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Abstract

Nitrate (NO3
−) serves as a pivotal molecule with dual functions in nutrient supply and

signaling during plant growth and development. Precise monitoring of its spatiotemporal
dynamics in planta is therefore essential for dissecting the regulatory mechanisms underly-
ing plant nitrogen metabolism. However, conventional nitrate detection methods suffer
from inherent limitations, including destructive sampling, insufficient spatiotemporal res-
olution, and an inability to achieve real-time whole-plant monitoring. Here, we report
a genetically encoded nitrate biosensor, designated NitNRCL1, constructed using a split
firefly luciferase complementation system. Functional validation in both prokaryotic and
eukaryotic systems demonstrates that NitNRCL1 responds to changes in nitrate availabil-
ity and generates stable chemiluminescent signals in bacteria and diverse plant species.
Importantly, NitNRCL1 enables non-invasive, real-time, and whole-plant monitoring of
nitrate levels in living plants. Using NitNRCL1, we successfully imaged the spatiotemporal
dynamics of nitrate signaling in Arabidopsis thaliana. Collectively, our findings establish
NitNRCL1 as a robust and novel tool for investigating nitrate transport, signaling, and
metabolic pathways in plants. This biosensor advances our mechanistic understanding of
plant nitrate biology and provides a technical foundation for breeding nitrogen-use-efficient
crops and developing precision fertilization strategies.

Keywords: nitrate; biosensor; plant; noninvasiveness; visualization

1. Introduction
Nitrate (NO3

−) serves as the primary form of inorganic nitrogen absorbed by plants,
exhibiting rapid root uptake and representing the preferred nitrogen source for the majority
of crop species. As an indispensable macronutrient, NO3

− participates in the biosynthesis
of critical biomolecules including chlorophyll, amino acids, proteins, and nucleic acids,
thereby directly modulating photosynthetic efficiency and crop productivity [1]. Further-
more, optimal endogenous NO3

− concentrations facilitate the acquisition of other mineral
nutrients such as phosphorus and potassium, ultimately enhancing plant nutrient use
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efficiency. Beyond its role as a fundamental nutritional substrate, NO3
− functions as a

pivotal signaling molecule governing global plant growth and developmental programs,
characterized by three hallmark properties: rapid transient responsiveness, metabolic inde-
pendence, and genome-wide transcriptional reprogramming [2,3]. Distinct physiological
responses are triggered in planta within seconds to 1 h following NO3

− application [4].
Recent advances employing biosensor technology and in vivo real-time imaging have
revealed that calcium ions and cytokinins synergistically mediate long-distance nitrogen
signaling between plant roots and shoots, enabling precise coordination of whole-plant
nitrogen use efficiency and holistic growth trajectories [5,6]. As an irreplaceable metabolite
with dual nutritional and signaling functionalities in plants [7], NO3

− executes unique and
non-redundant physiological roles.

Plant NO3
− uptake constitutes a tightly regulated, spatiotemporally coordinated ac-

tive metabolic process encompassing three sequential steps: uptake, translocation, and
assimilation, which relies on an intact transmembrane transport cascade spanning from
the rhizosphere soil to the interior of plant cells [3,8]. The concentration of NO3

− in soil
solution fluctuates drastically across a broad range from micromolar to millimolar levels [9].
To adapt to this wide concentration spectrum, plants have evolved two functionally dis-
tinct NO3

− transport systems mediated by evolutionarily conserved transporter families:
the NRT1/NPF family and the NRT2 family. Specifically, the high-affinity NO3

− trans-
port system (HATS) displays a Michaelis constant (K) of approximately 50 µM, whereas
the low-affinity NO3

− transport system (LATS) exhibits a K of roughly 5–12 mM [10,11].
These two systems collectively enable plants to efficiently acquire NO3

− across the entire
physiologically relevant concentration range. Following cellular uptake, NO3

− undergoes
long-distance root-shoot translocation and subsequent reallocation via the cyclic vascular
network, with upward transport through the xylem and downward redistribution through
the phloem [3,12,13]. Subcellular partitioning of NO3

− directly dictates its assimilation
efficiency: the vacuole acts as the primary NO3

− storage compartment, accounting for
60–80% of total cellular NO3

− content [14], while the cytoplasm serves as the exclusive
site for NO3

− metabolism [15]. Dynamic homeostasis between these two compartments is
maintained by tonoplast-localized NO3

− transporters, which stabilize cytoplasmic NO3
−

concentrations at 1–5 mM [15,16] to precisely match the catalytic activity requirements of
nitrate reductase. Despite substantial progress in dissecting the core molecular mechanisms
and regulatory networks underlying plant NO3

− uptake, the spatiotemporal dynamic
crosstalk between NO3

− uptake and utilization, diverse environmental signals, and down-
stream chemical signaling cascades remains poorly understood.

Conventional NO3
− detection techniques, including colorimetry [17], ion chromatog-

raphy (IC) [18], radioisotope tracing [19], and high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS) [20], enable accurate quantitative data but are
destructive to plant specimens and lack the spatiotemporal resolution required to mon-
itor dynamic NO3

− fluctuations in living plants. In vivo detection approaches such as
ion-selective microelectrode (ISME) analysis offer micrometer-scale high spatial resolu-
tion [21], yet fail to effectively capture the spatiotemporal dynamics of NO3

− levels in
biological samples.

Fluorescence resonance energy transfer (FRET)-based biosensors enable optical prob-
ing of biological tissues with high spatiotemporal resolution, leveraging their exceptional
subcellular resolution and millisecond-scale response kinetics [22]. However, this technol-
ogy is intrinsically reliant on microscopic imaging and high-intensity excitation illumina-
tion, rendering long-term in vivo monitoring and whole-plant detection of plant samples
challenging. To circumvent this limitation and satisfy the pressing need for real-time, whole-
plant, high-resolution monitoring of NO3

− dynamics in planta, we developed a genetically
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encoded NO3
− biosensor, designated NitNRCL1, which employs split firefly luciferase

(Fluc) as a signal transducer [23]. Designed for non-invasive, longitudinal imaging at the
whole-plant scale, NitNRCL1 enables precise, direct, and reversible detection of NO3

−

within the physiological concentration range of living plants, without inducing tissue
damage or perturbing endogenous metabolic processes. This novel biosensor provides a
robust methodological framework for dissecting the intricate molecular and physiological
mechanisms governing plant NO3

− metabolism, as well as exploring the interplay between
NO3

− utilization, environmental signaling, and plant growth regulation.

2. Materials and Methods
2.1. DNA Constructs

The construction of the sensor expression vector has been described [24]. In this study,
the coding sequence of the cyanobacterial NrtA protein (PDB ID: 2G29) was optimized
for plant codon usage bias and synthesized by Tsingke Biotechnology Co., Ltd. (Beijing,
China). The constructs were inserted into the prokaryotic expression vector pCold II
via conventional homologous recombination, harboring the 6 × Histidine tag for the
purification of the recombinant fusion protein. The correct reading frame of the sensor was
confirmed by sequencing analysis (Supplemental Figure S1).

2.2. NO3
− Detection Analysis of Purified Sensors

The amplification of the NitNRCL1 biosensor was performed in E. coli DH5α, and
the E. coli Rosetta (DE3) strain was used for protein production. Cells were induced
by 0.3 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) when OD600 reached 0.6, and
proteins were expressed at 16 ◦C for 20 h in the Luria–Bertani (LB) medium. Thereafter, the
culture was pelleted down by centrifugation at 4000× g for 20 min at 4 ◦C. The pellet was
resuspended in 20 mM Tris-Cl pH 8.0 buffer for cell lysis using ultrasonication by following
the reported method [25]. Biosensors were purified by metal affinity chromatography [26].
The insoluble cellular debris was cleared by centrifugation (4000× g for 20 min), and
the cleared supernatant was subjected to Ni-NTA chromatography. Subsequently, bound
protein was eluted by elution buffer (20 mM Tris-Cl and 250 mM Imidazole, pH 8.0). The
eluted sensor protein was stored at 4 ◦C until further use.

To determine the ligand-binding specificity of the NitNRCL1 biosensor protein, the
interaction of purified protein with nitrate and other related metabolites, including KCl,
KNO3, Gly-Gly, (NH4)2SO4, and K2SO4 (each at 5 mM), was investigated. Experiments
were performed in a 96-well plate, where 180 µL of the diluted sensor protein and 20 µL
of each ligand were added to each well. After incubating the reaction system at room
temperature for 5 min, 10 mM ATP and 10 µg·mL−1 D-luciferin potassium salt were added
to initiate the luminescence reaction. Subsequently, the luminescence signal of each well
was detected using a Synergy HTX multimode microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA), with an integration time of 1 s per well. Three technical replicates
were performed for each treatment.

To analyze the binding affinity (Kd) of the NitNRCL1 biosensor protein, the ligand
titration curve experiment was performed [23]. This affinity assay was performed in
a 96-well plate. In each well, a mixture of 180 µL of NitNRCL1 biosensor protein and
20 µL of nitrate solution with varying concentration ranges (nM to mM) were used. The
luminescence signal changes in the reaction system were detected using the aforementioned
method to plot the ligand titration curve and determine the binding constant. All analyses
were achieved in triplicates.
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2.3. Quantitative Detection of Nitrate in Living Cells

The NitNRCL1 biosensor was transformed into E. coli Rosetta (DE3). A single colony
was cultured in LB medium containing 100 µg/mL ampicillin at 37 ◦C until OD600 reached
0.6. Protein expression was induced with 0.3 mM IPTG at 16 ◦C in the dark for 18 h. The
culture was incubated at 4 ◦C for protein. The expressed bacterial culture was resuspended
in 20 mM Tris-Cl buffer (pH 8.0) for further analysis. The luminescent signal was detected
using a microplate reader according to the aforementioned method. Each well contained
180 µL of resuspended cells harboring the NitNRCL1 biosensor and 20 µL of different
treatment solutions. The bacterial culture was also used for automated luminescence
chemical imaging.

2.4. Generating Arabidopsis Transgenic Lines

The NitNRCL1 plants were generated as previously described [27–29]. In brief, the
NitNRCL1 gene was cloned into the pCAMBIA1302 vector. Transgenic homozygous
NitNRCL1 lines were obtained in the Col-0 background by floral dipping. Subsequently,
PCR identification was performed using the primers detailed in Supplementary Table S1.
Arabidopsis ecotype Columbia (Col-0) was used as the wild type (WT). Plants were grown in
soil or on Petri dishes containing 1/2 MS medium at 23/20 ◦C, under a 16 h/8 h light/dark
photoperiod, 60% RH, and a light intensity of 200 µmol m−2 s−1. Seeds were sown on
soil/MS media, placed at 4 ◦C for 4 days in the dark, and then transferred to growth rooms.
Transgenic Arabidopsis plants were subjected to different NO3

− deficient treatments as
required before detection. Wheat and rice transformation for NitNRCL1 was performed by
Biorun Bioscience Co., Ltd., Wuhan, China.

2.5. CCD Imaging and LUC Activity Measurement

1 mM luciferin was sprayed onto leaves, and the materials were kept in the dark for
5 min to quench the fluorescence. A low-light cooled CCD imaging apparatus (Tanon
5200, Tanon Science & Technology Co., Ltd., Shanghai, China) was used to capture the
LUC image. The camera was cooled to −20 ◦C and relative LUC activity was measured as
described. An exposure time of 3 min with 2 × 2 binning was used for all images taken [30].

2.6. Image Processing and Analysis

Image processing and pixel intensity were quantified using Fiji software (version 1.54f,
http://fiji.sc/, accessed on 19 March 2026). Mean gray values of regions of interest (ROIs)
within the root meristem region were calculated as follows: Background was subtracted
from all measured intensities as generated ROIs where there was no plant material.

3. Results
3.1. Design and Optimization of NO3

− Biosensors

To achieve real-time visual monitoring of NO3
− in living plants, we constructed a

NO3
−-specific biosensor based on the split firefly luciferase complementation system. The

core design rationale of the biosensor is as follows: the NO3
− recognition domain (LBD)

is inserted between split luciferase fragments (NLuc/CLuc) (Figure 1a). Upon binding to
NO3

−, the recognition domain undergoes a conformational shift, which drives the comple-
mentation and reconstitution of luciferase fragments, thereby restoring catalytic activity and
generating a chemiluminescent signal. Members of the bacterial periplasmic binding pro-
tein (PBP) superfamily exhibit high-specificity binding affinity for small-molecule ligands,
and have been exploited to develop diverse biosensors for detecting analytes including
glucose [31], glutamate [32], maltose [33], glutamine [34], Zn2+ [35], and phosphate [36]. In
this study, the cyanobacterium-derived NrtA protein was selected as the NO3

− recognition
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domain. Crystal structure analysis reveals that NrtA adopts a C-clamp conformation, with
the NO3

− binding pocket situated between two structural domains. The oxygen atoms of
NO3

− form two hydrogen bonds with Gly240, one hydrogen bond with Gln155 (2.9 Å),
one hydrogen bond with Lys269 (2.8 Å), two hydrogen bonds with His196 (3.0 Å), and
an additional hydrogen bond with Trp102 (2.8 Å) of NrtA (Figure 1c). Each NrtA pro-
tein specifically binds one NO3

− molecule, establishing this domain as a bona fide NO3
−

binding pocket [37]. Sequence analysis further revealed that a 100-amino-acid extension
at the C-terminus of NrtA (comprising an α-helix and two antiparallel β-strands) likely
provides structural support for the binding pocket or participates in ligand-induced con-
formational rearrangements. Multiple candidate biosensors were designed with varying
linker lengths and insertion positions (Figure 1b), and these constructs were screened using
a prokaryotic expression system. The results demonstrated that the linker architecture is
indispensable for efficient firefly luciferase reconstitution: in the presence of NO3

−, the
NitNRCL1 biosensor (sequence information provided in Supplemental Figure S1) exhibited
the most pronounced upregulation of luciferase activity (Figure 1d). Concurrently, these
findings corroborate that the C-terminal structural extension of NrtA likely stabilizes the
NO3

− binding pocket and contributes to conformational dynamics associated with solute
recognition and binding [38].

Figure 1. Design and Optimization of the NO3
− Biosensor NitNRCL1. (a) Structural model of the

NO3
−-bound biosensor: NO3

− binding to the ligand-binding domain (LBD) triggers a conforma-
tional shift, driving the complementation of luciferase fragments (NLuc and CLuc) and restoration
of enzymatic activity. (b) Structural design schematics of distinct candidate NO3

− biosensors.
(c) Three-dimensional structural model of the NrtA protein (PDB ID: 2G29), with a stick model depict-
ing the NO3

− binding interface and key interacting residues. (d) Screening of candidate biosensor
responsiveness to NO3

−. Luciferase activity was measured as the change in relative light units (RLU)
using a microplate reader before and after NO3

− supplementation. NitNRCL1 displayed the maximal
induction of firefly luciferase activity. (*** p < 0.001, * p < 0.05, ns p ≥ 0.05, Student’s t-test) Error bars
represent the mean ± standard deviation from n = 3 biological replicates.

https://doi.org/10.3390/bios16050243

https://doi.org/10.3390/bios16050243


Biosensors 2026, 16, 243 6 of 15

3.2. Selectivity and Kinetic Assays of the NitNRCL1

To further assess the specificity of NitNRCL1 toward NO3
−, purified NitNRCL1

protein was incubated with 5 mM solutions of various anionic compounds, and the lumi-
nescence intensity of the sensor protein was measured using a 96-well microplate reader,
with water treatment serving as the control group. The luminescence activity of NitNRCL1
was significantly elevated in the presence of NO3

− relative to all other tested ions, confirm-
ing the high specificity of this biosensor for NO3

− (Figure 2a). Using purified NitNRCL1
protein, we determined its standardized kinetic parameters in the presence of 5 mM NO3

−,
and found that the response signal reached a plateau at 5 min (Figure S2). To determine the
dissociation constant (Kd) of NitNRCL1, changes in relative luminescence units (∆RLU)
were analyzed across a gradient of NO3

− concentrations spanning nanomolar to millimolar
ranges (Figure 2b). Fitting of the resultant sigmoidal curve yielded a Kd value of approxi-
mately 12.90 µM (R2 = 0.9816), with the maximum signal response observed at 5 mM NO3

−;
this affinity profile is consistent with the high sensitivity of the parental NrtA protein
toward NO3

− [38]. These results demonstrate that NitNRCL1 is capable of quantifying
NO3

− concentrations in aqueous solutions and reporting dynamic fluctuations in NO3
−

levels in real time.

Figure 2. In Vitro Functional Validation of the NitNRCL1 Biosensor. (a) Specificity assay: Rela-
tive activity of purified NitNRCL1 protein following incubation with diverse analyte compounds.
The concentrations of KCl, KNO3, Gly-Gly, (NH4)2SO4, and K2SO4 are all 5 mM. Only the NO3

−

treatment groupwas significantly different from the control (*** p < 0.001, Student’s t-test). (b) Biolu-
minescence response of NitNRCL1 to increasing concentrations of NO3

−, fitted to the Hill equation,
Kd = 12.90 µM (R2 = 0.9816). NO3

− concentrations are indicated in the figure. Data represent the
means ± SD of six biological replicates. ∆RLU, change in relative luminescence units.

3.3. Characterization of NitNRCL1 for NO3
− Detection in Living Prokaryotic Cells

To validate the specificity and concentration-dependent responsiveness of NitNRCL1
toward NO3

− in living prokaryotic cells, the biosensor was heterologously expressed in
Escherichia coli Rosetta (DE3) cells. Chemiluminescent imaging was performed on Rosetta
cell suspensions expressing NitNRCL1 following treatment with 5 mM solutions of various
test compounds, confirming that the biosensor retains strict specificity for NO3

− in the
intracellular environment of living bacteria (Figure 3a). In addition, we found that live
cells expressing NitNRCL1 showed no obvious response to nitrite (Figure S3). Statistical
analysis of relative luminescence activity revealed a highly significant signal response in the
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NO3
−-treated group compared with all other compound treatments (Figure 3c). Exposure

of NitNRCL1-expressing Rosetta cells to increasing concentrations of NO3
− resulted in a

corresponding dose-dependent increase in luminescence signal intensity (Figure 3b). Quan-
tification of ∆RLU values from Figure 3b further demonstrated a strong positive correlation
between NO3

− concentration and luminescence intensity in bacterial suspensions, with
signal intensity gradually escalating alongside rising NO3

− levels (Figure 3d). Collectively,
these assays verify that NitNRCL1 can specifically bind to intracellular NO3

− and enable
quantitative detection of NO3

− in living cells.

Figure 3. Responsiveness of NitNRCL1 Expressed in Living E. coli Rosetta Cells. (a) Specificity
assessment of NitNRCL1 in living cells: Rosetta cells expressing NitNRCL1 were treated with
5 mM of the indicated compounds, and chemiluminescent signals were captured. Tested com-
pounds are labeled in the figure. (b) Sensitivity assessment of NitNRCL1 in living cells: Rosetta
cells expressing NitNRCL1 were treated with gradient concentrations of NO3

−, and luminescence
signals were recorded. NO3

− concentrations are indicated in the figure. (c) Statistical analysis of
relative luminescence activity changes induced by the indicated compounds in panel. Only the
NO3

− treatment group was significantly different from the control (*** p < 0.001, Student’s t-test).
(d) Dose-response curve of ∆RLU values from panel B, fitted to the Hill equation. All values represent
the means ± standard deviations (SD) of three biological replicates (n = 3). Kd = 16.69µM, R2 = 0.9674.
∆RLU, change in relative luminescence units.

3.4. Expression and NO3
− Responsiveness of the Biosensor in Plants

To evaluate the expression efficiency and functionality of NitNRCL1 in plant cells,
Arabidopsis thaliana, tobacco leaves, and carrot callus stably transformed with NitNRCL1
were treated with NO3

−. Results confirmed that NitNRCL1 is fully expressed and retains
NO3

− responsiveness in diverse plant systems (Figures 4a, S4 and S5). We identified 10
independent NitNRCL1 transgenic Arabidopsis lines (Figure S6), selected four of them for
absolute quantitative qPCR analysis (Figure S7), and used these lines to verify the function
of NitNRCL1 in Arabidopsis. All four lines showed a good response to NO3

− (Figure S8).
To establish a stable platform for in planta NO3

− monitoring, transgenic Arabidopsis lines
constitutively expressing NitNRCL1 (OE) were generated via Agrobacterium-mediated trans-
formation. No significant differences in root length, hypocotyl length, or overall vegetative
phenotype were observed between OE lines and wild-type (Col-0) plants (Figure 4b), indi-
cating that biosensor expression does not perturb normal plant growth and development.
Chemiluminescent detection revealed robust, stable luminescence signals in transgenic
Arabidopsis seedlings grown on nitrogen-replete medium, whereas no detectable signal
was observed in wild-type plants (Figure 4c), verifying stable expression and strong NO3

−

responsiveness of the biosensor in transgenic plants.
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Figure 4. Expression of NitNRCL1 in Transgenic Plants. (a) Phenotypic analysis (upper panel) of
7-day-old wild-type (Col-0) and transgenic Arabidopsis (OE) seedlings grown on 1/2 MS medium, and
corresponding chemiluminescent signals (lower panel) induced by 10 mM NO3

− treatment. Scale
bar, 2 mm. (b) Statistical analysis of root and hypocotyl lengths of 7-day-old Arabidopsis seedlings;
ns indicates no significant difference (p ≥ 0.05). (c) Statistical analysis of the mean gray values of
chemiluminescent signals in 7-day-old Arabidopsis seedlings. Data represent the means ± SD (n = 7,
*** p < 0.001, Student’s t-test).

3.5. Functional Validation of NitNRCL1 in Plants

To characterize the NO3
− responsiveness of NitNRCL1 in transgenic plants, OE Ara-

bidopsis seedlings were subjected to differential nitrogen treatments. Seedlings grown on
NO3

−-supplemented medium for 7 days exhibited intense, widespread chemilumines-
cent signals in aerial tissues following 10 mM KNO3 treatment for 10 min, whereas only
faint, localized signals were detected in the NO3

−-deprived control group (Figure 5a).
Gray value quantification confirmed that signal intensity was significantly higher in both
leaves and roots of the NO3

−-treated group relative to the control, with leaf signals ex-
ceeding those in roots (Figure 5b). To assess the broad applicability of NitNRCL1 across
crop species, the biosensor was heterologously expressed and functionally validated in
wheat and rice, demonstrating reliable NO3

− detection capacity in these monocot crops
(Figure S9). Subcellular localization of NitNRCL1 in wheat protoplasts revealed that it is
localized in the cytoplasm (Figure S10). Furthermore, analysis of 21-day-old soil-grown
plants revealed no detectable luminescence signals in wild-type Arabidopsis under either
NO3

−-replete or NO3
−-deprived conditions. In contrast, OE plants displayed intense,

uniform chemiluminescent signals in leaves under NO3
− supplementation, with signifi-

cantly stronger signals in young leaves relative to mature leaves. Under NO3
− deprivation,

leaf signals were drastically attenuated, with only faint signals retained in young tissues
(Figure 5c). These findings confirm that NitNRCL1 specifically responds to NO3

− across
distinct developmental stages in plants, with signal distribution closely aligning with the
tissue-specific allocation patterns of endogenous NO3

− [39], establishing a robust tool for
in vivo monitoring of plant nitrogen status.

3.6. Dynamic Monitoring of Nitrate Uptake and Translocation in Plants Under Low-Nitrogen Stress

To evaluate the suitability of NitNRCL1 for spatiotemporal monitoring of NO3
− dis-

tribution in living plants, 14-day-old OE Arabidopsis seedlings were subjected to 7 days
of nitrogen starvation, followed by in vivo live imaging to track the dynamic uptake and
translocation of NO3

− in aerial tissues. Nitrogen-starved OE plants exhibited weak, spa-
tially restricted luminescence signals prior to NO3

− resupply. Upon treatment with 10 mM
KNO3 (+NO3

−), luminescence intensity increased dramatically over time, accompanied by
a distinct, orderly signal propagation pattern (Figure 6a). Initial signals emerged exclusively
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in the shoot apical meristem, young leaves, and vascular veins—representing high-intensity
signals in young conductive tissues—reflecting the physiological priority of NO3

− allo-
cation to developing tissues [40]. Subsequently, NO3

− signals spread rapidly along the
leaf vascular system and gradually extended into mature leaf tissues, forming a centripetal
gradient distribution consistent with long-distance translocation routes mediated by the
vascular network [39]. After 2 h of NO3

− treatment, signals stabilized across all leaf tissues
but retained clear tissue specificity, with significantly higher intensity in young leaves
than mature leaves, indicative of differential NO3

− partitioning between tissue types. This
dynamic pattern aligns perfectly with the physiological mechanisms of NO3

− transport in
plants, demonstrating that NitNRCL1 enables high-spatiotemporal-resolution tracking of
the entire NO3

− uptake-to-translocation cascade.

Figure 5. Functional Validation of NitNRCL1 in Transgenic Arabidopsis thaliana. (a) Chemiluminescent
imaging of OE Arabidopsis seedlings under NO3

−-replete (10 mM KNO3) and NO3
−-deprived

conditions. Scale bar, 2 mm. (b) Statistical analysis of the mean gray values in leaves and roots. All
values represent the means ± SD (n = 7; *** p < 0.001, Student’s t-test). (c) Chemiluminescent imaging
of wild-type and OE Arabidopsis under NO3

−-replete and NO3
−-deprived conditions. Scale bar,

10 mm.

To quantify temporal changes in NO3
− levels across nitrogen-starved OE Arabidop-

sis discrete leaf regions, 16 zones of interest (ROIs) were marked on seedling leaves
(Figure 6b), and time-intensity curves of luminescence signals were generated for each ROI
(Figure 6c–e). Following NO3

− resupply, luminescence signals in young leaf zones (1–4)
peaked rapidly within 10 min, whereas peak signal occurrence in mature leaf zones (11–16)
was markedly delayed by 30–60 min. The variation in leaves 5–10 is intermediate between
that of juvenile and mature leaves. Quantitative tracing of NO3

− signals in planta partially
reflects the source-to-sink allocation pattern of nitrogen nutrients in plants [41]. Existing
literature confirms that long-distance NO3

− transport in plants is predominantly mediated
by the xylem vascular system [42–44], a mechanism fully consistent with the dynamic
signal propagation patterns observed with NitNRCL1. All ROIs exhibited consistent kinetic
trends, further validating NitNRCL1 as a reliable tool for quantitative and real-time tracing
of endogenous NO3

− in plants. Gray value-based quantitative analysis enables precise
kinetic monitoring of NO3

− translocation, providing a powerful asset for studying plant
nitrogen dynamics. To verify whether NitNRCL1 transgenic plants can reversibly detect
NO3

−, we sprayed leaves of NitNRCL1 transgenic Arabidopsis plants with 10 mM NO3
−

for reversible NO3
− detection assays. The results showed that NitNRCL1 exhibited good

repeatable detection characteristics (Figure S11).
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Figure 6. Dynamic Monitoring of NO3
− Uptake and Translocation in Transgenic Arabidopsis via

NitNRCL1. (a) In vivo live imaging tracking of NO3
− signals in OE Arabidopsis seedlings. Following

7 days of nitrogen starvation, continuous luminescence monitoring was initiated 30 min prior to
treatment with 10 mM KNO3 (+NO3

−), with signal dynamics recorded post-treatment. Time points
are denoted in h:min. Before, pre-NO3

− treatment; +NO3
−, post-NO3

− treatment. Scale bar, 10 mm.
(b) Schematic of 16 marked leaf zones of interest (red circles) for spatial quantitative gray value
analysis, with zones 1–4 designated as young central leaves, zones 5–10 as expanding leaves, and
zones 11–16 as mature peripheral leaves. Scale bar, 10 mm. (c–e) Time-mean gray value curves
depicting luminescence intensity changes in each marked ROI over time, with the timing of NO3

−

application indicated.
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4. Discussion
As a core macronutrient and pivotal signaling molecule governing plant growth

and development, the spatiotemporal dynamic allocation of NO3
− is a central focus for

elucidating nitrogen use efficiency in plants. Conventional detection methods are limited
by destructive sampling or localized monitoring, failing to meet the demand for real-time,
whole-plant dynamic tracking of endogenous NO3

−. Through multi-system validation in
prokaryotic and eukaryotic hosts, this study demonstrates that the split-luciferase biosensor
NitNRCL1, engineered using the cyanobacterial NrtA protein, achieves accurate, specific,
and dynamic tracing of NO3

− in planta. This novel tool opens new avenues for dissecting
the complex regulatory networks underlying NO3

− uptake, translocation, and assimilation
in plant nitrogen metabolism.

In recent years, FRET-based fluorescent biosensors have revolutionized ion monitoring
in plants, with several NO3

− sensors developed including NitraMeter3.0 [45], mCitrine-
NLP7 [46], FLIP-NT [37], NiTrac-NPF1.3 [47], and NiTrac1 [48]; these tools offer exceptional
spatial resolution and non-invasive measurement capabilities. Compared with these ex-
isting sensors, the defining advantage of NitNRCL1 lies in its capacity for whole-plant
dynamic NO3

− monitoring. Compared with these existing sensors, NitNRCL1 in this study
not only maintains high spatial resolution and non-invasive detection but also enables
dynamic monitoring of whole-plant NO3

− levels, allowing simultaneous multi-site assess-
ment of differential NO3

− uptake and translocation across distinct organs and tissues. As
demonstrated by dynamic tracking of NO3

− in NitNRCL1 transgenic Arabidopsis following
nitrogen deprivation, the NO3

− signal initially accumulates in young developing leaves
and vascular conducting tissues [40,45–49] and subsequently radiates from leaf veins into
the surrounding mesophyll cells [50,51], thereby reflecting, to a certain extent, the transport
and partitioning patterns of nitrogen nutrients within the plant [41–44]. This capability
forms a robust complement to FRET-based sensors that operate at cellular or subcellular
resolution. A detailed performance comparison of NitNRCL with existing NO3

− biosensors
is available in Supplementary Data (Table S2).

Functional assays confirm that NitNRCL1 is stably expressed and faithfully responds
to NO3

− across all developmental stages of Arabidopsis, without inducing abnormal pheno-
typic alterations in transgenic plants. Critically, the chemiluminescent output of NitNRCL1
eliminates the need for complex fluorescence microscopy equipment, making it uniquely
suited for whole-plant macroscopic imaging and high-throughput screening. This feature
positions NitNRCL1 as a precision tool for functional validation of nitrogen-use-efficiency
genes and accelerated crop molecular breeding.

Despite its exceptional application potential, NitNRCL1 has avenues for further opti-
mization. The current sensor response time (approximately 10 min to peak signal) precludes
capture of the rapid, second-scale transient responses mediated by nitrate transporters.
Notably, wild-type plants were used as background controls in this study; however, the
lack of mechanistic controls based on mutants unable to bind NO3

− imposes limitations on
demonstrating that the observed signal specifically depends on the interaction of NO3

−

with the NrtA domain. Additionally, heterologous expression efficiency and signal stability
in monocot crops such as rice and wheat require enhancement via codon optimization and
replacement with crop-specific promoters. Future directions include directed evolution
of the NrtA protein to accelerate conformational switching, integration with other inde-
pendent detection techniques to enable absolute quantification of nitrate concentrations,
fusion of subcellular localization signals to generate organelle-specific NO3

− sensors, and
integration of multi-biosensor designs to enable simultaneous monitoring of NO3

− with
calcium, cytokinins, and other signaling molecules. Furthermore, coupling NitNRCL1
with near-infrared luciferase technology to develop portable detection devices will facili-
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tate the translation of precise NO3
− tracing from laboratory research to field-scale in situ

monitoring, providing critical technical support for precision fertilization and sustainable
agricultural development.

5. Conclusions
In summary, this study successfully developed a split-luciferase-based genetically

encoded NO3
− biosensor, NitNRCL1. Multi-level validation in prokaryotic and eukaryotic

systems confirms that NitNRCL1 exhibits high specificity, a broad concentration-response
range, and excellent biocompatibility, enabling real-time, whole-plant dynamic monitoring
of NO3

− in Arabidopsis. This biosensor not only provides a novel platform for dissecting the
molecular mechanisms governing NO3

− uptake, translocation, and assimilation, but also
delivers technical support for the development of nitrogen-use-efficient crop varieties and
precision fertilization strategies. Future optimization of NitNRCL1—including enhanced
NO3

− responsiveness, crop-specific engineering, and multi-signal integration—will further
expand its utility in plant nitrogen metabolism research and sustainable agriculture, offering
innovative solutions to mitigate nitrogen pollution and improve crop productivity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios16050243/s1, This PDF file includes: Figure S1: Amino acid
sequence of the NitNRCL1 sensor; Figure S2: In vitro kinetic characterization of the NitNRCL1 sensor;
Figure S3: Response of the NitNRCL1 sensor to nitrate and nitrite in living Escherichia coli cells; Figure
S4: PCR identification of the NitNRCL1 sensor gene in diverse plant materials; Figure S5: Functional
validation of the NitNRCL1 sensor in diverse plant materials; Figure S6: PCR identification of positive
transgenic Arabidopsis thaliana plants; Figure S7: Absolute quantification of transcripts encoding the
NitNRCL1 sensor in transgenic Arabidopsis thaliana overexpression lines; Figure S8: Response of
transgenic Arabidopsis thaliana lines with varying expression levels to nitrate; Figure S9: Functional
validation of the NitNRCL1 sensor in rice and wheat; Figure S10: Subcellular localization of NitNRCL1
in wheat protoplasts; Figure S11: Reversibility of nitrate detection in transgenic Arabidopsis thaliana
plants expressing NitNRCL1; Table S1: List of primers used in this study; Table S2: Comparison of
NitNRCL1 with existing nitrate biosensors.
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Abbreviations
The following abbreviations are used in this manuscript:

IPTG Isopropyl β-D-1-thiogalactopyranoside
LBD Ligand-binding domain
NLuc N-terminal luciferase fragment
CLuc C-terminal luciferase fragment
PBP Periplasmic binding protein
Kd Dissociation constant
∆RLU Change in relative luminescence units
OD600 Optical density at 600 nm
Ni-NTA Nickel-nitrilotriacetic acid
WT Wild type
OE NitNRCL1 overexpression lines in Arabidopsis
Col-0 Columbia-0
MS Murashige and Skoog medium
CCD Charge-coupled device
ROI Region of interest
Km Michaelis constant
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