
presence of MBS (drought response) and LTR (cold response) elements provides molec-
ular evidence for SONPFs’ involvement in abiotic stress responses, which aligns with the
upregulation pattern of NRT1.7 in Salicornia under salt stress [13]. Consistent with these
promoter signatures, multiple Arabidopsis NPFs have been experimentally verified as
hormone carriers: NPF4.6/AIT1 imports ABA, and NPF3 transports GA (and ABA in vitro).
Post-translational regulation fine-tunes NPF4.6 function, with CEPR2 phosphorylation
stabilizing ABA transport activity and SOS2 phosphorylation modulating Na* influx under
salt stress, thereby linking nutrient transport to stress adaptation [31-34]. It is suggesting
that sorghum NPF genes may coordinate the balance between nitrogen utilization and
stress resistance by integrating hormone signals with environmental stress signals.

4.3. Tissue-Specific Expression and Stress Response: The Physiological Significance of
Functional Division

Members such as SONPF4.9 and SbNPF5.11 are highly expressed in roots and may
be similar to rice OsNRT1.1a/b in their role in nitrate absorption in the root system [13].
SbNPF6.3, which is enriched in leaves, may function similarly to AtNPF6.2 by maintaining
the nitrogen balance in leaves and regulating nitrate storage in vacuoles [9]. SONPF4.14
and other members that are specifically expressed in stems are speculated to participate in
long-distance nitrogen transport, similar to the role of AtNPF7.3 in nitrate loading in the
xylem [10]. These tissue-biased patterns scale to agronomic outcomes in cereals: natural
variation at OsNRT1.1B/OsNPF6.5 underlies indica—japonica divergence in nitrate use and
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improves grain yield and NUE in field trials; overexpressing OsNPF3.1 enhances NUE and
growth; notably, OsNRT1.1B also shapes root-associated microbiota that support nitrogen
acquisition, emphasizing how NPF activity links organ-level distribution to whole-plant
performance [35-37]. Furthermore, we took a RT-qPCR under LN stress to evaluation
the gene expression pattern of SUNPF. The reason to perform RT-qPCR under LN condi-
tions because members of the NPF gene family are primarily involved in nitrate uptake,
transport, and redistribution in plants. Nitrogen deficiency is one of the most common
environmental stresses affecting crop growth and productivity, and it strongly induces
the expression of nitrate transporters. By applying LN treatment, we aimed to reveal the
transcriptional responsiveness of SONPF genes to nitrogen limitation, thereby providing
functional clues about their potential roles in regulating nitrogen transport and utilization
under stress conditions. This approach also allowed us to identify candidate SONPF genes
that may contribute to improving nitrogen use efficiency in sorghum, which is of great
importance for cultivation in nutrient-poor soils. The results indicated that the upregula-
tion of SbNPF1.1, SONPF2.6, and others in the aboveground parts may adapt to nutrient
deficiency by enhancing nitrate redistribution. This is similar to the function of AtNPF7.2,
which promotes nitrogen transport from old leaves to new leaves under low-nitrogen
conditions [11]; whereas the downregulation of SONPF1.2 in roots may reflect an adaptive
resource allocation strategy that prioritizes critical metabolic processes in the aboveground
parts. Notably, the differential expression of SUNPF2.7 between roots and aboveground
parts (down- vs. up-regulated) suggests that it may switch functions through tissue-specific
splicing. This phenomenon has not been reported previously in the Arabidopsis NPF family
and warrants further functional validation. The functions of certain NPF genes in rice (such
as OsNPF6.5 (OsNRT1.1A)) have been demonstrated to be significantly correlated with
nitrogen fertilizer use efficiency. We compared homologs of these functionally important
genes in sorghum and identified differences in their coding sequences and promoter cis-
elements. For example, the response patterns and chromatin accessibility regulation of the
rice OsNRT?2 gene family under low-nitrogen stress differ from those in wheat, suggesting
that the sorghum NPF gene family may also possess unique regulatory mechanisms [38]. In
future work, we plan to utilize plant transgenic systems to validate the substrate selectivity
and transport functions of these key sorghum NPF genes, thereby directly confirming their
functional divergence from rice and Arabidopsis homologs.

4.4. Research Limitations and Future Prospects

This study systematically analyzed the evolutionary and expression characteristics
of the SBNPF family. However, several limitations remain. First, the substrate specificity
of SbNPFs remains unclear e.g., do they transport nitrate and ABA simultaneously, as
AtNPF4.1 does? Second, the functional redundancy and differentiation mechanisms of tan-
dem repeat genes require validation through in vitro experiments. Future studies could use
heterologous expression systems, such as Xenopus oocytes, to measure transport activity.
They could also use CRISPR technology to knockout candidate genes, such as SNPF6.3
and SbNPF4.5, to investigate their roles in nitrogen use efficiency and stress tolerance.

In summary, the sorghum NPF family has formed a complex functional network
through the synergy of evolutionary conservation and species specificity. This study
provides key targets for elucidating the molecular mechanisms underlying efficient nitrogen
utilization in monocotyledonous crops and establishes a theoretical basis for the molecular
breeding of low-nitrogen-tolerant sorghum varieties.
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5. Conclusions

This study identified 88 NPF genes in sorghum and classified them into eight subfami-
lies. Tandem duplication was found to be the major force driving family expansion, while
purifying selection maintained functional conservation. Promoter analysis revealed stress-
and hormone-related cis-elements, suggesting involvement in abiotic stress responses
and signaling pathways. Expression profiling demonstrated clear tissue specificity: some
SbNPFs function in nitrate uptake in roots, whereas others participate in transport and
allocation in leaves, stems, and reproductive organs. Under low-nitrogen stress, genes such
as SbNPF1.1, SONPF2.6, SONPF2.7, and SbNPF4.5 were strongly induced in shoots, highlight-
ing their potential roles in nitrogen redistribution. In contrast, repression of SO NPF1.2 and
SbNPF3.1 in roots suggests adaptive resource allocation strategies. Collectively, these find-
ings provide valuable insights into the molecular basis of nitrogen utilization in sorghum
and identify promising candidate genes for improving nitrogen use efficiency through
molecular breeding.
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duplicate gene pairs in Sorghum bicolor.
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