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Raman spectroscopy enables non-destructive detection of nitrates and other nitrogen-related biochemical markers, including chlorophyll and polyphenols, with unparalleled specificity and sensitivity. Integrating Raman spectroscopy with proximal optical sensors, such as Dualex (Dx) and Multiplex (Mx), offers a transformative approach to precision nitrogen management in broccoli seedlings, complementing their ability to rapidly estimate nitrogen balance indices and key vegetation compounds. The integration demonstrated strong correlations between Raman spectral bands, optical indices, and biochemical parameters across varying nitrogen levels, enhancing the precision of nitrogen status assessment, resulting in a robust, scalable, and information-rich system. By combining molecular-level detail with practical field applications, this hybrid strategy represents a significant advancement in sustainable agriculture. Future research will explore the applicability of this integrated methodology to other plant species.
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1 Introduction

The overuse of chemical fertilizers in agriculture has become a critical challenge for sustainable farming practices. Excessive nitrogen (N) fertilization not only leads to environmental issues such as nitrate leaching but also disrupts plant physiology, increasing susceptibility to pests and diseases, which in turn escalates pesticide use (Dordas, 2008). Achieving a precise N management requires accurate and efficient tools for real-time monitoring of plant health and nitrogen status.

Monitoring leaf N content is fundamental for optimizing fertilization strategies and ensuring agricultural productivity (Demotes-Mainard et al., 2008; Han et al., 2021). Traditional methods, such as Kjeldahl digestion and Dumas combustion, while accurate, are destructive, time-consuming, and unsuitable for large-scale or real-time applications. In contrast, optical techniques offer non-destructive alternatives that enable rapid and repeated measurements. Proximal optical sensors, like Dualex (Dx) and Multiplex (Mx), have been widely used to estimate leaf N content by analyzing key plant compounds such as chlorophyll and flavonoids. These compounds are critical indicators of plant nutritional status and play essential roles in photosynthesis, growth, and stress response (Muñoz-Huerta et al., 2013).

The Dx device is a leaf-clip sensor with a 6-mm diameter probe that estimates chlorophyll (DxChl) content based on leaf transmittance and measures epidermal flavonoids (DxFlav) and anthocyanins (DxAnth), using the chlorophyll fluorescence screening method (Cerovic et al., 2012). Additionally, the Nitrogen Balance Index (NBI), calculated as the ratio of DxChl to DxFlav indices, has proposed as a reliable estimate of leaf N content (Dong et al., 2021; Tuccio et al., 2022). The Mx device, on the other hand, collects information from a larger area, including entire leaves, plants, or even crops, and utilizes chlorophyll fluorescence to measure indices such as MxChl, MxFlav, and MxAnth (Diago et al., 2016).

Despite the effectiveness of these traditional optical sensors, their reliance on indirect correlations and additional parameters, such as leaf mass per area (LMA) (Bracke et al., 2019a; Tuccio et al., 2022), can limit their precision and real-time applicability. Recent advancements in optical sensing, particularly Raman spectroscopy, offer new opportunities to overcome these limitations. Raman spectroscopy provides a detailed molecular fingerprint of plant compounds by measuring the vibrational energy shifts of molecules (Saletnik et al., 2022; Park et al., 2023), providing in turn a plethora of spectral information, not limited to a few indices. This capability enables, among others, the direct and non-invasive assessment of N-related biochemical markers, such as chlorophyll, carotenoids, and polyphenols, offering both specificity and sensitivity. Previous literature has demonstrated that Raman spectroscopy allows for the early detection of plant stress and nutrient imbalances (Rys et al., 2015; Altangerel et al., 2017; Gupta et al., 2020; Sanchez et al., 2020), making it a valuable tool for precision agriculture.

Integrating an emerging technology in the agrifood area, such as Raman spectroscopy, with well-established optical sensors like Dx and Mx can represent a promising step forward in agricultural phenotyping. By combining the rapid and non-invasive nature of traditional sensors with the high-content diagnostic power of Raman spectroscopy, it becomes possible to monitor N status and overall plant health with greater accuracy and efficiency. This integration addresses the growing need for scalable, precise, and sustainable solutions in modern agriculture, especially as the sector faces increasing demands for productivity amid environmental constraints.

This study investigates the potential of combining Raman spectroscopy with Dx and Mx sensors to estimate leaf N content and monitor key biochemical compounds in broccoli seedlings cultivated in an experimental greenhouse. By leveraging the strengths of these complementary technologies, this research aims to enhance N management practices, improve plant health monitoring, and contribute to the broader goals of agricultural productivity and sustainability.




2 Materials and methods



2.1 Greenhouse experiment

The experiment was conducted in a greenhouse of the Research Centre for Vegetable and Ornamental Crops, Council of Agricultural Research and Economics, in Pescia, Italy, during the spring season 2024. The substrate was a mixture of 60/40 v/v dark peat/blond peat (TecnoGrowth® Professional, Tercomposti S.p.A., Calvisano, BS, Italy) with an average N concentration of 12.4 g kg-1, determined by a FlashSmart™ NC Soil elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA). Broccoli (Brassica oleracea L. var. italica cv. Naxos F1) seedlings were planted in seed trays the 10th of April 2024 and then grown in a greenhouse under different N fertilization treatments at 0, 4.5, 9.0, 15.0 and 22.5 mM N (N0, N1, N2, N3 -standard dosage according to local nursery grower practices, N4 respectively) maintaining a constant N-NO3/N-NH4 ratio of 2.75 and using a standard nutritive solution for leafy vegetables fertigation regarding to phosphorous, potassium and other micro and meso-elements (Figure 1). No other treatment was provided to the analyzed plants. Each treatment consisted of 4 replicates for a total of 84 seedlings per treatment. The measurement session occurred 35 d after the sowing date (DAS). Leaf collection occurred within the 10:00 – 11:00 am time interval. Water was supplied through fertigation as a function of microclimate conditions (roughly at least once a day), maintaining constant substrate moisture. Microclimate conditions were monitored every 5 minutes by a portable weather station (Zentra ZL6 datalogger, Meter Group., Pullman, WA, USA) equipped with an air temperature (T) and relative humidity sensors (RH) (VP-3; Decagon Em50; Decagon Devices Inc., Pullman, WA, USA) and a pyranometer for solar radiation measurement (Pyr sensor, Meter Group., Pullman, WA, USA). Temperature was in the range of 5.8 – 41.6°C (medium T in the period, 22°C), medium RH amounting to 60% and light intensity amounting as medium value to 246 W m-2 (maximum value recorded 1,007.4 W m-2 close to the end date of the experiment).

[image: Five panels of young plant seedlings in trays labeled from left to right: N0, N1, N2, N3, and N4, showing variances in growth and leaf size.]
Figure 1 | Broccoli seedlings under different N fertilization treatments: 0 mM (N0), 4.5 mM (N1), 9.0 mM (N2), 15.0 mM (N3), and 22.5 mM (N4) N.




2.2 The Dualex and Multiplex optical sensors

Each leaf was analyzed with the Dualex Scientific+ (Force-A, Orsay, France) and the Multiplex (Force-A, Orsay, France) optical sensors. The leaves were measured under ambient lighting at 25°C and within 15 min of sampling. Dx chlorophyll content (DxChl) is determined by the ratio between the transmittance at 850 nm (reference signal that is not absorbed by chlorophyll) and at 710 nm. Epidermal flavonoids (Flav) are calculated by the logarithm of the ratio between chlorophyll fluorescence excited at 650 nm and 375 nm (which is attenuated by the epidermal compounds). The ratio of DxChl over DxFlav represents the nitrogen balance index (NBI), which has been shown to account for N changes in the leaf. In our experiment, two Dx readings per leaf from the upper leaf blade and lateral to the midrib of both adaxial and abaxial sides of the leaf were carried out and averaged, and the relevant DxChl, DxFlav, and DxNBI values were used for further consideration. Multiplex chlorophyll content (MxChl) is calculated from the SFRG index accounting from the ratio FRFG/RFG (between far-red and red fluorescence signals under a green excitation), while the flavonoid content (MxFlav) is calculated as the logarithm of the FRFR/FRFUV ratio (between far-red fluorescent signals obtained under a red and a UV excitations). The MxNBI is achieved by the FRFUV/RFG ratio (between far-red fluorescence signal under a UV excitation and the red fluorescence signal under a green excitation). A single reading from the adaxial side of a whole leaf was collected and used for further consideration. A total of 10 leaves per replica were analyzed.




2.3 Raman measurements

Raman spectra within the 400 ÷ 2500 cm-1 range were collected with a portable spectrometer (miniRaman Dual, LightNovo, Denmark) using a 785 nm laser source coupled with a laptop for parameter setting and data visualization under the proprietary software. The spectrometer was equipped with a f=30 mm lens (NA=0.05) producing a 50 mm wide spot and to which it was screwed a custom-made aluminum perforated spacer to allow collecting the maximum signal at the leaf plane surface and maintain a 90° geometry between the irradiation direction and the leaf surface. An acquisition time of 500 ms with 10 accumulations and 97.32 mW of output power was employed. The leaves, previously measured by Dx and Mx, were analyzed by Raman spectroscopy under the same conditions. Similar to the Dx measurements, a single spectrum was acquired per leaf from the upper leaf blade and lateral to the midrib of the adaxial side. A total of 10 measurements (one per leaf) per replica for a total of 40 measurements per treatment, were collected, averaged, and used for further evaluation. This approach helps to mitigate spatial variability and improves the representativeness of the spectral data. Raman spectra were preprocessed before analysis according to Ref (Matteini et al., 2025). Raman spectra of kaempferol and quercetin and their glucoside derivatives (Extrasynthese, Genay, France) were collected under a LabRAM HR Evolution spectrometer (Horiba, Lille, France) working in back-scattering geometry and equipped with an excitation laser source at 785 nm (de Angelis et al., 2025), focused through a ×10 objective from 0.1 M stock solutions in dimethyl sulphoxide.




2.4 Analytical determination of chlorophyll and nitrogen in leaf

After optical measurements, each leaf was weighed to determine the fresh weight (FW) and dry weight (DW), by oven drying until reaching constant weight at 70°C, and then milled for subsequent destructive analyses. Before drying, the same leaves were used for the measurement of leaf area (LA) by a leaf area meter (WinDIAS Image Analysis System, Delta-T Devices, Cambridge, UK) and for the determination of the Leaf Mass per Area (LMA), namely the DW on LA ratio. Chlorophyll a (Chl a) and b (Chl b) and total phenols concentrations were determined by spectrophotometer analysis (Evolution™ 300 UV–Vis Spectrophotometer, Thermo Fisher Scientific Inc., Waltham, MA, USA) after fresh leaf samples extraction in methanol (99%), keeping samples in the dark at -20°C for 48 h, renewing the solution after 24 h, and reading the absorbance at 665.2, 652.4, 470.0 and 320.0 nm, respectively. Chl a, Chl b, and total chlorophyll (Chla+b) were then calculated as described by (Lichtenthaler and Buschmann, 2001), while total phenols (Total_Phenols) were calculated according to (Maggini et al., 2018). Total Kjeldahl Nitrogen (TKN) concentration was measured by Kjeldahl method after phospho-sulphuric acid digestion (Massa et al., 2016). Nitrate nitrogen (N-NO3) leaf concentration was determined by the spectrophotometric assay using the salicylic-sulfuric acid method described by (Cataldo et al., 1975) after 1 h water extraction of dry leaf tissue.




2.5 Statistics

Statistical analysis was carried out with OriginPro 2024 version 10.1.0.178 software (OriginLab Corporation, Northampton, MA). Mean data values were analyzed using ANOVA and compared with the all-pairwise multiple comparison Tukey’s test. P values of <0.05 were considered statistically significant.





3 Results and discussion



3.1 Raman spectral features of broccoli seedling leaves

The Raman spectra of broccoli seedling leaves exhibit a distinctive signature characteristic of green leafy vegetables when excited under a 785 nm light source (Figure 2). This signature is primarily defined by the vibrational modes of carotenoids, chlorophyll, and polyphenols. Carotenoids contribute bands at 1003, 1156, 1188, 1218 and 1526 cm-1 (Bhosale et al., 2004; Baranski et al., 2005; Ibarrondo et al., 2016; Park et al., 2023). Chlorophyll (a and b) is represented by major bands at 747, 917, 992, 1188, 1220, and 1328 cm-1, with additional shoulders at 1141 and 1555 cm-1 (Kagan and Mccreery, 1995; Ishihara and Takahashi, 2023). Polyphenols display bands mainly in the ranges of 550 – 650, 1245 – 1321, 1370 – 1420, 1586–1670 cm-1 (Jurasekova et al., 2006, Jurasekova et al., 2014; Gamsjaeger et al., 2011; Pompeu et al., 2018; Bock et al., 2021).

[image: Graph showing Raman spectra with intensity on the vertical axis and Raman shift (centimeters inverse) on the horizontal axis. Five lines, labeled N0 to N4, show varying spectra with multiple peaks, especially significant around 1200 and 1600 cm⁻¹. Each line represents different data sets, differentiated by color.]
Figure 2 | Averaged (n = 4) Raman spectra of broccoli seedling leaves at different N fertilization doses (N0 = 0 mM, N1 = 4.5 mM, N2 = 9.0 mM, N3 = 15.0 mM, N4 = 22.5 mM).




3.2 Correlation between Raman signals, optical meters, and biochemical parameters

The heatmap in Figure 3 illustrates the relationships between Raman spectral frequencies and various parameters, including biometric metrics (FW, LA, and LMA), concentration of plant compounds (Chla+b, Total_Phenols, TKN, and N-NO3) obtained through destructive analyses, and indices derived from Dx and Mx measurements (DxChl, DxChl/LMA, DxFlav, DxNBI, MxSFRG, MxFlav, MxNBIG) on the same samples. A notable observation is the close correlation pattern between FW and LA on one side, and the concentrations of extracted chlorophyll (Chla+b), TKN, and N-NO3 on the other. Higher N levels are often positively correlated with increased total chlorophyll content, as N is a fundamental component of chlorophyll molecules and essential for photosynthesis (Wen et al., 2019). This increase in chlorophyll typically enhances photosynthetic efficiency, leading to greater leaf expansion (larger LA) and higher biomass accumulation (FW). Optimal N levels generally promote balanced growth, while insufficient or excessive nitrogen can negatively impact chlorophyll synthesis, leaf area, and fresh weight (Boussadia et al., 2010). Accordingly, we observe an increase in LA and FW with higher fertilization levels up to N2, followed by a slight decrease due to excessive N supply (Figure 4). While N-NO3 levels continue to rise from N0 to N4, TKN reaches a saturation stage starting at N2 (Figure 5), negatively affecting biomass performance (Figure 4), and chlorophyll content (Chla+b plateaus for N > 2, Figure 6). LMA clearly distinguished N0 from the other doses (Supplementary Figure S1), showing a significantly higher value at N0 and stabilizing at a lower, statistically similar level for N1–N4. This trend aligns with the observed increases in LA and FW up to N2, as nitrogen availability promotes leaf expansion and biomass accumulation, leading to thinner leaves and a lower LMA. Beyond N2, excessive N negatively impacts biomass production without further affecting LMA.

[image: Heatmap showing various plant attributes along the y-axis, including FW, LA, LMA, Chl a+b, Total Phenols, and others. The x-axis ranges from 550 to 1650. Colors range from red (1) to blue (-1), indicating different intensity levels. A color gradient scale is shown on the right.]
Figure 3 | Heatmap of Pearson’s correlation coefficients r between Raman bands of broccoli under N0-N4 fertilization dosages and different parameters: biometric features (FW, fresh weight; LA, leaf area; LMA, leaf mass per area); extracted compound levels (Chla+b, Total_Phenols, TKN, N-NO3); Dx and Mx indexes (DxChl, DxChl/LMA, DXFlav, DxNBI, MxSFRG, MxFlav, MxNBIG). A positive correlation (r >0) is represented by red tones, while a negative correlation (r <0) is depicted in blue tones.

[image: Bar chart comparing fresh weight (FW) in grams and leaf area (LA) in square centimeters across five conditions (N0 to N4). Blue bars represent FW, ranging from approximately 6 to 9 grams, while orange bars show LA, ranging from about 200 to 275 square centimeters. Statistical significance is indicated by different letters above the bars.]
Figure 4 | Fresh weight of broccoli seedling leaves (FW) and leaf area (LA) as a function of N dosages. Statistical analysis was performed through one-way ANOVA. Bars represent the means (n = 4) + SEs. Different letters indicate a statistically significant difference according to post-hoc Tukey HSD method (p<0.05).

[image: Bar chart comparing TKN and N-NO₃ levels across five treatments: N0 to N4. TKN in blue increases across treatments, highest at N4. N-NO₃ in orange also rises, peaking at N4. Labels indicate significant differences.]
Figure 5 | Total Kjeldahl nitrogen (TKN) and nitrate nitrogen (N-NO3) concentration in broccoli seedling leaves as a function of N doses. Statistical analysis was performed through one-way ANOVA. Bars represent the means (n = 4) + SEs. Different letters indicate a statistically significant difference according to post-hoc Tukey HSD method (p<0.05).

[image: Bar chart displaying levels of Chl a+b, DxChl/LMA, MxSFRG, and I1328 across five treatments (N0 to N4). Chl a+b is highest in all treatments, especially N2 to N4. DxChl/LMA shows slight variations, while MxSFRG remains the lowest consistently. Letters indicate statistical significance.]
Figure 6 | Extracted total chlorophyll content (Chla+b), DxChl/LMA, MxSFRG indexes, and Raman intensity of the 1328 cm-1 band (I1328) as a function of N doses. Statistical analysis was performed through one-way ANOVA. Bars represent the means (n = 4) + SEs. Different letters indicate a statistically significant difference according to the post-hoc Tukey HSD method (p<0.05).




3.3 Raman spectroscopy for chlorophyll and flavonoid monitoring

Chlorophyll variations across fertilization levels are well-tracked by DxChl/LMA as well as by the 1328 cm-¹ Raman chlorophyll band (I1328, Figure 6). Notably, both DxChl/LMA and I1328 show improved differentiation among N levels, surpassing even the spectrophotometric analysis. We note that the correlation between Raman and DxChl significantly improves when DxChl is normalized by LMA (R2 = 0.31 for DxChl vs. I1328; R2 = 0.84 for DxChl/LMA vs. I1328, Supplementary Figure S2). A similar improvement of DxChl index is observed in the correlation with total chlorophyll concentration (R2 = 0.10 for DxChl vs. Chla+b; R2 = 0.60 for DxChl/LMA vs. Chla+b), highlighting a dependence on leaf morphology (e.g., thickness or area) with DxChl/LMA offering a clearer representation of chlorophyll concentration per unit leaf mass, as previously pointed out (Bracke et al., 2019a; Tuccio et al., 2022). It is noteworthy that other Raman bands associated with chlorophyll exhibit similar predictive behavior, albeit with lower R2 values (R2 < 0.80, Supplementary Figure S2). Further taking into consideration medium-high covariance between I1328 and extracted Chla+b (R2 = 0.64) and the almost absence of other competing bands in that Raman region, the 1328 cm-¹ frequency, which is ubiquitarian in the Raman spectrum of chlorophyll (Koyama et al., 1986; Sato et al., 1995), is here suggested as a valuable indicator for predicting chlorophyll concentration in green leaves using Raman spectroscopy, while also offering a non-destructive alternative to LMA-based assessments.

High positive correlations (Figure 3) are observed between several Raman spectral regions and the reference Dx and Mx indices for flavonoids (DxFlav, MxFlav). Specifically, these regions are: 838–848 cm-¹, 1010–1030 cm-¹, 1092–1096 cm-¹, 1244–1248 cm-¹, 1272–1276 cm-¹, 1364–1422 cm-¹, 1474–1502 cm-¹, 1580–1612 cm-¹, and 1645–1674 cm-¹. A similar correlation pattern, albeit weaker, is observed with the total phenols concentration obtained through leaf destructive analysis (Total_Phenols, Figure 3). Dx and Mx indices are limited to detecting epidermal flavonoids, particularly those attenuating chlorophyll fluorescence due to their optical absorption in the UV-A region (specifically at 375 nm, as implemented in Dx and Mx optical sensors) (Diago et al., 2016). Broccoli are rich in flavonols such as quercetin and kaempferol and their 3O-glycoside derivatives (Vallejo et al., 2004; Cartea et al., 2011). The Raman spectrum of quercetin, kaempferol, and their 3O-glucosilates are shown in Figure 7, along with evidenced bands involved in the correlation with Dx and Mx. Interestingly, some main bands, such as those at ~1310 cm-¹, lack a positive correlation with Dx and Mx indices (Figure 3). This can be explained by their proximity with strong chlorophyll and carotenoid bands (Figure 2), which diminish or reverse their correlation with DxFlav and MxFlav in Figure 3. Conversely, the spectrophotometric measurement (i.e., Total_Phenols) represents a broad estimate of the overall phenolic content. This explicates its additional positive covariance with certain Raman frequencies (i.e., at 950 and 1684 cm-1 associated with phenolic compounds beyond epidermal flavonoids, such as epicatechin, gallic acid, and p-coumaric acid, which were also found in mature broccoli (Rahman et al., 2022)). These compounds typically exhibit an optical absorption below 370 nm (Csepregi et al., 2013), making them undetectable by Dx and Mx sensors. A decrease in phenolic content (Total_Phenols) is observed with increasing N fertilization dosages (Figure 8), which also reflects the DxFlav and MxFlav trend as well as that of selected Raman bands, such as the 1020, 1246, and 1584 cm-¹. Notably, DxFlav, MxFlav, and the intensities of these Raman bands align closely in differentiating among N doses, whereas variations in the 1606 cm-¹ intensity more closely mirror those of total phenols. This distinction arises because the first three frequencies correspond to Raman bands of quercetin and kaempferol and their glucoside derivatives (Figure 7), explaining their predictive value for the flavonoid content (mainly flavonols) with a strong correlation with DxFlav (R2 0.65 ⨫ 0.80), and moderately high correlation with MxFlav (R2 0.53 ⨫ 0.65). In contrast, the 1606 cm-¹ band (R2 = 0.52 vs. DxFlav and MxFlav) lies in a spectral region less specific to flavonoids but includes Raman features of the main part of polyphenols (Pompeu et al., 2018; Espina et al., 2022; Krysa et al., 2022). Consequently, this band (ascribed to the aromatic C=C stretching) is more ubiquitous across various polyphenol species and, therefore, appears well-suited for deriving information about the total phenolic content of the sample, as suggested elsewhere (Pompeu et al., 2018).

[image: Raman spectroscopy graph showing intensity (arbitrary units) against Raman shift (centimeters inverse). Four spectra are depicted: Que-3Glu in black, Que in blue, Kmp-3Glu in red, and Kmp in green. Peaks vary in height, with the most prominent around 1600 cm⁻¹. Gray bands highlight specific shift regions.]
Figure 7 | Raman spectra of kaempferol (Kmp), kaempferol-3glucoside (Kmp-3Glu), quercetin (Que), quercetin-3O glucoside (Que-3Glu). Bands involved in the correlation with DXFlav and MxFlav are highlighted by a grey box.

[image: Bar chart showing levels of total phenols and various flavonoids (DxFlav, MxFlav, I1020, I1246, I1584, I1606) across five categories (N0 to N4). Total phenols are highest overall, indicated by blue bars. Error bars and letters (a, b, ab) denote statistical differences.]
Figure 8 | Extracted total phenol concentration, DxFlav, MxFlav indexes, and Raman intensity of 1020 cm-1 (I1020), 1246 cm-1 (I1246), 1584 cm-1 (I1584), and 1606 cm-1 (I1606) bands as a function of N dosages. A stabilization of stress-related secondary metabolism compounds above N≥N2 suggests that the N2 dose (9.0 mM) may represent a potential optimum in terms of both biomass production and metabolic balance, with a 40% reduction in N, compared to the standard dose (N3) applied by local producers. Statistical analysis was performed through one-way ANOVA. Bars represent the means (n = 4) + SEs. Different letters indicate a statistically significant difference according to the post-hoc Tukey HSD method (p<0.05).




3.4 Raman-based nitrogen estimation

The inverse relationship between flavonoid content and N availability in plants has been highlighted by several studies. Flavonoid content increases under N (nitrate and ammonium) deficiency because the plant reallocates resources from protein synthesis and growth to secondary metabolite production, enhancing defense mechanisms against environmental stress (Prinsi et al., 2020; Ma et al., 2023). This relationship has been explored not only to monitor plant responses to varying fertilization levels (Tremblay et al., 2007, Tremblay et al., 2010; Agati et al., 2016), as also evidenced in this study (Figure 8), but also as a potential tool to quantify N content (Cartelat et al., 2005; Bracke et al., 2019b; Tuccio et al., 2022). The correlation coefficients between DxFlav and MxFlav vs. N content (N-NO3 and TKN) in broccoli as listed in Table 1 reveal a moderate potential (R2 ~0.50), which is here surpassed using the DxChl index or the NBI values, reaching excellent performances in the case of N-NO3 (R2 = 0.81 and 0.71 for DxChl and DxNBI, respectively). The chlorophyll content is often used as an indicator of available nitrogen levels (Padilla et al., 2018) due to the almost linear relationship between these parameters (Figure 3), as previously mentioned. Another chance is to take advantage of NBI reflecting the ratio between chlorophyll and flavonoids, which can sometimes improve N estimates, especially under conditions of high nitrogen levels (Shi et al., 2024).


Table 1 | Coefficients of determination (R2) of Dx, Mx indexes, and selected Raman bands with total Kjeldahl nitrogen (TKN) and nitrate nitrogen (N-NO3) concentrations in broccoli seedling leaves.
	Index
	N-NO3
	TKN



	DxChl
	0.81*
	0.57


	MxSFR_G
	0.18
	0.18


	DxFlav
	0.48
	0.50


	MxFlav
	0.53
	0.56


	DxNBI
	0.71*
	0.61


	MxNBI
	0.18
	0.30


	I820
	0.78*
	0.74*


	I1065
	0.73*
	0.75*


	I1336
	0.74*
	0.71*


	I692
	0.56
	0.71*


	I1004
	0.54
	0.71*


	I1224
	0.55
	0.71*


	I1446
	0.59
	0.74*


	I938
	0.67*
	0.52


	I1268
	0.68*
	0.43





High correlation values exceeding R2 = 0.65 are marked with an asterisk.



Several Raman frequencies exhibit a correlation of R2 >0.65 with N-NO3 and/or TKN (see Figure 9, Table 1). Specifically, bands at 820, 1065 and 1336 cm-1 effectively correlate with both N-NO3 and TKN. These bands are linked to cellulose and structural cell wall components, representing the C-C and C-O stretching, the C–O–C stretching, and the C-O stretching or C-O-H bending modes of polysaccharides, respectively (Chylińska et al., 2014; Szymańska-Chargot et al., 2016; Bock et al., 2021; Payne and Kurouski, 2021). Overall, their association with N content underscores the dependence of these species on N availability, which regulates plant growth and cell wall biosynthesis (Ogden et al., 2018). The TKN demonstrates a strong correlation with bands at 692, 1004, 1224 cm-1 (R2 >0.65) and a moderate correlation (R2 = 0.55-0.60) with bands at 746, 916, 1160, 1530 cm-1 of chlorophyll and carotenoids, as well with the more generic 1446 cm-1 band (CH2 bending). This can be explained by ammonium’s direct role in metabolic pathways that enhance and regulate photosynthetic pigment synthesis and the production of CH-rich structural and storage compounds in photosystems (Chenard et al., 2005; Wen et al., 2019) (in fact TKN is limiting for chlorophyll, see Figure 5 and Figure 6). Conversely, the 938 and 1268 cm-1 bands correlate preferentially with N-NO3 and may tentatively reflect C-H bending modes in aliphatic chains of lipids and fatty acids, or C-O stretching vibrations in phenolic compounds (Pompeu et al., 2018; Saletnik et al., 2022). The accumulation of these compounds can align with nitrate availability, which regulates lipid biosynthesis and phenolic metabolism (Cartea et al., 2011; Pereira et al., 2024).

[image: Graph depicting R-squared values against Raman shift in centimeters inverse. Black squares represent N-NO3 and red circles represent TKN, with a green line indicating the threshold. Key markers are shown above certain peaks. The data fluctuates around 0.6, highlighted by a dashed line.]
Figure 9 | R² values for N-NO3 (black) and TKN (red) as a function of Raman frequencies. A dashed line indicates the R² threshold of 0.65. Symbols mark frequencies where R² > 0.65 correlations are observed with both N-NO3 and TKN (⊘), primarily with N-NO3 (⊗) or primarily with TKN (⊕).

Overall, the above considerations highlight the potential of Raman bands as effective tools for probing available nitrogen in broccoli, with performance comparable to or exceeding that of portable meters (Table 1). Moreover, we have evidence that a strategic selection of band intensities could provide specific insights into N-NO3 or TKN levels, offering valuable guidance for the optimized management of fertilizer doses. For example, the 1446 cm-1 band can represent an excellent reference to follow the variation in TKN, while the 1268 cm-1 band is willing to resemble variations in N-NO3 with enough accuracy, as emerges comparing Figure 10 with Figure 5.

[image: Bar graph comparing two data sets, I₁₄₄₆ in blue and I₁₂₆₈ in orange, across five categories: N0, N1, N2, N3, N4. Values are marked with letters a to d indicating significance levels. Blue bars generally display higher values than orange bars across all categories.]
Figure 10 | Raman intensity of 1268 cm-1 (I1268) and 1446 cm-1 (I1446) bands as a function of N doses. Statistical analysis was performed through one-way ANOVA. Bars represent the means (n = 4) + SEs. Different letters indicate a statistically significant difference according to the post-hoc Tukey HSD method (p<0.05).





4 Conclusions

This study highlights the effectiveness of integrating Raman spectroscopy with standard optical meters, such as Dualex and Multiplex, to improve N management in broccoli seedlings. Raman spectroscopy provides molecular-level precision in detecting and quantifying N-related markers, including chlorophyll, flavonoids, and plant nitrogen, while integration with optical meters enables rapid, non-invasive assessments in real-time. The findings demonstrate that this hybrid strategy delivers superior accuracy compared to standalone approaches. Strong correlations were observed between Raman spectral bands and indices derived from optical meters, such as Chl, Flav, and NBI, as well as with biochemical analyses of chlorophyll and N levels. This synergy addresses individual limitations of each technology, offering a comprehensive understanding of plant nutritional dynamics. The integration provides significant practical advantages, including ease of use and scalability, making it ideal for precision agriculture. Potential influences of factors such as light interception and nutrient interaction at high nitrogen levels on spectral responses should be considered in future studies to further improve the robustness of this integrated approach. Future perspectives include validating the system across multiple broccoli cultivars and within a lower-to-intermediate N range, applying this framework to other plant species, broadening its adoption across diverse agricultural systems and contributing to sustainable farming practices.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

LT: Conceptualization, Formal Analysis, Investigation, Methodology, Supervision, Writing – review & editing, Data curation, Funding acquisition. SC: Conceptualization, Data curation, Funding acquisition, Investigation, Supervision, Writing – review & editing. GA: Data curation, Investigation, Writing – review & editing, Methodology. CD: Investigation, Methodology, Writing – review & editing. ST: Investigation, Methodology, Writing – review & editing. GF: Investigation, Methodology, Writing – review & editing. GD: Investigation, Methodology, Writing – review & editing. PM: Conceptualization, Formal Analysis, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was supported by Tuscany Region, Italy (Rural Development Program, RDP 2014 -2020, sub measure 16.2) with the contribution of European Agricultural Fund for Rural Development (EAFRD).




Acknowledgments

The authors are grateful to Ortoflorovivaismo Malfatti & Mallegni SS (Viareggio, Italy) for providing the seeds and for technical support. Also acknowledged is the Azienda Agricola Marco Carmazzi (Viareggio, Italy) for the coordination of MOMA project, of which this work is part.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1613503/full#supplementary-material




References

	 Agati G., Tuccio L., Kusznierewicz B., Chmiel T., Bartoszek A., Kowalski A., et al. (2016). Nondestructive Optical Sensing of Flavonols and Chlorophyll in White Head Cabbage (Brassica oleracea L. var. capitata subvar. alba) Grown under Different Nitrogen Regimens. J. Agric. Food Chem. 64, 85–94. doi: 10.1021/acs.jafc.5b04962, PMID: 26679081


	 Altangerel N., Ariunbold G. O., Gorman C., Alkahtani M. H., Borrego E. J., Bohlmeyer D., et al. (2017). In vivo diagnostics of early abiotic plant stress response via Raman spectroscopy. Proc. Natl. Acad. Sci. U.S.A. 114, 3393–3396. doi: 10.1073/pnas.1701328114, PMID: 28289201


	 Baranski R., Baranska M., Schulz H. (2005). Changes in carotenoid content and distribution in living plant tissue can be observed and mapped in situ using NIR-FT-Raman spectroscopy. Planta 222, 448–457. doi: 10.1007/s00425-005-1566-9, PMID: 16007452


	 Bhosale P., Ermakov I. V., Ermakova M. R., Gellermann W., Bernstein P. S. (2004). Resonance Raman quantification of nutritionally important carotenoids in fruits, vegetab les, and their juices in comparison to high-pressure liquid chromatography analysis. J. Agric. Food Chem. 52, 3281–3285. doi: 10.1021/jf035345q, PMID: 15161183


	 Bock P., Felhofer M., Mayer K., Gierlinger N. (2021). A guide to elucidate the hidden multicomponent layered structure of plant cuticles by raman imaging. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.793330, PMID: 34975980


	 Boussadia O., Steppe K., Zgallai H., Ben El Hadj S., Braham M., Lemeur R., et al. (2010). Effects of nitrogen deficiency on leaf photosynthesis, carbohydrate status and biomass production in two olive cultivars “Meski” and “Koroneiki. Sci. Hortic. 123, 336–342. doi: 10.1016/j.scienta.2009.09.023


	 Bracke J., Elsen A., Adriaenssens S., Schoeters L., Vandendriessche H., Van Labeke M. C. (2019a). Application of proximal optical sensors to fine-tune nitrogen fertilization: Opportunities for woody ornamentals. Agronomy 9, 408. doi: 10.3390/agronomy9070408


	 Bracke J., Elsen A., Adriaenssens S., Vandendriessche H., Van Labeke M. C. (2019b). Utility of proximal plant sensors to support nitrogen fertilization in Chrysanthemum. Sci. Hortic. 256, 108544. doi: 10.1016/j.scienta.2019.108544


	 Cartea M. E., Francisco M., Soengas P., Velasco P. (2011). Phenolic compounds in Brassica vegetab les. Molecules 16, 251–280. doi: 10.3390/molecules16010251, PMID: 21193847


	 Cartelat A., Cerovic Z. G., Goulas Y., Meyer S., Lelarge C., Prioul J. L., et al. (2005). Optically assessed contents of leaf polyphenolics and chlorophyll as indicators of nitrogen deficiency in wheat (Triticum aestivum L.). Field Crops Res. 91, 35–49. doi: 10.1016/j.fcr.2004.05.002


	 Cataldo D. A., Haroon M. H., Schrader L. E., Youngs V. L. (1975). Rapid colorimetric determination of nitrate in plant tissue by nitration of salicylic acid. Commun. Soil Sci. Plant Anal. 6, 71–80. doi: 10.1080/00103627509366547


	 Cerovic Z. G., Masdoumier G., Ghozlen N.B., Latouche G. (2012). A new optical leaf-clip meter for simultaneous non-destructive assessment of leaf chlorophyll and epidermal flavonoids. Physiol. Plant 146, 251–260. doi: 10.1111/j.1399-3054.2012.01639.x, PMID: 22568678


	 Chenard C. H., Kopsell D. A., Kopsell D. E. (2005). Nitrogen concentration affects nutrient and carotenoid accumulation in parsley. J. Plant Nutr. 28. doi: 10.1081/PLN-200047616


	 Chylińska M., Szymańska-Chargot M., Zdunek A. (2014). Imaging of polysaccharides in the tomato cell wall with Raman microspectroscopy. Plant Methods 10, 14. doi: 10.1186/1746-4811-10-14, PMID: 24917885


	 Csepregi K., Kocsis M., Hideg É. (2013). On the spectrophotometric determination of total phenolic and flavonoid contents. Acta Biol. Hung 64, 500–509. doi: 10.1556/ABiol.64.2013.4.10, PMID: 24275595


	 de Angelis M., Amicucci C., Banchelli M., D’Andrea C., Gori A., Agati G., et al. (2025). Rapid determination of phenolic composition in chamomile (Matricaria recutita L.) using surface-enhanced Raman spectroscopy. Food Chem. 463, 141084. doi: 10.1016/J.FOODCHEM.2024.141084, PMID: 39241429


	 Demotes-Mainard S., Boumaza R., Meyer S., Cerovic Z. G. (2008). Indicators of nitrogen status for ornamental woody plants based on optical measurements of leaf epidermal polyphenol and chlorophyll contents. Sci. Hortic. 115, 377–385. doi: 10.1016/j.scienta.2007.10.006


	 Diago M. P., Rey-Carames C., Le Moigne M., Fadaili E. M., Tardaguila J., Cerovic Z. G. (2016). Calibration of non-invasive fluorescence-based sensors for the manual and on-the-go assessment of grapevine vegetative status in the field. Aust. J. Grape Wine Res. 22, 438–449. doi: 10.1111/ajgw.12228


	 Dong R., Miao Y., Wang X., Chen Z., Yuan F. (2021). Improving maize nitrogen nutrition index prediction using leaf fluorescence sensor combined with environmental and management variables. Field Crops Res. 269, 108180. doi: 10.1016/j.fcr.2021.108180


	 Dordas C. (2008). Role of nutrients in controlling plant diseases in sustainable agriculture. A review. Agron. Sustain Dev. 28, 33–46. doi: 10.1051/agro:2007051


	 Espina A., Sanchez-Cortes S., Jurašeková Z. (2022). Vibrational study (Raman, SERS, and IR) of plant gallnut polyphenols related to the fabrication of iron gall inks. Molecules 27, 279. doi: 10.3390/molecules27010279, PMID: 35011511


	 Gamsjaeger S., Baranska M., Schulz H., Heiselmayer P., Musso M. (2011). Discrimination of carotenoid and flavonoid content in petals of pansy cultivars (Viola x wittrockiana) by FT-Raman spectroscopy. J. Raman Spectrosc. 42, 1240–1247. doi: 10.1002/jrs.2860


	 Gupta S., Huang C. H., Singh G. P., Park B. S., Chua N. H., Ram R. J. (2020). Porta ble Raman leaf-clip sensor for rapid detection of plant stress. Sci. Rep. 10, 20206. doi: 10.1038/s41598-020-76485-5, PMID: 33214575


	 Han S., Zhu X., Liu D., Wang L., Pei D. (2021). Optimisation of the amount of nitrogen enhances quality and yield of pepper. Plant Soil Environ. 67, 643–652. doi: 10.17221/123/2021-PSE


	 Ibarrondo I., Prieto-Taboada N., Martínez-Arkarazo I., Madariaga J. M. (2016). Resonance Raman imaging as a tool to assess the atmospheric pollution level: carotenoids in Lecanoraceae lichens as bioindicators. Environ. Sci. pollut. Res. 23, 6390–6399. doi: 10.1007/s11356-015-5849-9, PMID: 26620863


	 Ishihara J.i., Takahashi H. (2023). Raman spectral analysis of microbial pigment compositions in vegetative cells and heterocysts of multicellular cyanobacterium. Biochem. Biophys. Rep. 34, 101469. doi: 10.1016/j.bbrep.2023.101469, PMID: 37125074


	 Jurasekova Z., Domingo C., Garcia-Ramos J. V., Sanchez-Cortes S. (2014). Effect of pH on the chemical modification of quercetin and structurally related flavonoids characterized by optical (UV-visible and Raman) spectroscopy. Phys. Chem. Chem. Phys. 16, 12802–12811. doi: 10.1039/C4CP00864B, PMID: 24836778


	 Jurasekova Z., Garcia-Ramos J. V., Domingo C., Sanchez-Cortes S. (2006). Surface-enhanced Raman scattering of flavonoids. J. Raman Spectrosc. 37, 1239–1241. doi: 10.1002/jrs.1634


	 Kagan M. R., Mccreery R. L. (1995). Quantitative surface raman spectroscopy of physisorbed monolayers on glassy carbon. Langmuir 11, 4041–4047. doi: 10.1021/la00010a068


	 Koyama Y., Umemoto Y., Akamatsu A., Uehara K., Tanaka M. (1986). Raman spectra of chlorophyll forms. J. Mol. Struct. 146, 273–287. doi: 10.1016/0022-2860(86)80299-X


	 Krysa M., Szymańska-Chargot M., Zdunek A. (2022). FT-IR and FT-Raman fingerprints of flavonoids – A review. Food Chem. 393, 133430. doi: 10.1016/j.foodchem.2022.133430, PMID: 35696953


	 Lichtenthaler H. K., Buschmann C. (2001). Chlorophylls and carotenoids: measurement and characterization by UV - VIS spectroscopy. Curr. Protoc. Food Analytical Chem. 1. doi: 10.1002/0471142913.faf0403s01


	 Ma D., Teng W., Yi B., Lin Y., Pan Y., Wang L. (2023). Effects of the nitrate and ammonium ratio on plant characteristics and Erythropalum scandens Bl. substrates. PloS One 18, e0289659. doi: 10.1371/journal.pone.0289659, PMID: 37540657


	 Maggini R., Benvenuti S., Leoni F., Pardossi A. (2018). Terracrepolo (Reichardia picroides (L.) Roth.): Wild food or new horticultural crop? Sci. Hortic. 240, 224–231. doi: 10.1016/j.scienta.2018.06.018


	 Massa D., Prisa D., Montoneri E., Battaglini D., Ginepro M., Negre M., et al. (2016). Application of municipal biowaste derived products in Hibiscus cultivation: Effect on leaf gaseous exchange activity, and plant biomass accumulation and quality. Sci. Hortic. 205, 59–69. doi: 10.1016/j.scienta.2016.03.033


	 Matteini P., Distefano C., de Angelis M., Agati G. (2025). Assessment of nitrate levels in greenhouse-grown spinaches by Raman spectroscopy: A tool for sustainable agriculture and food security. J. Agric. Food Res. 21, 101839. doi: 10.1016/J.JAFR.2025.101839


	 Muñoz-Huerta R. F., Guevara-Gonzalez R. G., Contreras-Medina L. M., Torres-Pacheco I., Prado-Olivarez J., Ocampo-Velazquez R. V. (2013). ). A review of methods for sensing the nitrogen status in plants: Advantages, disadvantages and recent advances. Sensors (Switzerland) 13, 10823–10843. doi: 10.3390/s130810823, PMID: 23959242


	 Ogden M., Hoefgen R., Roessner U., Persson S., Khan G. A. (2018). Feeding the walls: How does nutrient availability regulate cellwall composition? Int. J. Mol. Sci. 19, 2691. doi: 10.3390/ijms19092691, PMID: 30201905


	 Padilla F. M., de Souza R., Peña-Fleitas M. T., Gallardo M., Giménez C., Thompson R. B. (2018). Different responses of various chlorophyll meters to increasing nitrogen supply in sweet pepper. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01752, PMID: 30542364


	 Park M., Somborn A., Schlehuber D., Keuter V., Deerberg G. (2023). Raman spectroscopy in crop quality assessment: Focusing on sensing secondary metabolites: A review. Hortic. Res. 10, uhad074. doi: 10.1093/hr/uhad074, PMID: 37249949


	 Payne W. Z., Kurouski D. (2021). Raman spectroscopy enables phenotyping and assessment of nutrition values of plants: a review. Plant Methods 17, 78. doi: 10.1186/s13007-021-00781-y, PMID: 34266461


	 Pereira D. T., Korbee N., Vega J., Figueroa F. L. (2024). The role of nitrate supply in bioactive compound synthesis and antioxidant activity in the cultivation of porphyra linearis (Rhodophyta, bangiales) for future cosmeceutical and bioremediation applications. Mar. Drugs 22, 222. doi: 10.3390/md22050222, PMID: 38786613


	 Pompeu D. R., Larondelle Y., Rogez H., Abbas O., Pierna J. A. F., Baeten V. (2018). Characterization and discrimination of phenolic compounds using Fourier transform Raman spectroscopy and chemometric tools. BASE 22, 13–28. doi: 10.25518/1780-4507.16270


	 Prinsi B., Negrini N., Morgutti S., Espen L. (2020). Nitrogen starvation and nitrate or ammonium availability differently affect phenolic composition in green and purple basil. Agronomy 10, 498. doi: 10.3390/agronomy10040498


	 Rahman M. M., Abdullah A. T. M., Sharif M., Jahan S., Kabir M. A., Motalab M., et al. (2022). Relative evaluation of in-vitro antioxidant potential and phenolic constituents by HPLC-DAD of Brassica vegeta bles extracted in different solvents. . Heliyon 8, e10838. doi: 10.1016/j.heliyon.2022.e10838, PMID: 36247118


	 Rys M., Szaleniec M., Skoczowski A., Stawoska I., Janeczko A. (2015). FT-Raman spectroscopy as a tool in evaluation the response of plants to drought stress. Open Chem. 13,1091–1100. doi: 10.1515/chem-2015-0121


	 Saletnik A., Saletnik B., Puchalski C. (2022). Raman method in identification of species and varieties, assessment of plant maturity and crop quality—A review. Molecules 27, 4454. doi: 10.3390/molecules27144454, PMID: 35889327


	 Sanchez L., Ermolenkov A., Biswas S., Septiningsih E. M., Kurouski D. (2020). Raman spectroscopy enables non-invasive and confirmatory diagnostics of salinity stresses, nitrogen, phosphorus, and potassium deficiencies in rice. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.573321, PMID: 33193509


	 Sato H., Okada K., Uehara K., Ozaki Y. (1995). Near-infrared fourier-transform raman study of chlorophyll A in solutions. Photo Chem. Photobiol. 61. doi: 10.1111/j.1751-1097.1995.tb03957.x


	 Shi P., Wang Y., Yin C., Fan K., Qian Y., Chen G. (2024). Mitigating saturation effects in rice nitrogen estimation using Dualex measurements and machine learning. Front. Plant Sci. 15. doi: 10.3389/fpls.2024.1518272, PMID: 39737376


	 Szymańska-Chargot M., Chylińska M., Pieczywek P. M., Rösch P., Schmitt M., Popp J., et al. (2016). Raman imaging of changes in the polysaccharides distribution in the cell wall during apple fruit development and senescence. Planta 243, 935–945. doi: 10.1007/s00425-015-2456-4, PMID: 26733465


	 Tremblay N., Wang Z., Bélec C. (2007). Evaluation of the dualex for the assessment of corn nitrogen status. J. Plant Nutr. 30, 1355–1369. doi: 10.1080/01904160701555689


	 Tremblay N., Wang Z., Belec C. (2010). Performance of dualex in spring wheat for crop nitrogen status assessment, yield prediction and estimation of soil nitrate content. J. Plant Nutr. 33. doi: 10.1080/01904160903391081


	 Tuccio L., Massa D., Cacini S., Iovieno P., Agati G. (2022). Monitoring nitrogen variability in two Mediterranean ornamental shrubs through proximal fluorescence-based sensors at leaf and canopy level. Sci. Hortic. 294, 110773. doi: 10.1016/j.scienta.2021.110773


	 Vallejo F., Tomás-Barberán F. A., Ferreres F. (2004). Characterisation of flavonols in broccoli (Brassica oleracea L. var. italica) by liquid chromatography-UV diode-array detection-electrospray ionisation mass spectrometry. J. Chromatogr A 1054, 181–193. doi: 10.1016/j.chroma.2004.05.045, PMID: 15553143


	 Wen B., Li C., Fu X., Li D., Li L., Chen X., et al. (2019). Effects of nitrate deficiency on nitrate assimilation and chlorophyll synthesis of detached apple leaves. Plant Physiol. Biochem. 142, 363–371. doi: 10.1016/j.plaphy.2019.07.007, PMID: 31398585







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Tuccio, Cacini, Arati, Distefano, Traversari, Fontanelli, De Nicola and Matteini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/cover.jpg
& frontiers | Frontiers in Plant Science

Integrating Raman spectroscopy
and optical meters for nitrogen
management in broccoli seedlings





OEBPS/Images/fpls-16-1613503-g001.jpg





OEBPS/Images/fpls-16-1613503-g007.jpg
—— Que-3Glu
— Que
— Kmp-3Glu
—Kmp

Intensity (a.u.)

1000 1200 1400 1600
Raman shift (cm™)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1613503-g005.jpg
N-NO, (mg g™ FW)

(o] ) < ™ (Q\ ~ o

70

OOOOOOO
© OB < OO N @ -

(M@ -6 bw) NYL





OEBPS/Images/fpls-16-1613503-g003.jpg
FW

LA

LMA

Chlg.p
Total_Phenols

TKN
N-NO,
DxChl
DxChl/LMA
DxFlav
DxNBI
MxSFRg

MxFlav

MxNBI, |

| 1O
IIIIIIII I/ I|IIII||||IIII"I|III|IIII |

|
AT LAY IR
| 0 10g ot T
|10
| winm
IIIIII ] ] lI".IIII III”I|I IIIIIIIII” ‘I |
|

| N
|
|
|

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

-0.8





OEBPS/Images/fpls-16-1613503-g009.jpg
—— N-NO;—— TKN

1.0

600 800 1000 1200 1400 1600
Raman shift (cm™)





OEBPS/Images/fpls-16-1613503-g010.jpg





OEBPS/Images/fpls-16-1613503-g006.jpg
MxSFR; [ |50

I chi,.,, I DxChI/LMA

DXChI/LMA, MxSFRg, |43,8
00 © < Q)

o
i

© N (0 0) <
ot

(ma ,.bw 6r) *Fyo





OEBPS/Images/fpls-16-1613503-g008.jpg
110

A
co O O O o
OO O O O O

AB|JXIN ‘AeldX

Total phenols (A320 g DW)






OEBPS/Images/fpls-16-1613503-g002.jpg
Intensity (a.u.)

600 800 1000 1200 1400 1600

Raman shift (cm™)





OEBPS/Images/fpls-16-1613503-g004.jpg
FW (9)

300

250

200

150

(,wo) v

100

50






