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Abstract 
Aims The excessive use of fertilizers is a problem 
in current agricultural systems, and sustainable farm-
ing practices, including precision agriculture, demand 
the use of new technologies to manage plant stress at 
an early stage. To sustainably manage iron (Fe) ferti-
lization in agricultural fields, it is urgent to develop 
early detection methods for Fe deficiency, and linked 
oxidative stress, in plant leaves. Herein, the potential 
of using Fourier Transform Infrared (FTIR) spectros-
copy for Fe deficiency and oxidative stress detection 
in soybean plants was evaluated.
Methods After a period of two weeks of hydro-
ponic growth under optimum conditions, soybean 
plants were grown under Fe-sufficient (Fe+) and Fe-
deficient (Fe–) hydroponic conditions for four weeks. 
Sampling occurred every week, infrared (IR) spectra 
were acquired and biological parameters (total chlo-
rophyll, anthocyanins and carotenoids concentration, 

and ABTS and DPPH free radical scavenging abil-
ity), mineral concentrations, and the Fe-related genes’ 
expression - FRO2- and IRT1-like - were evaluated.
Results Two weeks after imposing Fe deficiency, 
plants displayed decreased antioxidant activity, and 
increased expression levels of FRO2- and IRT1-like 
genes. Regarding the PLS models developed to esti-
mate the biological parameters and mineral concen-
trations, satisfactory calibration models were globally 
obtained with  R2C from 0.93 to 0.99. FTIR spectros-
copy was also able to discriminate between Fe + and 
Fe– plants from an early stage of stress induction with 
96.3% of correct assignments.
Conclusion High reproducibility was observed 
among the different spectra of each sample and FTIR 
spectroscopy may be an early, non-invasive, cheap, 
and environmentally friendly technique for IDC 
management.

Keywords Chemometrics · Ferric reductase 
oxidase · iron regulated transporter · Legumes · 
Oxidative stress · Photosynthetic pigments

Introduction

Soybean [Glycine max (L.) Merr.] is an oil crop with 
a high economic impact worldwide. It had an esti-
mated harvested area of 127 million hectares and a 
total world production of 353 million metric tonnes 
in 2020 (FAO 2022). Soybean has multiple food and 

Responsible Editor: Stefano Cesco.

Supplementary information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11104- 023- 06143-y.

C. S. Santos · C. Sousa · M. Bagheri · S. Pinho · 
M. W. Vasconcelos (*) 
CBQF – Centro de Biotecnologia e Química Fina – 
Laboratório Associado, Escola Superior de Biotecnologia, 
Universidade Católica Portuguesa, Rua Diogo Botelho 
1327, 4169-005 Porto, Portugal
e-mail: mvasconcelos@ucp.pt

http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-023-06143-y&domain=pdf
https://doi.org/10.1007/s11104-023-06143-y
https://doi.org/10.1007/s11104-023-06143-y


 Plant Soil

1 3
Vol:. (1234567890)

feed applications and it is a major source of protein 
and minerals, particularly in the rising dietary trends 
as a meat and dairy alternative (Messina et al. 2022).

Iron (Fe) is an essential micronutrient for plant 
growth and maturation, photosynthesis, respiration, 
nitrogen fixation, hormone production, and DNA syn-
thesis (Celletti et al. 2020; Guerinot and Yi 1994). It 
is necessary for chlorophyll and other photosynthetic 
pigments biosynthesis (Prasad 2003) and is a con-
stituent of the electron transport chain in mitochon-
dria and chloroplasts (Mittler et  al. 2004). However, 
in areas where calcareous soils prevail, Fe bioavail-
ability is hindered due to reduced solubility lead-
ing to the development of Iron Deficiency Chlorosis 
(IDC) (Chaney 2022). Soybean plants are particularly 
affected by IDC (Peiffer et al. 2012). This condition 
is characterized by the yellowing or necrosis of the 
leaves, stunted growth, yield loss, and, ultimately, 
plants’ death (Prasad 2003). It is a current leading 
factor of great economic losses both to growers and 
breeders (Xu et al. 2021).

In dicotyledonous plants, Fe uptake involves the 
reduction of the insoluble Fe(III) in the soil to Fe(II) 
through the activity of a membrane-bound ferric 
reductase, such as the Ferric Reductase Oxidase 2 
(FRO2). After the reduction step, Fe(II) is taken up 
to the root epidermal cells via Fe transporters, such 
as the Iron-Regulated Transporter 1 (IRT1) (Jeong 
and Connolly 2009). The process of Fe absorption 
is highly affected by multiple factors (e.g. genetic, 
physiological), which determine the plants’ efficiency 
to induce biochemical (García-Mina et al. 2013) and 
molecular (Riaz and Guerinot 2021; Santos et  al. 
2019a) reactions that make Fe more available for 
uptake. Specifically, the biochemical responses to 
Fe stress include reduced photosynthetic rate, due to 
the fact that chloroplasts are major Fe sink organelles 
and contain up to 90% of foliar Fe (Akmakjian et al. 
2021); changes in the activity of enzymes related to 
plant growth pathways and acid organic metabolism 
(Ceballos-Laita et  al. 2015; Jelali et  al. 2010, Zhit-
kovich 2021), impairing plant’s development and 
the ability to respond to stress; changes in cell wall 
composition, related to the fact that Fe is involved in 
lignin synthesis, ultimately affecting mineral balances 
and distribution in the plant (Rodríguez-Celma et al. 
2016); and alterations in the synthesis of hormones, 
which may act as signalling molecules to trigger Fe 
deficiency responses (García et al. 2022). Micro and 

macronutrients are also deeply affected by Fe defi-
ciency. This condition impacts nutrient distribution 
within the plant, particularly in younger leaves, thus 
impairing plant growth and development (Garcia-
Molina et al. 2020; Santos et al. 2015). It also leads 
to the decrease in the amount of nitrogen and sulphur-
containing amino acids which are essential for protein 
synthesis (Borlotti et al. 2012; Cheng et al. 2019).

Additionally, studies show that Fe-deficient plants 
produce higher levels of reactive oxygen species 
(ROS) given that Fe is a co-factor of many antioxi-
dant enzymes (Santos et al. 2019b; Singh and Bhatla 
2022). ROS may act as signalling molecules for 
Fe deficiency (Santos et  al. 2019b; Sun et  al. 2016; 
García-Caparrós et al. 2021), and the early detection 
of oxidative stress may be an important tool to diag-
nose and improve plant tolerance to Fe deficiency.

The most common method to cope with IDC at 
the production level is the application of Fe–chelates, 
such as ethylenediaminetetraacetic acid (EDTA) and 
ethylenediamine di(o-hydroxyphenyl acetic) acid 
(EDDHA) (García-Marco et al. 2006). In light of cur-
rent societal changes and the climate change effects, 
global food security is at risk (Feliciano et al. 2022; 
Hassen and Bilali 2022). It is, therefore, critical to 
develop and establish methods that contribute to a 
sustainable and precise management of mineral defi-
ciencies in the field (precision agriculture), which 
will have both an impact on the economic balance of 
crop production, and on the cost of fertilizers applied 
to the environment (Breure et al. 2022). In this con-
text, spectroscopic techniques are being increasingly 
studied and tested in plant health diagnosis, as they 
avoid time-consuming processing and allow high-
throughput analysis (Lima et  al. 2014; Ncube et  al. 
2022).

Fourier transform infrared (FTIR) spectroscopy 
allows the acquisition of information with no need for 
organic reagents and time-consuming sample prepa-
ration techniques (Lahlali et  al. 2014). Additionally, 
when coupled with the Attenuated Total Reflection 
(ATR) sampling mode, it presents a clear advan-
tage of not needing any sample preparation step and 
being non-destructive (Butler et  al. 2015). Using 
FTIR spectroscopy, proteins, lipids, carbohydrates, 
and nucleic acids can be screened, allowing for the 
detection of structural and biochemical changes that 
may occur in plants after a stress condition (McCann 
et  al. 1992; Osman et  al. 2022). This spectroscopic 
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technique has been used for several purposes in the 
context of plant stress characterization; namely, for 
detecting biomolecular changes influenced by water 
deficit stress in Physalis peruviana (Leite et al. 2022) 
and soybean (Hlahla et  al. 2022); searching for new 
biomarkers to diagnose heat-stress leaves in pea 
(Liu et  al. 2019) and in wheat (Osman et  al. 2022); 
and characterising physiological, biochemical and 
molecular responses of different plants to salt stress 
(Mehmood et al. 2020; Nikalje et al. 2019) and heavy 
metal toxicity (Yu et al. 2020).

Despite all of this evidence, the application of 
FTIR spectroscopy to study Fe deficiency response in 
soybean plants is yet to be reported. Also, the degree 
of predictability between FTIR spectra and specific 
biochemical traits related to Fe deficiency responses 
is not known. Hence, in this study, it was hypoth-
esized that FTIR spectroscopy is a suitable technique 
for IDC early detection, with low environmental and 
economic costs, based on the alteration of the spec-
tral reflectance properties of soybean plant leaves, 
caused by Fe stress. To test this hypothesis, the leaves 
of soybean plants grown under Fe sufficient and Fe 
deficient hydroponic conditions, were monitored for 
total chlorophyll, anthocyanins and carotenoids, anti-
oxidant response, FRO2 and IRT1 expression, and 
mineral accumulation. Data modelling was performed 
to integrate the physiological and biochemical data 
with the infrared (IR) spectra, aiming to understand 
the ability of this technique to differentiate between 
plants grown under different Fe regimens and to pre-
dict chlorophyll concentration, ABTS and DPPH free 
radical scavenging ability and mineral concentrations.

Materials and methods

Plant material, growth conditions, and treatments

Seeds of the G. max cultivar “Williams 82” were 
germinated for seven days in the dark at 25  °C on 
moist paper. Germinated seedlings were transferred 
to 10  L vessels adapted for hydroponic growth (10 
seedlings per vessel). The vessels were placed in a 
climate chamber (Aralab Fitoclima 10000EHF) with 
16 h day photoperiod providing 325 µmol  s− 1  m− 2 of 
the photosynthetic photon flux density at plant level 
supplied by a mixture of incandescent bulbs and 
fluorescent lights. The temperature was set to 25 °C 

during the light period and to 20 °C during the dark 
period, whereas relative humidity was maintained at 
75% throughout the day and night. The standard solu-
tion for hydroponic growth included: 1.2 mM  KNO3; 
0.8 mM Ca(NO3)2; 0.3 mM  MgSO4·7H2O; 0.2 mM 
 NH4H2PO4; 25 mM  CaCl2; 25 mM  H3BO3; 0.5 mM 
 MnSO4; 2 mM  ZnSO4·H2O; 0.5 mM  CuSO4·H2O; 
0.5 mM  MoO3; and 0.1 mM  NiSO4. Solutions were 
changed every five days.

During the first two weeks of hydroponic growth, 
all plants were supplemented with 20 µM of Fe (III)-
EDDHA [ethylenediamine-N,N’bis(o-hydroxyphe-
nyl)acetic acid]. After the initial two weeks, plants 
were divided into two groups and different Fe con-
ditions were imposed (n = 15 per Fe condition): Fe-
sufficient plants [Fe+, supplemented with 20 µM of 
Fe (III)-EDDHA] and Fe-deficient plants (Fe–, no Fe 
supplementation). Three Fe + and three Fe– plants 
(n = 3) were collected for the analyses described 
below at the moment of Fe treatment application − 0 
weeks after treatment (WAT) - and at 1, 2, 3 and 4 
WAT.

Mineral concentration analysis

Dried leaf samples of three plants per treatment, were 
collected at each timepoint, and dried at 60 ºC until 
stable weight was obtained. Each sample was ana-
lysed for Fe, zinc (Zn), manganese (Mn), phosphorus 
(P), magnesium (Mg), calcium (Ca), and potassium 
(K) following the procedure described by Santos 
et al. (2020). Briefly, leaf samples were treated with 
an acid digestion procedure and mineral concentra-
tion determination was performed using the ICP-OES 
Optima 7000 DV (PerkinElmer, Waltham, MA, USA) 
with radial configuration.

Total N was quantified after sample combustion in 
an oxygen-rich high-temperature environment using 
the Dumatec 8000 Nitrogen Analyser (Foss Analyt-
ics, Denmark).

Photosynthetic pigments quantification

Total chlorophyll, anthocyanin, and carotenoid 
concentrations were also evaluated. The different 
metabolites were extracted and quantified accord-
ing to Sumanta et  al. (2014), using a spectrophoto-
metric method. The amount of each pigment (µg  g− 1 
dry weight) was determined according to previously 
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published equations and having into account sample 
absorbances at 470, 652 and 665 nm (Nunes da Silva 
et al. 2020).

ABTS radical cation scavenging effect and DPPH 
scavenging assay

The extraction and analysis of the antioxidant activity 
by the 2-azinobis-3-ethylbenzothiazoline-6-sulphonic 
acid (ABTS) radical scavenging assay was performed 
as described in Soares et al. (2021). In short, 500 mg 
of each sample was mixed with 10 ml of acetone/
water/acetic acid (70:29.5:0.5, v/v/v), and incubated 
overnight in the dark with an orbital shaker. Sam-
ples were centrifuged at 1600  rpm for 10  min, and 
the supernatant was collected. After adjusting the 
daily ABTS working solution, with water, to an initial 
absorbance of 0.7 at 734 nm, 180 µL of solution was 
added to 20 µL of each sample, in a 96-well micro-
plate. Mixtures reacted for 5 min in the dark and the 
absorbances were recorded at 734 nm in a microplate 
reader (Multiskan GO Microplate Spectrophotometer, 
Thermo Fisher Scientific Inc., Waltham, MA, USA).

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay 
followed the procedure described in Vilas-Boas 
et  al. (2020). Briefly, a working solution of 60 µM 
DPPH was prepared in methanol and its absorbance 
was adjusted to 0.6 at 515 nm. An amount of 25 µL 
of each sample was mixed with the DPPH working 
solution (175 µL) and allowed to react in the dark for 
30 min, at 25 ºC in a 96-well microplate. Absorbances 
were measured at 515 nm. Trolox was used as the ref-
erence antioxidant to prepare a calibration curve for 
both assays. All assays were performed in duplicates.

Differential expression of Fe-related genes

Leaf tissue of three plants collected and frozen at 
each timepoint was individually pulverized thor-
oughly with a mortar and pestle until a fine powder 
was obtained, and total RNA was extracted using 
Qiagen RNeasy Mini Kit (#74,904) according to the 
manufacturer’s instructions. RNA quality and quan-
tity were checked using a nanophotometer. Single-
stranded cDNA was then synthesized using iScript™ 
cDNA Synthesis Kit (Bio-Rad Laboratories Inc.), 
according to the manufacturer’s instructions. Primer 
sequences were taken from Santos et  al. (2016) 
(Table S1).

Quantitative PCR reactions were performed on a 
CFX96 Touch™ Deep Well Real-Time PCR Detec-
tion System (Bio-Rad Laboratories Inc.) using iQ™ 
SYBR Green Supermix (Bio-Rad Laboratories Inc.) 
with the following reaction conditions: 95 ºC dena-
turation for 10 min; and 40 cycles with 15 s at 95 ºC, 
30  s at 54–56 ºC (depending on primers used), fol-
lowed by melt curve stages to check that only single 
products were amplified.

The comparative CT method (ΔΔCT) was used for 
the relative quantification of gene expression using 
the geometric mean of the expression of the two 
stable reference genes as control transcripts and the 
plants grown with no added Fe as the reference sam-
ple. Two technical replicates were analysed and data 
were transferred to Excel files and plotted as histo-
grams of normalized fold expression of target genes.

Infrared spectra acquisition

Infrared spectra of G. max leaves were obtained on a 
Fourier transform PerkinElmer Spectrum BX FTIR 
System spectrophotometer (USA) with a DTGS 
detector. Spectra were acquired in diffuse reflectance 
mode through a PIKE Technologies Gladi attenu-
ated total reflectance (ATR) accessory within the 
wavenumber interval of 4000 to 600   cm− 1, with a 
resolution of 4   cm− 1. Each spectrum resulted from 
32 scan co-additions. At each timepoint (0, 1, 2, 3 
and 4 WAT), three plants (biological replicates) per 
treatment (Fe + and Fe–) were used for infrared spec-
tra acquisition in a total of 5 × 3 × 2 = 30 plants. Per 
plant, the middle foliate of the youngest trifoliate leaf, 
was selected and IR spectra of the adaxial side were 
acquired in two distinct spots in triplicate (instrumen-
tal replicates) in a total of 30 × 2 × 3 = 180 infrared 
spectra. In the first time point (0 WAT), spectra of 
the abaxial side of the plant leaves were also acquired 
for comparison proposes. Leaves were placed in the 
ATR crystal and a constant pressure was applied dur-
ing spectral acquisition. The ATR crystal was cleaned 
and a background was acquired between each leaf.

Data analysis

To test for significant differences between Fe treat-
ments, biological data were analysed as a completely 
randomized design using one-way ANOVA with 
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Fisher’s LSD test, in GraphPad Prism 8 for macOS 
(GraphPad Software).

Spectral band intensities were obtained (after nor-
malization) through integration via the “trapz” func-
tion of Matlab software. Peak ratios were obtained by 
dividing the corresponding integrated peak areas.

Spectra were modelled by principal compo-
nent analysis (PCA) (Jolliffe 1986) and partial least 
square discriminant analysis (PLSDA) (Geladi and 
Kowalski 1986; Alsberg et  al. 1998) to discriminate 
between Fe + and Fe– plants. Prior modelling, spec-
tra of the two spots of the same leaf (three spectra 
x two spots) were averaged and pre-processed with 
standard normal variate (SNV) (Naes et  al. 2002) 
and the Savitzky-Golay filter (n-smoothing points, 
2nd polynomial order, and y-derivative order) and 
further mean centred. The PLSDA models were opti-
mized: (I) for the spectral regions (15 distinct regions, 
defined in Fig.  S1 of the supplementary material, 
alone and/or combined in the following manner: 
1-Region R1; 2-Region R2; 3-Region R3; 4-Region 
R4; 5-Region R1 + R2 + R3 + R4; 6-Region R1 + R2; 
7-Region R1 + R3; 8-Region R1 + R4; 9-Region 
R2 + R3; 10-Region R2 + R4; 11-Region R3 + R4; 
12-Region R1 + R2 + R3; 13-Region R1 + R2 + R4; 
14-Region R1 + R3 + R4; 15- Region R2 + R3 + R4); 
(II) spectra pre-processing method (Savitzky-Golay 
filter parameters: 9, 12, and 15 smoothing points and 
1st and 2nd order derivative) (Steinier et  al. 1972) 
and; (III) number of latent variables (LVs: 2, 3, 4 and 
5).

For photosynthetic pigments (chlorophyll a, chlo-
rophyll b, total chlorophyll, anthocyanins, and carot-
enoids), antioxidant activity (ABTS and DPHH 
scavenging effect), and mineral concentration esti-
mates, partial least squares (PLS) regression mod-
els (Geladi and Kowalski 1986) were used. Prior to 
modelling, spectra were pre-processed with (SNV) 
(Naes et  al. 2002) and Savitzky-Golay filter (9, 12, 
and 15 smoothing points, 2nd polynomial order, and 
1st and 2nd order derivative) (Steinier et al. 1972) to 
remove baseline drifts and further mean centred. The 
number of LVs used were 3, 4, 5, 6, and 7. Before the 
development of the PLS models, spectra triplicates 
were averaged (three spectra obtained in the same 
leaf spot) and randomly divided into two independent 
data sets (70%/30%) to be used for the calibrations/
cross-validation (70%) and for the validation (30%) 
of the PLS models. The division considered the 

concentration range of the parameter to be estimated 
(spectra of both sets should cover the whole range). 
The accuracy of the models was evaluated by means 
of the coefficient of determination of calibration, 
cross-validation, and prediction  (R2C,  R2CV, and 
 R2P) and the root mean square error of calibration, 
cross-validation, and prediction (RMSEC, RMSECV, 
and RMSEP).

All chemometric models were performed in Mat-
lab version 9.5 Release 2018b (MathWorks) and PLS 
Toolbox version 8.7 (2019) for Matlab (Eigenvector 
Research, Manson, WA).

Results

Mineral concentration analysis

Iron concentration (Fig.  1A) was significantly lower 
in Fe– plants as compared to Fe + plants at all time-
points. Specifically, in Fe– plants it was lower by 45% 
(at 1 WAT), 64% (at 2 WAT), 79% (at 3 WAT), and 
69% (at 4 WAT). Within the Fe– plants, Fe concentra-
tion decreased with time, being significantly lower at 
2 WAT. In contrast, in Fe + plants, Fe concentration 
increased by more than double between 0 and 4 WAT 
(P < 0.0001).

Zinc levels (Fig.  1B) were higher in Fe– plants 
than in Fe + plants (from 1 to 4 WAT). Between 0 
and 2 WAT, Zn concentration significantly increased 
by 35% and then decreased at 3 WAT by 24%. In 
Fe + plants, Zn concentration significantly decreased 
from 0 to 4 WAT by 33%.

Manganese (Fig.  1C) was significantly higher 
in Fe– plants as compared to Fe + plants, at 1 and 2 
WAT, by 53% and 138%, respectively. In Fe– plants, 
Mn concentration increased from 0 to 2 WAT by 94% 
(P < 0.001) and decreased by 43% at from 2 to 3 WAT 
(P < 0.001), while in Fe + plants, it had no significant 
changes.

The concentration of Ca (Fig.  2A) and Mg 
(Fig. 2B) showed similar trends. In general, Fe– plants 
had higher concentrations of both Ca and Mg, from 2 
to 4 WAT. At 2 WAT, the concentration of these two 
elements significantly increased in Fe– plants, being 
higher than Fe + plants by 50% for Ca (P < 0.0001) 
and by 28% for Mg (P < 0.01).

The concentration of N (Fig.  2C) was always 
higher in Fe + plants from 1 WAT to 4 WAT. At 2 
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WAT, when compared to other timepoints, N con-
centration was highest both in Fe + and Fe– plants 
(P < 0.0001).

Regarding P (Fig.  2D), Fe– plants had higher P 
concentration than Fe + plants by 66% (P < 0.05), 
respectively. While P concentration was main-
tained throughout the assay in Fe– plants, in the 

Fe + plants it significantly decreased until the end of 
the assay (P < 0.001).

For K concentration (Fig.  2E), both Fe– and 
Fe + plants showed a significant increase from 0 to 
2 WAT. After this timepoint, K concentration varied 
slightly in Fe– plants but significantly decreased in 
the Fe + ones. Hence, Fe + plants had lower K con-
centration by 41% at 3 WAT (P < 0.001) and by 43% 
at 4 WAT (P < 0.001), compared to Fe– plants.

Fig. 1  Iron (Fe, panel A), zinc (Zn, panel B) and manganese 
(Mn, panel C) leaf concentration of soybean plants. After two 
weeks of hydroponic growth with Fe supplementation, plants 
were divided into Fe sufficient (Fe+, green dots) and Fe defi-
cient (Fe–, yellow triangles) conditions. Plants were sampled 

at 0, 1, 2, 3, and 4 weeks after treatment imposition. Symbols 
represent the means of three biological replicates ± SE. **, 
*** and **** indicate significant differences between Fe treat-
ments, at each time point, at P < 0.01, P < 0.01, and P < 0.0001, 
respectively

Fig. 2  Calcium (Ca, panel A), magnesium (Mg, panel B), 
nitrogen (N, panel C), phosphorus (P, panel D), and potassium 
(K, panel E) leaf concentration of soybean plants. After two 
weeks of hydroponic growth with Fe supplementation, plants 
were divided into Fe sufficient (Fe+, green dots) and Fe defi-
cient (Fe–, yellow triangles) conditions. Plants were sampled 

at 0, 1, 2, 3, and 4 weeks after treatment imposition. Symbols 
represent the means of three biological replicates ± SE. *, **, 
*** and **** indicate significant differences between Fe treat-
ments, at each time point, at P < 0.05, P < 0.01, P < 0.01, and 
P < 0.0001, respectively
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Photosynthetic pigments quantification

Total chlorophyll concentration (Fig.  3A) was sig-
nificantly lower by 26% at 2 WAT and by 42% at 4 
WAT in Fe– plants compared to Fe + plants. Within 
Fe– plants, total chlorophyll concentration didn’t vary 

between time points; however, in the Fe + plants, 
it significantly increased by 50% from 0 to 4 WAT 
(P < 0.001).

Anthocyanins showed a similar trend to total chlo-
rophyll concentration (Fig. 3B), where, in Fe– plants, 
anthocyanins concentration was significantly lower by 
38% at 4 WAT compared to Fe + plants. The concen-
tration of anthocyanins within Fe– plants didn’t sig-
nificantly change throughout the assay, but increased 
by 33% in Fe + plants from 0 to 4 WAT (P < 0.05).

Carotenoid levels didn’t significantly vary through-
out the assay, both in Fe– and Fe + plants (Fig. 3C).

Antioxidant activity

The antioxidant activity measured by the ABTS 
method (Fig.  4A) was 43% lower (P < 0.05), at 2 
WAT, in Fe– plants compared to Fe + plants.

The DPPH method (Fig. 4B) also showed that the 
antioxidant activity was lower in Fe– plants when 
compared to Fe + plants, from 2 to 4 WAT (P < 0.05). 
Specifically, at 2 WAT, DPPH values significantly 
decreased in Fe– plants, being 36% lower than 
Fe + plants (P < 0.001), while Fe + plants showed no 
significant changes throughout the assay.

Gene expression

The relative expression of FRO2-like (Fig.  5A) and 
IRT1-like (Fig.  5B) genes was significantly higher 
in Fe– plants as compared to Fe + plants, at different 
time points. Specifically, in Fe– plants, FRO2-like 
gene expression was higher by 3.4-fold at 1 WAT 
(P < 0.01), 3.7-fold at 2 WAT (P < 0.0001), and 2.3-
fold at 3 WAT (P < 0.01); and IRT1-like gene by 
2.7-fold at 1 WAT (P < 0.001), 3.5-fold at 2 WAT 
(P < 0.0001) and 2.0-fold at 3 WAT (P < 0.01).

Infrared spectra overview

Infrared spectra were obtained from the adaxial and 
abaxial parts of soybean leaves at 0 WAT. Two sep-
arate PCAs were conducted for each experimental 
condition (Fig.  S2  in supplementary material). The 
resulting score maps showed no significant differ-
ences in the infrared profiles between the two sides, 
so only the adaxial part of the leaves was used for 
spectral acquisition in the subsequent weeks.

Fig. 3  Total chlorophyll (A), anthocyanins (B), and carot-
enoids (C) concentrations in soybean leaves. After two weeks 
of hydroponic growth with Fe supplementation, plants were 
divided into Fe sufficient (Fe+, green dots) and Fe deficient 
(Fe–, yellow triangles) conditions. Plants were sampled at 0, 
1, 2, 3, and 4 weeks after treatment imposition. Symbols rep-
resent the means of three biological replicates ± SE. * and ** 
indicate significant differences between Fe treatments, at each 
time point, at P < 0.05, and P < 0.01, respectively
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Figure  6 displays the FTIR-ATR spectra of 
Fe + and Fe– plant leaves and their main compo-
nents. Water content was identified by a broad peak 
at 3400   cm− 1 and peaks at 1650   cm− 1. Absorp-
tion bands in the lipid region (2950 − 2850   cm− 1) 
were identified, representing the plant waxes, cutin, 
and cutan; and a band in the carbonyl ester region 
(1750 − 1720  cm− 1) ascribed to their esterified forms. 
The methylene:methyl ratio [(―CH2 asym + ―
CH2 sym) : ―CH3] is frequently used to compare 

the aliphatic chain length and branching degree of 
compounds with lipid nature among samples.

Figure S3 presents the integrated areas and ratios 
of absorption bands for all samples. The band vibra-
tions areas in the lipid region (―CH3; ―CH2 
asymmetric; ―CH2 symmetric and C = O) slightly 
increased over time, indicating an increase in the con-
tent of wax, cutin, cutan, and their esterified forms 
(Fig. S3-A). However, there were no significant dif-
ferences between Fe + and Fe– plants over the weeks. 

Fig. 4  Antioxidant activity of soybean leaves by ABTS 
(2-azinobis-3-ethylbenzothiazoline-6-sulphonic acid) (A) and 
DPPH (2,2-diphenyl-1-picrylhydrazyl) (B) methods. After two 
weeks of hydroponic growth with Fe supplementation, plants 
were divided into Fe sufficient (Fe+, green dots) and Fe defi-

cient (Fe–, yellow triangles) conditions. Plants were sampled 
at 0, 1, 2, 3, and 4 weeks after treatment imposition. Symbols 
represent the means of three biological replicates ± SE. * and 
*** indicate significant differences between Fe treatments, at 
each time point, at P < 0.05, and P < 0.001, respectively

Fig. 5  Relative gene expression of Ferric Reductase Oxidase 
2 (FRO2, A) and Iron-Regulated Transporter 1 (IRT1, B) in 
soybean leaves. After two weeks of hydroponic growth with Fe 
supplementation, plants were divided into Fe sufficient (Fe+, 
green dots) and Fe deficient (Fe–, yellow triangles) conditions. 

Plants were sampled at 0, 1, 2, 3, and 4 weeks after treatment 
imposition. Symbols represent the means of three biological 
replicates ± SE. **, ***, and **** indicate significant differ-
ences between Fe treatments, at each time point, at P < 0.01, 
P < 0.001, and P < 0.0001 respectively
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The methyl ratio [(―CH2 asym + ―CH2 sym): 
―CH3] decreased throughout the study, especially 
in Fe + plants, while Fe– plants’ values stabilized 
around 3 WAT (Fig. S3-B). The degree of esterifica-
tion increased in both Fe + and Fe– plants from 0 to 1 
WAT (Fig. S3-C).

The infrared spectra also showed typical absorp-
tion regions for protein and lipids (1700 − 1500  cm− 1) 
and polysaccharides (1200 − 900   cm− 1). To iden-
tify changes in these regions over time and between 
Fe + and Fe– plants, the second derivative of the 
infrared signal was used (Fig.  S4A-D in supple-
mentary material). For Fe + plants, the protein and 
polysaccharide absorption regions showed inten-
sity alterations over the weeks (Figs  S4-A and S4-
B). The protein region had four main bands (1600, 
1570, 1530, 1515   cm− 1) with an increase from 0 to 
2 WAT, then a small decrease or stabilisation from 
2 to 4 WAT. The polysaccharide region had several 
absorption bands with an overall increase in inten-
sity from 0 to 2 WAT (1020   cm− 1), but less defined 
changes from 2 to 4 WAT. Fe– plants showed smaller 
variations in both absorption regions during the 
weeks (Fig.  S4-C and S4-D). The vibration region 
between 1500 − 1200  cm− 1 was more difficult to infer 
variations as it includes vibrations from very differ-
ent classes of compounds (lipids, proteins, among 
others).

Leaf biological parameters and mineral concentration 
estimates using IR profiles

Independent PLS regression models were developed 
to estimate the photosynthetic pigments (chlorophyll 

a; chlorophyll b; total chlorophyll; anthocyanins and 
carotenoids), the antioxidant activity (ABTS and 
DPPH), and the mineral concentration for Fe + and 
Fe– plants. 450 PLS models were obtained for each 
analyte per Fe treatment, corresponding to six com-
binations of the SavGol filter parameters (9,12,15 
smoothing points x 1st and 2nd order derivative) X 5 
tested LVs (3,4,5,6,7) x 15 spectral regions. Globally, 
6300 PLS models were obtained and the optimum 
PLS models per condition are presented in Tables 1, 
2 and 3.

Table 1 shows the figures of merit for PLS mod-
els developed to estimate photosynthetic parameters. 
The best models (lower RMSECV) were obtained 
using six LVs and the SavGol filter parameters 
(12,2,2) for the spectral region 1750 − 900   cm− 1. 
Coefficients of determination for calibration were 
satisfactory (0.93–0.99), and cross-validation results 
were obtained for  R2CV (> 0.70) of chlorophyll a; 
total chlorophyll and anthocyanins for Fe + samples, 
and of chlorophyll a and anthocyanins for Fe– sam-
ples. The correlation obtained in the cross-validation 
step for the remaining photosynthetic parameters was 
very poor (0.17–0.41). Prediction samples were sat-
isfactory to estimate chlorophylls of Fe + plants and 
chlorophyll a and anthocyanins of Fe– plants. The 
root means square errors were mainly below 5% for 
Fe + plants, but errors were above 5% for cross-vali-
dation and prediction samples of Fe– samples.

Table  2 shows PLS models for antioxidant activ-
ity estimates. The best models were obtained using 
six LVs, the SavGol filter parameters (12,2,2) 
being the optimum spectral region for the estimates 
1500 − 900   cm− 1. The correlation coefficients for 

Fig. 6  Infrared spectra of 
Fe sufficient (Fe+, green) 
and Fe deficient (Fe-, red) 
soybean leaves included 
in this study. Spectra were 
processed with SNV.
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Table 1  Figures of merit obtained from the PLS regression models [6 LVs; SavGol (12,2,2); spectral region: 1750 − 900  cm-1] 
developed for Fe sufficient (Fe+) and Fe deficient (Fe–) plants, for photosynthetic parameters estimates

* RMSEC, RMSECV, RMSEP - root mean square error of calibration, cross-validation and prediction, respectively and the corre-
sponding prediction determination coefficients  (R2C,  R2CV,  R2P).

RMSEC* (%) R2C* RMSECV* (%) R2CV* RMSEP* (%) R2P*

Fe+ Chlorophyll a 0.7 0.98 2.0 0.87 1.4 0.87
Chlorophyll b 1.3 0.97 6.6 0.41 3.9 0.70
Total chlorophyll 1.1 0.96 2.3 0.82 1.5 0.89
Anthocyanins 1.4 0.99 5.5 0.92 13.4 0.42
Carotenoids 0.8 0.97 4.5 0.17 6.7 0.28

Fe− Chlorophyll a 3.1 0.96 8.3 0.71 5.3 0.79
Chlorophyll b 7.2 0.94 26.6 0.40 31.7 0.19
Total chlorophyll 4.2 0.94 18.6 0.26 12.5 0.41
Anthocyanins 2.1 0.98 6.1 0.86 10.9 0.88
Carotenoids 6.5 0.93 24.3 0.25 21.5 0.59

Table 2  Figures of merit obtained from the PLS regression models [6 LVs; SavGol (12,2,2); spectral region: 1750 − 900  cm-1] 
developed for Fe sufficient (Fe+) and Fe deficient (Fe–) plants, for antioxidant activity estimates

* RMSEC, RMSECV, RMSEP- root mean square error of calibration, cross-validation and prediction, respectively and the corre-
sponding prediction determination coefficients  (R2C,  R2CV,  R2P)

RMSEC* (%) R2C* RMSECV* (%) R2CV* RMSEP* (%) R2P*

Fe+ ABTS 2.0 0.96 4.5 0.84 3.2 0.89
DPPH 1.4 0.96 2.9 0.83 2.8 0.96

Fe− ABTS 1.7 0.98 4.5 0.85 5.8 0.88
DPPH 3.0 0.98 7.9 0.85 6.8 0.92

Table 3  Figures of merit obtained from the PLS regression models (6 LVs) developed for Fe sufficient (Fe+) and Fe deficient (Fe–) 
plants, for Fe, Zn, Mn, P, Mg, Ca and K concentration estimates

* RMSEC, RMSECV, RMSEP- root mean square error of calibration, cross-validation and prediction, respectively and the corre-
sponding prediction determination coefficients  (R2C,  R2CV,  R2P)

Element SavGol(n,x,y) Spectral region  (cm− 1) RMSEC* (%) R2C* RMSECV* (%) R2CV* RMSEP* (%) R2P*

Fe+ P 12,2,2 3000 − 2800 + 1750 − 900 2.92 0.99 6.43 0.96 11.06 0.91
K 12,2,2 3000 − 2800 + 1750 − 900 1.09 0.99 10.41 0.85 11.63 0.91
Mg 15,2,1 1750 − 1200 0.31 0.99 0.73 0.94 2.35 0.69
Ca 12,2,2 1750 − 1500 + 1200 − 900 0.61 0.99 2.57 0.91 6.93 0.78
Fe 12,2,1 1500 − 900 2.12 0.99 5.68 0.96 13.42 0.86
Mn 9,2,2 1750 − 1200 0.79 0.99 5.38 0.46 4.46 0.61
Zn 12,2,1 1500 − 1200 1.70 0.99 3.55 0.94 4.91 0.88

Fe− P 12,2,2 3000 − 2800 + 1750 − 900 2.56 0.97 5.64 0.61 9.70 0.78
K 15,2,1 3000 − 2800 + 1750 − 900 0.95 0.97 9.08 0.80 10.14 0.76
Mg 15,2,1 1750 − 1200 0.27 0.99 0.64 0.83 2.06 0.91
Ca 12,2,2 1750 − 1500 + 1200 − 900 0.48 0.99 2.02 0.76 5.44 0.76
Fe 12,2,1 1500 − 900 4.91 0.99 13.14 0.89 31.02 0.88
Mn 9,2,2 1750 − 1200 0.55 0.99 3.71 0.91 3.08 0.86
Zn 12,2,1 1500 − 1200 1.20 0.98 2.51 0.86 3.47 0.90
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ABTS and DPPH were very good (0.83–0.98), with 
errors below 5% for both Fe + and Fe– plants, except 
for the cross-validation of DPPH (7.9%) and predic-
tion of ABTS (5.8%) and DPPH (6.8%) of Fe– plants.

Table  3 displays PLS regression models for min-
eral concentration estimates, with the best model 
obtained for each nutrient by considering various 
spectral ranges and/or spectral pre-processing SavGol 
filter parameters. The determination coefficients for 
calibration sample sets were very satisfactory (all ≥ 
0.97) for all nutrients and Fe treatments (Fe + and 
Fe–), with RMSEC mostly below 1% and always 
below 5%.

The determination coefficients for calibration 
samples were satisfactory (≥ 0.97), with RMSEC 
below 5%. For Fe + plants,  R2CV was accept-
able for all the nutrients (0.85–0.96) except for 
Mn (0.46), with RMSECV ranging from 0.73 to 
10%. For Fe– plants,  R2CV was generally poorer 
(0.61–0.91) than the corresponding ones obtained 
for Fe + plants. The RMSECV ranged from 0.64 to 
13.14%. For Fe + plants,  R2P weas moderately satis-
factory (0.78–0.91), with RMSEP ranging from 2 to 
13%., except for Mn and Mg. For Fe– plants,  R2P was 
slightly better than for Fe + ones (0.76–0.91), but the 
corresponding errors were poorer, with Fe estimate 
being very high (31%).

Discrimination between Fe sufficient and Fe deficient 
plants with FTIR

Multivariate data analysis was needed to differenti-
ate between samples due to their global IR spectral 

similarity. A PLSDA model was developed to dis-
criminate between Fe + and Fe– plants (Fig. 7), with 
a high percentage of correct class assignments 
(96.3%) achieved with five LVs in the spectral region 
1200 − 900   cm− 1 and with a SavGol filter (12,2,1). 
The carbohydrate functional group vibrations domi-
nated this spectral region. Table  S3 depict the per-
centages of correct class assignments obtained during 
the optimization step (corresponding to 360 PLSDA 
independent models developed). Spectra obtained at 
0 WAT were not separated according to the Fe sup-
plementation regimen, as this timepoint corresponds 
to the exact moment of the Fe treatment application 
and plants did not respond to it yet. From 1 WAT to 
the end of the study a clear separation between Fe-
sufficient (green dots) and Fe-deficient (red triangles) 
was observed in the scores map supporting FTIR 
spectroscopy as an early IDC detection technique.

Discussion

Plant response to Fe deficiency stress

Soybean plants were grown under Fe-sufficiency for 
two weeks (0 WAT) before being divided into Fe-
sufficient (Fe+) and Fe-deficient (Fe–) conditions and 
monitored for the four subsequent weeks (IR spectra 
acquisition and concomitant destructive biochemical 
and molecular analysis).

To confirm the different nutritional statuses of 
both groups of plants, Fe concentration was evalu-
ated (Fig. 1A). While Fe + plants had higher leaf Fe 

Fig. 7  Scores plot of the 
PLSDA regression model 
obtained for discrimination 
between Fe sufficient (Fe+, 
green dots) and Fe deficient 
(Fe–, red triangles) plants 
(A). The circle shows plants 
sampled at 0 weeks after 
treatment imposition
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concentration and no chlorosis (Fig. 3A), Fe– plants 
maintained the initial Fe concentration (at 0 WAT) 
and unaltered pigment concentrations until 4 WAT. 
This suggests that the two initial weeks of hydroponic 
growth with Fe supplementation (prior to Fe stress 
treatment application) may have generated a Fe pool 
adsorbed to the roots or stored in the plant apoplast 
(Ye et al. 2022) that allowed them to maintain basal 
Fe levels for the whole assay. This Fe pool probably 
kept Fe– plants’ photosynthetic machinery active (Shi 
et al. 2018), leading to unaltered levels of total chlo-
rophyll, anthocyanin, and carotenoid concentration in 
Fe– leaves (Fig. 3). As Fe deficiency causes changes 
in cellular redox state and leads to ROS accumulation 
(Sun et al. 2016), the maintenance of photosynthetic 
pigments’ concentration may be a strategy to reduce 
photo-oxidative damage in cells (Landi et  al. 2015; 
Pérez-Gálvez et al. 2020; Santos et al. 2019b).

At 2 WAT (14 days of Fe-deficiency imposition), 
Fe concentration significantly decreased in Fe– plant 
leaves and their antioxidant activity was reduced 
(Fig.  4). Indeed, Atencio et  al. (2021) showed that 
soybean leaves are more responsive to Fe stress after 
10 days of Fe-deficiency imposition. As mentioned, 
Fe is a constituent of ROS-scavenging enzymes, and 
in its absence, plants’ antioxidant capacity is impaired 
(Busch and Montgomery 2015; Prity et  al. 2021). 
This fact is coherent with the decreased antioxidant 
activity registered herein.

At the transcriptional level, Fe deficiency induces 
the expression of FRO2 and IRT1 genes to mediate 
Fe uptake in plants (Riaz and Guerinot 2021). Herein, 
the expression levels of these two genes remained 
unchanged throughout the assay in Fe + plants, while 
in Fe– plants, they were significantly induced at 2 
WAT, but decreased at 3 and 4 WAT (Fig.  5). This 
decrease may be a result of the tightly controlled 
signalling pathway to protect cells from metal tox-
icity under Fe deficiency (Kobayashi 2019). Under 
Fe-deficient conditions, IRT1 functions as a trans-
porter of other divalent cations, such as Zn and Mn 
(Kaznina et  al. 2019; Quintana et  al. 2022). This 
explains the accumulation of these two minerals at 
2 WAT in Fe– plants (Fig. 1B and C). However, the 
accumulation of non-Fe metal substrates leads to the 
degradation of IRT1, and although FRO2 is inde-
pendent of this response, its activity is also affected 
by the dissociation of the complex responsible for Fe 
acquisition (Martín-Barranco et al. 2020). This might 

explain the decrease both in FRO2 and IRT1 genes 
expression at 3 and 4 WAT, and in the leaf Zn and Mn 
concentration.

The modulation of plant status towards Fe regula-
tion also impacted other non-metal elements, as pre-
viously described (Santos et al. 2015, 2019a). In the 
present study, the concentration of the macronutrients 
Ca, Mg, P and K was generally higher in Fe– plants, 
and responded to the Fe stress peak detected at 2 WAT 
(with the exception of P). Since Ca is also a divalent 
cation, Fe deficiency may result in a decrease in com-
petition for Ca uptake and an increase in leaf Ca con-
tent (Bai et al. 2022; Fan et al. 2021). Also, Mg is a 
cofactor of photosynthetic enzymes and is involved in 
the tetrapyrrole cycle (Santos et al. 2019b). A specific 
cross-talk between Fe, P, and K signalling pathways 
has been reported (Wang et al. 2002), where Fe defi-
ciency can affect these macronutrients uptake, assimi-
lation and distribution, particularly at the mesophyll 
cells level (López-Millán et al. 2000).

The photosynthetic ability of plants is strongly 
correlated with the concentration of N, which is a 
vital component of chlorophylls, thylakoid proteins, 
and associated cofactors and enzymes (Perchlik and 
Tegeder 2018). It is also directly correlated to the leaf 
protein content (Mariotti et  al. 2008). As expected, 
Fe + plants had higher amounts of leaf N, given that 
Fe deficiency leads to a decreased amount of nitrogen 
and amino acids, essential in protein synthesis (Bor-
lotti et al. 2012; Cheng et al. 2019). Changes in leaf N 
were observed during the different plant development 
stages and at V3 (1 WAT) and V4 (2 WAT) there was 
an increase in leaf N content.

Overall, the analysed parameters indicate that the 
V3 and V4 vegetative stages are critical for soybean 
plants, as they coincide with increased growth and 
nutritional demand, as well as heightened sensitivity 
to Fe deficiency stress. Other studies have also shown 
that these are the growth stages when IDC symptoms 
are most pronounced in soybeans (Bai et  al. 2018; 
Santos et al. 2021).

FTIR profiles and Fe deficiency prediction

Infrared absorption band profiles, intensities, and 
specific band ratios intensities can detect differences 
among crop leaf constituents and predict stress (Take-
hisa et al. 2022).
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Herein, no differences were observed among IR 
spectra of the adaxial and abaxial sides of the leaf, 
likely due to leaf characteristics, contrary to previous 
reports in Citrus species and Camellia japonica (Pás-
coa et al. 2018, 2019; Sousa et al. 2019).

Absorption bands related to wax, cutin, and 
cutan had no intensity alterations between Fe + and 
Fe– plants. Previous works reported a significant 
increase in waxes’ content (and a further increase in 
the lipid region bands) in plants subjected to water 
stress (Kim et  al. 2007). However, four IR bands in 
the protein absorption range (1600, 1570, 1530, 
1515   cm− 1) presented remarkable intensity altera-
tions throughout the assay: from 0 to 2 WAT, the 
Intensity of the bands increased, while from 2 to 
4 WAT, they slightly decreased or stabilized. In the 
polysaccharides absorption region (1200 − 900  cm− 1) 
a similar trend was observed from 0 to 2 WAT. These 
results are coherent with those obtained for the stress 
indicators. Also, the increased band intensity for pro-
tein and polysaccharides absorption regions is com-
patible with plant growth in which a secondary cell 
wall formation occurs. Expansion proteins mediate 
the introduction of several polysaccharides in the 
leaves (cellulose, pectin, and hemicellulose), and 
contribute to more intense infrared bands (Yang and 
Yen 2002). Plants under Fe deficiency were generally 
smaller than the Fe + plants (data not shown), which 
might correlate with leaf development stagnation due 
to cell wall organization under Fe stress conditions, 
as previously shown (Rodríguez-Celma et  al. 2016; 
Soares et al. 2022).

The PLS models developed for predicting pho-
tosynthetic pigments globally performed well in 
calibration steps for both Fe + and Fe– plants, with 
errors below 5% and  R2C > 0.93. However, chloro-
phyll b and carotenoids had poorly predicted param-
eters, particularly in Fe– plants, due to their lower 
concentration in these samples and higher stress and 
heterogeneity (Merry et al. 2021). PLS models devel-
oped for antioxidant activity (ABTS and DPPH) per-
formed better than those for predicting photosynthetic 
pigments, with Fe– plants having the worst models. 
DPPH prediction were comparable to literature val-
ues for other plant species (Páscoa et al. 2019), with 
all analysed samples having RMSEC, RMSECV, and 
RMSEP values below 8%.

PLS models for estimating macro and micro-
nutrients in soybean leaves showed robustness 

for Fe + plants, but lower accuracy for Mn, being 
coherent with other studies (Smith et  al. 2014). For 
Fe– plants, the PLS models for Ca and P showed 
some lack of robustness. The FTIR spectra revealed 
increased lipid esterification in both Fe treatments 
during the first two weeks of the assay (Fig. 6). Other 
studies have shown that Fe deficiency induces lipid 
peroxidation due to the generation of ROS (Santos 
et  al. 2019a, b, Sperotto et  al. 2008, Teixeira et  al. 
2020), suggesting the ability to detect oxidative stress 
signals using FTIR spectroscopy.

Spectral analysis can detect Fe stress (Başayiğit 
et  al. 2015; Chi et  al. 2009) and FTIR spectroscopy 
can predict other mineral stresses (Liu et  al. 2014; 
van Maarschalkerweerd et al. 2013; Riaz et al. 2021). 
Herein, a PLSDA model was used to distinguish 
between Fe + and Fe– plants based on infrared spectra 
(Fig. 7). This separation was obtained from an early 
phase of stress induction, at 1 WAT (two independent 
clusters in the scores map). This confirms the abil-
ity of this technique to sense Fe stress from an early 
stage, even when no chlorosis symptoms were appar-
ent (Fig. 3).

Conclusion

Iron deficiency had a significant effect on the mineral 
concentration and gene expression in soybean plants 
only one week after Fe stress imposition, while the 
total chlorophyll and antioxidant activity were signifi-
cantly impacted after two weeks of stress.

Specifically, after one week of Fe deficiency, the 
Fe– plants had lower Fe concentration and higher 
levels of Zn and Mn compared to the Fe + plants. In 
addition, the Fe– plants had higher concentrations of 
Ca, Mg, and P, and lower N concentration throughout 
the entire assay.

The relative expression of FRO2-like and IRT1-
like genes was significantly higher in Fe– plants com-
pared to Fe + plants at different time points, being 
highest at 2 WAT. After two weeks of Fe deficiency, 
Fe– plants had significantly lower total chlorophyll 
concentration compared to the Fe + plants and the 
ABTS and DPPH results were significantly lower in 
Fe– plants compared to Fe + plants.

Overall, these results advance the Fe nutrition 
mechanistic understanding by integrating the changes 
in mineral concentration, photosynthetic pigments, 
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antioxidant activity, and gene expression, allowing to 
highlight V3 and V4 growth stages as key develop-
mental stages for IDC treatment and prevention. The 
use of spectral signatures as important early-on indi-
ces for observing alterations at the biochemical level 
of plants under Fe stress was reported. It was possible 
to detect Fe deficiency in plants with FTIR technol-
ogy, allowing the selection of more efficient varieties 
for breeding purposes as well as the sustainable man-
agement of synthetic chelates application in the field.
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